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AJNR
Letter from the President-Elect – Search for New AJNR Editor

In June, 2015, Mauricio Castillo, MD, FACR, will complete an eight-year term as the Editor-in-Chief of the
AJNR. He follows a short list of illustrious neuroradiologists, from Dr. Juan Taveras to Dr. Michael Huckman
to Dr. Robert Quencer to Dr. Robert Grossman.

One only has to pick up any random issue of the AJNR to realize what a tremendous mark Mauricio has
made on the journal. His imprint starts on the first page of content with his column, Perspectives. Probing,
erudite, at times very witty, and always brilliant, Mauricio turns out a monthly commentary on the state of
neuroradiology, the state of our profession, and, at times, the state of the world. His references and quotations
demonstrate a mind not only scientific and exacting but also knowledgeable in realms far beyond medicine.

Having worked with Mauricio very closely at the ASNR for the past two years, I can also attest to the fact that
Mauricio is totally dedicated to the journal. At times, it seemed his reason for being. And the journal has
benefitted immensely, in turn. From its look to its organization to the quality of the articles, Mauricio has
brought the journal into the forefront of all radiology journals and it now ranks #2 in Impact Factor of all
radiology journals. AJNR is the premier clinical neuroimaging journal with the highest circulation among all
imaging-related subspecialty journals, publishing about 350 articles in 12 issues per year. It receives over 1400
original submissions annually and its Web site is accessed over 10 million times a year. In addition to the print
version of the Journal, Mauricio also initiated its biannual Special Collections and monthly AJNR Digest.
Other electronic activities which he began include its popular Case Collection (Case of the Week, Case of the
Month, Classic Case, and Clinical Correlation), podcasts (editor’s and fellows’ journal club selections, travel-
ling journal club, and Special Collections), and Fellows’ Portal. With his international background, Mauricio
has also been the ideal person to spread the word of the AJNR across the world. Finally, he has done all this and
kept the journal in sound financial health through a period of difficult economic times.

Mauricio took over leadership of the journal at a time when the concept of the journal was beginning to
enter a state of flux. One only has to look at your neighborhood newsstand to realize that this has been a time
when many publications have been unable to adjust and have disappeared. In the past eight years, the demands
on the journal have changed. Our current expectations are for instant gratification, not a lag time before
publication. We require our information in more bite-size pieces, directed at us and easily accessible.

The new editor will face an even more rapidly evolving world. What is the future of radiology journals? We
know that the AJNR will survive but in what form? What will be the best digital format? There will be an
increased demand for electronic access and a further migration to tablets and smartphones. Preserving the
brand of the AJNR will become more challenging. While in the past, publication was the end point, increas-
ingly, publication today is the starting point, the beginning of an interactive discussion. How will this impact
on the financial state of the journal, with decreasing print advertising? How will the AJNR respond to the
demands of social media?

To assist the Executive Committee in the search for a new editor in these changing times, I will chair a search
committee comprised, in part, of Tina Young-Poussaint, Chair of the Publications Committee, Laurie Lo-
evner, Vice-President, Howard Rowley, Robert Quencer, Robert D. Zimmerman, James Barkovich, Tabbas-
sum Kennedy, and some of the Senior Editors of the AJNR, Harry J. Cloft, Nancy Fischbein, Pamela W.
Schaefer, Jody Tanabe, and Charles M. Strother, as well as James Gantenberg, Karen Halm, and Angelo
Artemakis from the ASNR headquarters. The appointment of the new Editor-in-Chief will be announced in
the spring of 2015.

All interested physicians are invited to send their curriculum vitae and an introductory letter of intent to Dr.
Gordon Sze, American Society of Neuroradiology, 800 Enterprise Drive, Suite 205, Oak Brook, IL, 60523 and
via email to gordon.sze@yale.edu and jgantenberg@asnr.org. In addition, we welcome nominations of candi-
dates from the ASNR membership. The deadline for receipt of submissions is August 1, 2014 but earlier
submissions are welcome. A position description for the AJNR Editor and basic qualifications are posted at:
www.ajnr.org/site/misc/eic-search-2015.xhtml.

Gordon Sze, MD, FACR
Chair, Editor-in-Chief Search Committee
President-Elect
American Society of Neuroradiology
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PERSPECTIVES

Pigeons and MRI: Tesla Vignettes
M. Castillo, Editor-in-Chief

Nikola Tesla’s name is familiar to neuroradiologists, but few of

us know why our profession and understanding of the brain

are better because of him. His achievements were not universally

recognized until 1960 (17 years after his death) when the Confer-

ence Generale des Poids et Mesures decided that the unit for mea-

suring the magnetic field (B) should be called the “tesla.” The

strength of the magnetic field of the earth at the equator is 31

microteslas, and it is worth remembering that magnets found

even in small speakers are as powerful as those found in our MR

imaging units (1–2.4T).1 His research also involved supercon-

ducting magnets cooled to a few degrees above absolute zero.

Although Tesla was constantly on the verge of becoming rich, he

died poor and alone at 86 years of age in a room at the Hotel New

Yorker (still at 481 Eighth Avenue). After his death, unknown

individuals and/or government forces removed his last inventions

and papers from his apartment because they were thought to con-

tain information regarding the “Death Ray,” in which the military

was interested.2 This ray, presumably a particle beam, could repel

armies and bring down airplanes. The list of Tesla’s inventions is

long and incredible in its breadth. During his life, Mr Tesla strug-

gled for recognition, and it mostly eluded him, the Nobel Prize

being one example. In this Perspectives, I mention some colorful

aspects of Mr Tesla’s life rather than recounting his incredible

accomplishments.

Tesla and Edison
Tesla came to America after living in France for 2 years, and Mr

Edison hired him to work at the Edison Machine Works in New

York City. Edison’s electric power generators producing direct

current (DC) worked well only when electricity requirements

were small. The power and output of DC are relatively weak, mak-

ing its transmission over long distances impractical. Tesla solved

this issue by perfecting alternating current (AC). Transformers

decrease or increase the power of AC as needed, so if long-distance

transmission is required, power is amplified, making it more effi-

cient (with DC current, a generator every 3– 4 km is needed).

When Edison refused to pay him for his inventions, Tesla left and

later sold them to Westinghouse. The War of Currents erupted,

and Edison tried to instill fear in AC users by calling it extremely

dangerous. He went as far as paying children to steal dogs, elec-

trocute them with AC, then scatter their bodies together with

flyers alerting the public to the dangers of AC. When killing

dogs no longer shocked the public, he killed larger animals

(sheep, cows, horses), eventually leading to the electrocution

of Topsy the elephant (for a video of this see: http://tinyurl.

com/mumu8mq and, for a good description of the process, I

suggest reading Jean Echenoz’s fictional Tesla biography Des

Eclairs3).

Additionally, Edison promoted the first successful electrocu-

tion of a prisoner by using AC (DC was tried but was not powerful

enough to kill a human being) to showcase the dangers of this type

of electricity. The subsequent legal battles that erupted nearly

caused Edison and Westinghouse to go broke and forced Tesla to

forfeit royalties from his patents owned by the latter. When Edi-

son died, Tesla wrote this bitter obituary: “He had no hobby,

cared for no sort of amusement of any kind and lived in utter

disregard of the most elementary rules of hygiene. . . . His method

was inefficient in the extreme, for an immense ground had to be

covered to get anything at all unless blind chance intervened and,

at first, I was almost a sorry witness of his doings, knowing that

just a little theory and calculation would have saved him 90% of

the labor. But he had a veritable contempt for book learning and

mathematical knowledge, trusting himself entirely to his inven-

tor’s instinct and practical American sense.”4 Just before dying,

Edison acknowledged that ignoring Tesla’s AC patent had been

his biggest mistake.

Tesla and Roentgen
Before x-rays were officially named, Tesla investigated them by

using single-terminal vacuum tubes (conventional ones use 2 ter-

minals). We know that high-energy electrons emitted by a cath-

ode hit the special material (tungsten, molybdenum) of the an-

ode, “braking” them and secondarily emitting a very small

percentage of high-energy x-rays. In Tesla’s tube, no target ex-

isted. Energy left the electrons encountering a high-field electrical

environment resulting from the oscillations of AC, and as they

collided with the glass encasement, x-rays were generated. His

experiment also worked well by using Geissler tubes that were

filled with substances such as inert gasses (these were the forbear-

ers of fluorescent light and the electron microscope). While in

New York, he produced images of the bones in his hands and sent

them to Roentgen, who ignored them. Tesla also claimed that his

design produced x-rays much more powerful than Roentgen’s.

Because Tesla never published his findings and his research notes

were lost during a fire of suspicious nature, he never received

credit for the discovery of x-rays. Fortunately, he also became

aware of Roentgen’s health issues induced by radiation exposure

and avoided them himself.

Tesla and Marconi
Although Guglielmo Marconi is credited with having invented the

telegraph and received the Nobel Prize for the radio, Tesla discov-

ered both years before Signore Marconi did. Tesla discovered that

by using his coils, radio signals could be transmitted over great

distances as long as the receiving coil was tuned to the resonant

frequency of the transmitting one (sound familiar?). The receiv-

ing coil magnifies signals via resonance. Just before Tesla could

demonstrate that his invention was able to transmit signal as far as

50 miles, his laboratory suspiciously burned down, causing him to

lose his instruments and documents (note that Tesla demon-

strated transmission at shorter distances in St. Louis 2 years beforehttp://dx.doi.org/10.3174/ajnr.A3675
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Marconi showed his invention). About the same time as the afore-

mentioned tragedy, Marconi developed a 2-way transmitter

whose signals were too weak to cross even a small pond. He solved

the problem by using Tesla coils. Marconi claimed ignorance

about Tesla’s coils when applying for a US patent, and the grant-

ing of patents to both inventors was delayed due to arguments on

both sides claiming property rights. Aided by rich investors, Mar-

coni’s Wireless Telegraph Company thrived in the stock markets,

and soon Andrew Carnegie and Thomas Edison became its 2 most

important American investors. Shortly thereafter, Marconi

amazed the world by transmitting signals wirelessly across the

Atlantic Ocean. Because Marconi was using several of Tesla’s pat-

ents to accomplish this, Nikola was not worried; but he should

have been because 4 years later, the United States awarded the

patents for the telegraph and radio to Marconi under political

pressure from Carnegie and Edison. When Marconi received the

Nobel Prize, Tesla was furious and sued Marconi for stealing his

patents. Later, the Marconi Company sued the US government

because the armed forces had used its patents for communica-

tions during World War I without permission or payment. The

US Supreme Court eventually ruled that these patents belonged to

Tesla (now dead and childless), thus avoiding any payments owed

by the government to Marconi’s company.5 Tesla predicted that

all of us would carry small, wireless telephones in our pockets;

something Marconi did not.

Tesla and Twain
Exactly where Tesla and Samuel Clemens met is not clear; it could

have been at the Player’s Club (a bar in Manhattan) or in the

laboratory. Although Tesla was familiar with Twain’s writings, it

was not until after the discovery of AC that Twain noticed Nikola.

Both men shared friends in high society, including the Johnsons,

Kipling, Roosevelt, and Muir. Tesla invited Twain to his labora-

tory, where the famous writer partook in some electrical experi-

ments that reportedly filled him with vigor and vitality. While

Twain was spending time in Austria, he heard about Tesla’s ex-

periments on destructive terror (the Death Ray) and wrote urging

him to use these to make war impossible in the future by making

it available to all (an idea akin to “assured mutual destruction”).

Tesla and the FBI
While living in Colorado Springs, Tesla started developing the

idea for a particle beam that could be used as a weapon, and

though his idea never materialized, it was described in what is

known as the “Tesla Papers.” Immediately after his death, un-

known persons raided his apartment in the New Yorker Hotel,

stealing documents for fear that they would fall into Soviet hands.

Two days after his death (when he was found by a maid), the FBI

confiscated all that was left. The FBI appointed Dr John Trump of

the National Research Committee to look into the documents,

and he concluded that they were mostly speculative in nature.

After World War II, interest in them was revived and the heavily

funded “Project Nick” was started in Dayton, Ohio, only to be

dropped later. Interest in a beam weapon waxed and waned until

the late 1970s, when construction of a large beam weapon by the

Soviets came to light. As a response, in the early 1980s, President

Ronald Reagan proposed the Strategic Defense Initiative.6 All at-

tempts to build a Death Ray have failed, and many think that

answers to the problems encountered were addressed in the miss-

ing “Tesla Papers ” (some think that the US Government has them

and is hiding them).

Tesla and Birds
No one knows why Tesla was interested in pigeons. This interest is

nicely portrayed in The Invention of Everything Else by Samantha

Hunt.7 As an old man, Tesla walked every day to Bryant Park

(located behind the New York Public Library between 6th Avenue

and West 42nd Street, a scene again found in Paul Auster’s Moon

Palace8). At that time, pigeons were considered unmeritorious,

and perhaps Tesla felt similarly about himself. On the night that

he was awarded the Edison Medal (how ironic!), he suddenly

disappeared from the banquet only to be found in Bryant Park

covered by pigeons from head to evening pumps. Tesla said he

considered pigeons to be his “sincere friends.” He took sick ones

into his apartment and caused cleaning crews to complain of dirt.

Just days before his death, he became particularly attached to one

and was able to recognize this particular bird and fed it every day

(white wings with a touch of gray in their tips, photographs avail-

able at: http://www.teslauniverse.com/nikola-tesla-timeline-

1922-tesla-pigeon-dies). When the pigeon became sick, Tesla

took it with him to his apartment, but attempts to cure the bird

failed and it died. Tesla died only a few days after the pigeon, it is said

of a broken heart (this may be true because he died of heart failure);

he previously stated that he had loved her as a man loves a woman

(how sad is that?). Much has been made about the symbolism of the

pigeon, comparing it with the dove in religion and its meaning in

Tesla’s life. Curiously, Tesla’s favorite meal was squab.

Tesla, like Einstein, was a generalist, and like Edison, he was

self-taught. His thoughts extended into many arenas of human

enterprise without dwelling on details of how to accomplish them.

Because he almost never published in scientific journals, many of

his ideas are now lost. Some of his projects sounded like science

fiction but are now reality; others are still within the realm of the

impossible but are being reconsidered. Our knowledge has ex-

panded so much that extrapolating what we now know into the

world where Tesla lived is simply not possible, so it is hard for us

to grasp his achievements. However, it is thanks to them that MR

imaging and modern neuroimaging are possible.

Bonus
Two wonderful stories about Edison and Topsy, and Tesla and his

pigeons can be found in Love in Infant Monkeys by Lydia Millet.9
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EDITORIAL

In Memoriam: The Matrix Coil
W.J. van Rooij, M. Sluzewski, and J. Peluso

In this issue, the results of the Matrix and Platinum Science

(MAPS) trial provide level 1 evidence that there is no beneficial

effect of the polymer-modified Matrix detachable coil (Stryker,

Kalamazoo, Michigan) over standard platinum coils in the recur-

rence rate of coiled intracranial aneurysms.1 Although several

previous studies indicated similar results,2-4 this MAPS trial is the

death blow for the “bioactive” coil. This is good news for patients

and hospitals because the spilling of money by the excessive costs

of these coils can now be avoided without compromising patient

care.

It took the neurointerventional community more than 10

years (and many millions of dollars) to prove that a marketing

concept launched by Boston Scientific (now Stryker) does not

hold true in clinical practice. The history of the Matrix coil started

in the beginning of this millennium. When the initial monopoly

of Boston Scientific with the Guglielmi detachable coil ended with

the introduction of similar coils by other manufacturers, Boston

Scientific developed the concept of “bioactive” coils to regain

market share. The Matrix coil was introduced, and this coil was

coated with a bioabsorbable polyglycolic/polylactic acid (PGLA)

polymer that was intended to accelerate neointimal healing at the

neck of the aneurysm and thus was believed to provide a more

stable occlusion at follow-up. The choice of this PGLA coating

was primarily to get the device past regulatory hurdles and onto

the market. Proof of efficacy of biologic activity was not a priority.

PGLA is widely used in sutures as Vicryl (Ethicon, Cincinnati,

Ohio) and has an excellent safety profile in humans. With this in

mind, Boston Scientific managed to pass the regulatory process of

the US Food and Drug Administration by claiming that Matrix

was “substantially equivalent” to platinum coils. Although this

obtained FDA approval was based on equivalency, marketing that

followed was not. On the contrary, Matrix was marketed as a

revolutionary new device.

After testing the coil in a few swine,5 Matrix was launched as a

new concept: Instead of aneurysm thrombosis following mechan-

ical disruption of the intra-aneurysmal blood flow, Matrix would

provide a durable biologic healing by improved neointimal pro-

liferation and fibrosis. The marketing machine went off on full

throttle, heavily supported by several of our peers. The concept of

accelerated healing of aneurysms with significantly lower recur-

rence rates was very appealing, and many physicians started to

treat their patients with the new Matrix coil, despite it being al-

most double the cost of standard coils.

In the meantime, a registry of 100 aneurysms was launched by

Boston Scientific to provide extra arguments on sales (Accelera-

tion of Connective Tissue Formation in Endovascular Aneurysm

Repair [ACTIVE]). However, the results of this registry were not

better than could have been expected from standard coils. On the

contrary, many aneurysms were not immediately completely oc-

cluded, resulting in an alarmingly high early rebleeding rate of 7%

(3 of 41 ruptured aneurysms). In sales meetings with potential

Matrix users, the results of this registry were deliberately misin-

terpreted.6 Even after published criticism on these misleading in-

terpretations,7 Moret and Viñuela persisted in peculiar explana-

tions of the results in favor of the Matrix coil.8 The disappointing

findings of the ACTIVE registry have never been published. The

marketing machine soon got overheated. At meetings and in sci-

entific reports, the “proof of concept” was repeatedly illustrated:

Many physicians reported a white band between the coil mesh and

the parent artery called the “white collar sign,” interpreted as a

thick connective tissue barrier that prevented further aneurysmal

filling.9 Anyone with knowledge of imaging physics readily recog-

nized that this band was caused by the Mach effect, a well-known

optical illusion that occurs both with Matrix and platinum

coils.10,11 In a heterogeneous human autopsy study and in several

experimental studies in swine and rabbits, the phenomenon of

fibrous neck healing by the bioactive Matrix coils was enthusias-

tically claimed and communicated by Szikora et al12 and

Murayama and Viñuela,13,14 though scientific evidence was

lacking.

To overcome the initial criticism on the Matrix coil15 and to

reduce the reported high friction of the coated coils inside the

microcatheter, Boston Scientific applied some minor modifica-

tions to the coil and the second-generation Matrix was introduced

as Matrix2. After evaluation of this Matrix2 coil in a heteroge-

neous study including cases from the ACTIVE study, Murayama

and Viňuela claimed without statistical evidence that use of Ma-

trix2 coils resulted in improved mechanical performance and an-

atomic outcome compared with Matrix1 coils.16 The marketing

machine of Boston Scientific thus continued, and Matrix effec-

tively survived the initial period, despite the publication of more

clinical studies that failed to show a beneficial effect of the bioac-

tive Matrix coils.17 Even despite imposed scientific bias in a

French registry design toward favorable results for Matrix, a ben-

eficial effect of Matrix could not be shown.18,19 Finally, the MAPS

trial was announced in 2008; and now, 6 years later, the definitive

results clearly indicate that Matrix coils are not better than stan-

dard platinum coils.

What can we learn from this Matrix saga, with Boston Scien-

tific/Stryker supported by some of our overenthusiastic peers?

How can we avoid large sums of public money being spilled on

unproven devices to enhance the profits of device companies? We,

as doctors, have to get back into the driver’s seat, and we should

take the lead from the industry in developing devices. Instead of

selling our soul to the devil by using unproven devices at high

costs from manufacturers with clever and possibly misleading

marketing strategies, we should tell the industry what devices to

make after adequate scientific hypotheses and clinical tests that

convince regulatory bodies like the FDA. In addition, we should

be more critical of our overenthusiastic peers involved in cutting-

edge technology with a critical eye to the interpretation of their
http://dx.doi.org/10.3174/ajnr.A3928
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first clinical results with new devices. In addition, device manu-

facturers should assume their public responsibility instead of

mainly striving for financial profit and high stock prices.

Only then can scientific and financial blunders like the Matrix

coil be averted. For now, finally, we hang out the flag for the burial

of the Matrix coil.
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EDITORIAL

Counterpoint—Response
to “In Memoriam: The Matrix Coil”
A.S. Turk, D. Fiorella, J. Mocco, and C. Derdeyn

In this issue of the American Journal of Neuroradiology (AJNR),

the Matrix and Platinum Science (MAPS) trial results are pub-

lished.1 The trial concluded that there was no superiority of the

Matrix coil (Stryker, Kalamazoo, Michigan) over bare platinum

coils. The MAPS investigators and sponsor should be congratu-

lated on their willingness to test the efficacy of Matrix. The MAPS

trial in no way negates the premise that the modification of coil

surfaces or composition could potentially enhance coil perfor-

mance and/or the long-term durability of coil embolization. To

broadly extrapolate the MAPS results to all surface modified coils

makes little sense.

While the approach taken by industry to promote the Matrix

coil during the product launch certainly had serious flaws, this

controversy should not cloud, or in any way diminish, the impor-

tant clinical data provided by the MAPS study. With the benefit of

hindsight, it appears that the coil vendor, as well as physician

users, share responsibility for not demanding more robust data of

improved efficacy over bare platinum coils before the routine use

of Matrix in patients. Fortunately, our field continues to mature,

and we have evolved past this to a large extent, as evidenced by the

myriad industry-sponsored comparative coil trials that have been

completed (Cerecyte trial, HydroCoil Endovascular Aneurysm

Occlusion and Packing study) and those that are currently under-

way (Patients Prone to Recurrence After Endovascular Treat-

ment, Hydrogel Endovascular Aneurysm Treatment trial, Fram-

ing Eighteen Coils in Cerebral Aneurysms trial).1,2 These trials,

like MAPS, represent real progress within our field and reflect

recognition by physicians, as well as industry, that treatment de-

cisions must be guided by reliable clinical trial data rather than

marketing concepts that are based largely on preclinical studies.

Extensive preclinical studies were performed to better under-

stand the results of coating bare platinum coils with a bioresorb-

able polymer. In retrospect, many of these studies were subopti-

mal in that they used an experimental aneurysm model that is

now known to have low hemodynamic stresses and a high inci-

dence of spontaneous thrombosis.3

The canine bifurcation model represents a better one for de-

termining aneurysm coil performance, both angiographically and

histologically.4-9 In this model, the original version of Matrix was

shown to undergo greater coil compaction and aneurysm neck

recurrence compared with the conventional bare platinum Gug-

lielmi detachable coil (GDC; Boston Scientific, Natick, Massachu-

setts), indicating that either the coil or the coating resulted in

http://dx.doi.org/10.3174/ajnr.A3929
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reduced performance.10 However, the addition of complex 360°

shapes improved the angiographic outcomes for both Matrix and

GDC coils—making the 2 more comparable.

In a detailed analysis, the actual benefit of Matrix surface mod-

ification was in the histopathologic results, which showed that

Matrix-treated aneurysms showed improved endothelization,

manifest as an absence of endothelialized clefts at the aneurysm

neck (which are prevalent in GDC-treated aneurysms).10 Endo-

thelialized clefts have been proposed as the etiology for late angio-

graphic recurrences.5 Late recurrences have been reported at 3

years in up to 15% of aneurysms that had been completely oc-

cluded acutely and in short-term follow-up.11 While the MAPS

trial showed that in the short term, Matrix was essentially equiv-

alent to platinum coils, the real benefits of surface modification

may be manifest in the results at late (3- and 5-year) follow-up.

Furthermore, in subgroup analysis, when aneurysms were ad-

equately occluded (Raymond-Roy scale 1 or 2), Matrix had sig-

nificantly better outcomes with only 2.7% requiring retreatment

compared with 9.6% (P � .01) with platinum coils.12 However,

aneurysms with residual flow (Raymond-Roy scale 3) demon-

strated poor outcomes in both arms—Matrix (24.2%) and plati-

num (16.1%) (P � .17). These observations coincide well with the

known polyglycolic/polylactic acid (PGLA) characteristics, the

polymer coating on Matrix coils. When exposed to high-flow

states, PGLA experiences an acceleration of breakdown, nullifying

any potential gain due to the bioactive component of the coil.

These results suggest that the short-term issues with Matrix were

more likely related to the adequacy of mechanical occlusion

rather than the efficacy of the bioactive coating.

We believe that collaborative doctor/industry relationships

are an important synergistic dynamic that is essential for contin-

ued technologic advancement in our specialty. It is critical that

high standards be set for new technologies, particularly for those

designed to treat diseases with well-established safe therapies.

Regimented postmarket data collection and evaluation should oc-

cur with all new technologies, ensuring that marketing claims are

not confused with scientific evidence.13 However, to mix con-

cerns with technology marketing or limitations in the implemen-

tation of a technology with a perception of failure of the funda-

mental scientific premise would be a mistake.

In our opinion, the concept of platinum coil surface modifi-

cation to stabilize or increase the rate of thrombus organization is

still valid and continues to have promise for enhancing long-term

aneurysm occlusion stability. Time will tell whether this benefit

will be reflected in the late-term MAPS data; the current data do

not negate the fundamental concepts of bioactive coatings. As

such, continued innovation toward the development of better de-

livery mechanisms or more durable bioactive responses is entirely

reasonable.
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EDITORIAL

MR-Guided, Focused Ultrasound:
Applications to Essential Tremor and
Other Neurologic Conditions
G. Suffredini and L.M. Levy

In this issue of the American Journal of Neuroradiology, a novel

approach by means of MR-guided, focused sonography surgery

(MRgFUS) is used to treat essential tremor.1 The results indicate

that clinical improvement is significantly related to total lesion

size. No relationship was found between the imaging characteris-

tics of the lesion and sonication number, power, or maximal tem-

perature. Although the authors describe an important advance in

the use of this procedure, the study also raises a number of ques-

tions regarding the broad application of this technique to various

neurologic conditions.

The use of focused sonography to treat brain disorders has

evolved over the past 70 years. In the 1950s, Francis and William

Fry developed a system of converging sonography beams to pro-
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duce focal ablations in the brains of pigs and cats when applied

through a craniotomy acoustic window.2 The major limitation of

this technology was the inability to focus sufficient sonography

energy through the bony skull because of attenuation of acoustic

energy. By the 1970s, their lab described the acoustic properties of

the human skull3 and successfully achieved trans-skull transmis-

sion of an intensely focused ultrasonic beam.4

During the past decade, sonography therapy has emerged as a

minimally invasive therapy for movement disorders, neuropathic

pain, and malignancies. In combination with MR imaging and

MR thermometry, MRgFUS can produce focused ablations in the

brain by thermal and nonthermal effects with millimeter accu-

racy.5 Thermal (ablative) effects of MRgFUS occur when tissue is

heated above 57– 60°C, resulting in coagulative necrosis and tis-

sue destruction. The degree of tissue necrosis is related to the

focused sonography beam and can be monitored in real time with

MR thermometry. Nonthermal (nonablative) effects of focused

sonography result from acoustically induced interactions of mi-

croscopic gas bubbles or “microbubbles” with the surrounding

vascular endothelium, a process termed “cavitation.” These inter-

actions cause disruption of endothelial cell tight junctions and

result in disruption of the blood-brain barrier. Because the sonog-

raphy intensity needed to produce microbubble-induced cavita-

tion is several orders of magnitude lower than the intensity

needed for thermal ablation, this disruption of the blood-brain

barrier is only temporary and has been shown to be safe and ef-

fective in an animal model.6

Both thermal and nonthermal mechanisms of MRgFUS can

provide novel therapeutic opportunities for the treatment of

brain disorders. Focused sonography is ideal for ablation therapy

because it can target deep brain structures including the thalamus,

subthalamus, and pallidum regions. However, it is limited in

treatment of lesions near the calvaria because of the attenuation

effects of the skull, which are more pronounced at locations

nearer to bone. Ablative therapies have been investigated as suit-

able minimally invasive alternatives for glioblastoma,7 neuro-

pathic pain,8 and essential tremor.9,10 Investigations for the treat-

ment of Parkinson disease are currently underway.11

The short-lived disruption of the blood-brain barrier by

MRgFUS provides a means to target delivery of drugs, antibodies,

and stem cells to brain tissue.12-14 Sonography has also been used

to enhance revascularization in a process termed “sonothrom-

bolysis.” A recent meta-analysis of the use of sonography in isch-

emic stroke showed the therapy to be safe and effective.15

MRgFUS enables targeted delivery of sonography to the clot loca-

tion and has the potential to improve the treatment of acute isch-

emic stroke. MR imaging can identify clot location and serve as a

treatment map for immediate focused sonography therapy. Fo-

cused sonography sonothrombolysis has also been proposed for

the treatment of intracerebral hemorrhage.16 In this setting, sono-

thrombolysis is used to liquefy the clotted blood within the intra-

cerebral hemorrhage with consequent minimally invasive MR im-

aging– guided drainage of the liquefied clot.

The effectiveness and utility of sonography therapy can be

augmented with nanotechnology. Thermal ablation is being eval-

uated by use of multifunctional drug delivery systems capable of

triggering local hyperthermia in the presence of low-frequency

sonography.17 These systems provide a unique synergistic combi-

nation of chemotherapy, thermal therapy, and real-time imaging

and are being investigated for the treatment of CNS malignancies.

The present study by Wintermark et al1 demonstrates the impor-

tance of lesion size in achieving symptom relief. Although total

lesion size was significantly correlated to clinical improvement,

the value of the imaging findings remains unclear. The time-de-

pendent imaging characteristics of MRgFUS-induced brain le-

sions on T2-weighted imaging consists of 3 concentric zones:

zones I and II appear as a result of coagulation and necrosis, and

zone III appears as the most peripheral of the concentric zones

and represents transient edema.18 A larger zone III area is corre-

lated with clinical improvement, but some of this improvement is

lost as the edema resolves. Of interest, 2 patients with limited

clinical improvement had imaging characteristics that were not

very different from those with clinical improvement. This raises

the concern of difficulties associated with accurately locating

therapeutic targets. The ventrointermediate nuclei (Vim) are the

thalamic relays of the cerebellothalamocortical tract and are the

principal targets of MRgFUS in the treatment of essential tremor.

Two methods may be used to locate the Vim: image-based coor-

dinate targeting (direct method) and atlas-based targeting (indi-

rect method). The latter approach is subject to potential inaccu-

rate localization of the anterior and posterior commissures, an

error that can be �5 mm. Direct identification is considered to be

more accurate in identifying Vim and may be achieved with frac-

tional anisotropy and color-coded vector maps.19 Lesion identi-

fication in the current study was determined by atlas coordinates

and clinical parameters evaluated in real time with sublesional

sonication. In the 2 patients with limited therapeutic benefit, the

MRgFUS was not repositioned, and the patients did not show

sensory symptoms during treatment. Future studies may incor-

porate direct methods of Vim location during sonication to con-

firm target identification. Diffusion tractography may also be use-

ful in evaluating the integrity of these tracts over time and in

correlating their integrity with clinical symptoms. This approach

could potentially help to identify valuable imaging information

and provide useful targets for repeat therapy. Last, in the current

study, total lesion size appeared to be unrelated to sonication

number, power, or maximal temperature, presumably because of

the small effect size and underpowered study. Determining the

optimal use of these variables may improve the clinical utility of

MRgFUS.
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EDITORIAL

Simple MRI Metrics Contribute to
Optimal Care of the Patient with
Multiple Sclerosis
J.H. Simon, R.A. Bermel, and R.A. Rudick

MR imaging has been a critical element in multiple sclerosis

care because it has been the basis, along with clinical mea-

sures, for testing treatment efficacy. MR imaging serves as a pri-

mary outcome measure in phase II and a secondary outcome

measure in phase III clinical trials in MS.1 There are now 10 ap-

proved MS disease-modifying drugs, all showing measureable im-

pact in population studies on inflammatory disease as indicated

by new T2 hyperintense and/or gadolinium-enhancing lesions on

MR imaging. MR imaging initially impacted the field as an im-

portant component of diagnostic criteria,2 in part because MR

imaging is much more sensitive to early MS than are clinical fea-

tures. For similar reasons, clinicians have embraced the practice of

monitoring subclinical MR imaging activity for treatment deci-

sions, though formal criteria for an actionable response to MR

imaging activity in an individual patient have been limited (On-

line Table 1). MR imaging monitoring is also critical for detecting

complications of therapy—for example, infection (progressive

multifocal leukoencephalopathy) or inflammation (immune re-

constitution inflammatory syndrome).3

Several recent initiatives by the MS community have ad-

dressed the concept of individualized, more tailored, and

sometimes more aggressive early treatment. Treatment escala-

tion has only recently become feasible with the introduction of

new, potentially stronger MS treatments based on differing

mechanisms and molecular targets.4 As a result, MR imaging

activity will be increasingly used in clinical practice to deter-

mine whether patients are responding to treatment or may

benefit from a change in treatment or escalation to higher-risk

therapy (On-line Table 1). For example, the Canadian MS

Working Group guidelines were updated in 2013,5 on the basis

of combinations of relapse, disability, and MR imaging scores,

for recommendations classified as low, medium, or high con-

cern. The Rio score, developed in Barcelona, was modified

recently on the basis of a validation study to include only MR

imaging activity and relapse indicators.6 Enhancing lesions,

followed by relapses and new T2 lesions during the initial 2

years, were the best predictors of disability 15 years later in

treated (distinct from placebo) patients in the interferon (IFN)

�-1a trial,7 suggesting that persistent inflammatory disease ac-

tivity in patients on IFN reflected nonresponse to therapy. An

analysis by Dobson et al8 from 11 studies with IFN-� treatment

found that those who develop new MR imaging lesions on

IFN-� within 2 years of starting therapy are at significantly

higher risk of future relapses and/or disability worsening and

that these patients can be identified after just 6 –12 months of

treatment.

The simple MR imaging measures of focal T2 hyperintense

and enhancing lesions seem to contribute strongly to relapse and

disability outcomes and contribute significantly to brain atrophy,

a surrogate of disability. This association is highlighted in a recent

meta-analysis by Sormani et al,9 based on �13,500 patients with

relapsing MS in 13 clinical trials. The correlation coefficients (R2)

with downstream disability for new/enlarging T2 lesions and

brain atrophy were 0.61 and 0.48, respectively, with both mea-

sures retained in a final model with a combined R2 of 0.75,

strongly supporting the use of these MR imaging outcomes as

clinical surrogate measures when applied in an appropriate clin-

ical-/treatment-specific context.9

It is likely that in the future, advanced quantitative and func-

tional measures by MR imaging will assume far greater impor-

Indicates article with supplemental on-line tables.
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tance in measuring aspects of neurodegeneration, de- and remy-

elination, and particularly in progressive stages of MS, including

in individual patients. However, the currently recognized success

of the existing MS therapies is thought to be predominantly based

on the impact on the early inflammatory stages of disease, with a

variable and lesser, perhaps only secondary, impact on neurode-

generation. Standardized brain volume (atrophy) measures are

predictive of disability and, when applied serially, can be used to

assess atrophy patterns, including in individual patients,10 but

these are not widely available or currently thought to be practical

in clinical practice unless and until MR imaging manufacturers or

other third parties support these measures.

There is an emerging consensus in the MS field that successful

treatment results in no evident inflammatory disease activity

(NEIDA), defined as the absence of new relapses or new MR im-

aging lesions. This was discussed at a recent international consen-

sus workshop sponsored by the Cleveland Clinic (Las Vegas; De-

cember 12–14, 2013). Standardized MR imaging lesion reporting

was identified by survey as a critical element for future implemen-

tation and testing of NEIDA. There have been prior initiatives to

improve MS clinical care through standardized requests, MR im-

aging acquisition, and interpretation templates, including by the

Consortium of MS Centers.11 More recent revisions recognize the

improved hardware, including the potential shift to a 3D acquisi-

tion technique (see www.mscare.org). MR imaging technology

evolves rapidly, field strength is ever-increasing, and acquisition

and processing techniques will continue to impact lesion counts,

which will necessarily evolve as well. Nevertheless, well-planned

2D and 3D acquisition techniques and attention to detail in man-

ual or computerized registration will provide a basis for accurate

serial analyses.

While there is almost certain to be disagreement as to the op-

timal cut-point for lesion counts to support treatment for MS,

standardized, high-quality MR imaging acquisition combined

with reports that provide the essential elements for MS diagnosis

or therapeutic decision-making (On-line Tables 2 and 3) can, no

doubt, improve outcomes for patients with MS.
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REVIEW ARTICLE

Neuroimaging in Patients with Abnormal Blood Glucose Levels
G. Bathla, B. Policeni, and A. Agarwal

ABSTRACT

SUMMARY: Smooth neuronal functioning requires an uninterrupted supply of energy that is provided by glucose under normal
physiologic conditions. Significant variations in plasma glucose levels, be it hypoglycemia or hyperglycemia, can present with myriad
clinical manifestations and may mimic stroke. At times, the diagnosis is either not apparent or not clinically suspected. Imaging can
suggest the diagnosis in unsuspected cases and can help in the assessment of the extent of neuronal damage in known cases, making
it vital for the neuroradiologist to be aware of both common and atypical neuroimaging findings in hypoglycemia and
hyperglycemia.

ABBREVIATIONS: GABA � gamma aminobutyric acid; HC-HB � hemichorea-hemiballismus; NIDDM � non–insulin-dependent diabetes mellitus; NKHG � non-
ketotic hyperglycemia

The brain relies heavily on a continuous supply of glucose for

optimal function. Because the neurons have a high metabolic

rate and can neither generate nor store significant amounts of

glucose, a rapid decline in plasma glucose can jeopardize neuronal

homeostasis over a period of minutes.1

Relatively stable plasma glucose levels are therefore essential for

survival and are maintained through a highly complex network of

enzymes, hormones, and signaling mechanisms, with insulin playing

a dominant role.1 Enterically absorbed glucose is transported by the

portal circulation to the liver, which is the primary organ involved in

glucose homeostasis. Here, excess glucose is converted to glycogen

and stored for subsequent use. A drop in plasma glucose level triggers

a fall in plasma insulin levels, increased glucagon secretion, glycogen-

olysis, and gluconeogenesis (primarily in the liver) and helps to re-

store plasma glucose levels whenever needed.1

Uptake of glucose in most cells (except liver and brain) is de-

pendent on insulin and is mediated through glucose transporters

or occurs through a sodium-glucose co-transport mechanism

(small bowel and renal tubules).2 Neuronal uptake of glucose is

independent of insulin and is mediated through glucose trans-

porter 1. Absorbed glucose is then metabolized to carbon dioxide,

thereby generating adenosine triphosphate in a process that is

heavily oxygen-dependent. Under anaerobic conditions, how-

ever, glucose can only be metabolized to produce lactic acid, a

process that is not only energy-inefficient but also leads to meta-

bolic acidosis.2

Physiologic variations in plasma glucose levels occur during

sleep, postprandial states, and as part of circadian rhythm.3 Ab-

normal variations in plasma glucose levels may occur in neonates,

diabetics, and patients with insulin-secreting tumors, sepsis, Ad-

dison disease, and hepatic or renal failure.4-7

Significant variations in glucose levels are often symptomatic.

Hyperglycemic patients may present with HC-HB, weakness, hy-

potonia, pyramidal tract signs, and seizures.8-10 Similar findings

may occur in hypoglycemic patients, who can additionally present

with chorea, ataxia, paresis, aphasia, and coma.8,11-13 Neonates

with hypoglycemia may show a constellation of symptoms that

are usually nonspecific and include poor feeding, lip smacking,

eye rolling, and seizures.4,14

In emergency settings, it is not uncommon for these symp-

toms be diagnosed and treated initially as stroke. Imaging in such

cases can play a vital role by suggesting the correct diagnosis and

ensuring early treatment. This is vital because delayed diagnosis

affects morbidity and mortality.

In acute settings, these patients invariably undergo an

NCCT of the head initially. It may be occasionally useful but is

often nondiagnostic. MR imaging is the study of choice in these

cases and is often used to determine diagnosis and prognosis.

As mentioned above, patients with hyperglycemia can present

with various movement disorders. However, well-established
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neuroimaging findings are only described in patients with NKHG

who have either HC-HB or seizures. At times, patients with ke-

totic hyperglycemia can also present with movement disorder,

though these cases lack any well-described imaging correlate.9

Similarly, adults and neonates with significant hypoglycemia

can have varying symptoms. However, these are often a conse-

quence of diffuse parenchymal involvement, and findings on im-

aging are often not correlated with specific symptoms, as seen

with hyperglycemia. A notable exception to this is the develop-

ment of hemiplegia in a subset of adult hypoglycemic patients that

correlates with involvement of the contralateral internal

capsule.15

The following discussion concentrates on hyperglycemic and

hypoglycemic conditions that have well-established neuroimag-

ing findings. In hyperglycemic patients, these conditions include

HC-HB and seizures. This is followed by a review of imaging

findings in neonatal and adult hypoglycemia, in which extensive

involvement often precludes correlation with specific symptoms.

Hemichorea-Hemiballismus in Non-Ketotic
Hyperglycemia
HC-HB refers to an involuntary, nonrhythmic, and poorly pat-

terned movement disorder that involves one side of the body.16,17

It most commonly results from a vascular insult involving the

contralateral basal ganglia.16-18 NKHG is the second most com-

mon cause for such presentation.16 Occasionally, HC-HB may

result from neoplastic or infective conditions involving the

brain.17,19

HC-HB in association with hyperglycemia is well recognized.8

It has been predominantly reported in elderly patients with

NIDDM and is more common in Asians.17,18,20

Patients present with acute onset of HC-HB, which is often

unilateral but may be generalized.8,20 The abnormal movements

may be continuous or intermittent and disappear during sleep.8,21

Laboratory findings confirm poorly controlled diabetes with

raised blood glucose and HbA1C levels and absence of blood and

urinary ketones. The serum osmolality is often elevated.19 Cor-

rection of underlying hyperglycemia is usually curative, leading to

rapid cessation of abnormal movements within hours to a few

days.8,18 Occasionally, however, symptoms may persist for

months and require additional suppressant therapy.8

The abnormal movements are thought to be secondary to re-

duced cerebral perfusion, presumably caused by hyperviscosity

secondary to hyperglycemia.16,19 This is supported by recent ob-

servations that raised plasma glucose levels directly correlate with

cerebral hypoperfusion.22 Ensuing anaerobic metabolism leads to

depletion of GABA, which is used as a metabolite to generate

energy.19 Because GABA is an inhibitory neurotransmitter, its

depletion causes increased thalamocortical drive, resulting in

HC-HB.16

The pathogenesis of the imaging findings in these patients is

controversial and is further compounded by variable histopathol-

ogy results from different studies.8,16 Focal hemorrhage and cal-

cification were initially proposed to explain the imaging pattern

on CT and MR imaging. However, these are not consistent fea-

tures on histopathology studies.8 The imaging patterns on MR

imaging and resolution of findings on follow-up imaging in most

cases also do not favor hemorrhage or calcification as a common

finding.16 Some authors have reported the presence of gliotic tis-

sue with abundant gemistocytes (a form of reactive astrocytes),

which may account for the T1 shortening on MR imaging. These

usually appear during acute injury and can persist for years.16,21

These astrocytes can accumulate manganese after periods of brief

ischemia, which presumably results from a combination of un-

derlying hyperviscosity and chronic vascular disease.8,16,23,24 This

is supported by similar signal changes in animals and humans

after episodes of transient, nonlethal ischemia, unrelated to

hyperglycemia.25

The gemistocyte theory does not explain the changes seen on

NCCT, leading some authors to speculate that the findings on CT,

MR imaging, and associated HC-HB may reflect different patho-

logic mechanisms running in parallel.21 It is possible that the

pathogenesis of imaging findings in NKHG is more complex, and

transient ischemia may not be the only factor. Hyperglycemia is

known to cause endothelial dysfunction and increased oxidative

stress in ischemic brain tissue.26 These may also contribute to

changes seen on imaging, though their precise role is yet to be

established.

NCCT often reveals abnormal hyperattenuation, predomi-

nantly involving the putamen contralateral to the symptomatic

side (Fig 1). The caudate and globus pallidus may be involved.19

Patients with ballism may show bilateral abnormalities that can be

asymmetric. There is no surrounding edema or mass effect.8 Fol-

low-up imaging may show resolution of changes after correction

of hyperglycemia.19 Occasionally, the initial scan may be

normal.8,19

On NCCT, the findings are fairly characteristic in the appro-

priate context, though a similar appearance may occur with hem-

orrhage or asymmetric calcifications.19 Patients receiving intra-

arterial reperfusion therapy for stroke can also show transient

hyperattenuation of the lentiform and insular cortex secondary to

interstitial contrast extravasation.27 Finally, because the hyper-

densities in diabetic patients with HC-HB may resolve slowly or

persist for years,28 these may reflect previous hyperglycemia-in-

duced injury.

FIG 1. Axial NCCT image reveals asymmetric hyperattenuation in-
volving the lentiform and caudate nuclei bilaterally, more pro-
nounced on the left side.
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MR imaging may also reveal abnormal putaminal signal with

or without involvement of the caudate and globus pallidus.8 As

with CT, changes may be bilateral.19 Sporadic cases with isolated

involvement of subthalamic nuclei have been reported.17 The in-

volved regions show T1 shortening.29 The signal changes on

T2WI are variable, and the lesions may manifest either T2 short-

ening or prolongation (Figs 2 and 3).17,19 Restricted diffusion and

signal loss on gradient-echo images have been reported occasion-

ally.19,30,31 Some authors have reported abnormal mineral depo-

sition in the affected regions on susceptibility-weighted MR im-

aging.16 Additionally, dilated vessels over the affected side have

been reported and are presumed to reflect underlying ischemia.29

Data are limited on 1H-MR spectroscopy findings, with the

reported cases showing reduction of NAA/Cr ratio, elevation of

Cho/Cr ratio, and presence of a lactate peak.8,23 Similarly, sporadic

case reports of SPECT show hypoperfusion within the basal ganglia,

corresponding to the symptomatic side.19

The imaging findings are usually

reversible, though they lag behind

clinical improvement. Occasionally,

the abnormalities persist and have

been reported up to 6 years after the

initial presentation.28

Besides HC-HB, T1 shortening of the

basal ganglia may occur with chronic

liver disease, manganese deposition,

neurofibromatosis type 1, and calcifica-

tions.32 However, a quick review of the

patient chart usually excludes most of

these considerations.

Seizures in Non-Ketotic
Hyperglycemia
Seizures are relatively common in pa-

tients with NKHG. 33 These are often fo-

cal, with the most common subtype be-

ing focal motor seizure with or without

secondary generalization.34-36 Less fre-

quently, occipital lobe seizures or epi-

lepsia partialis continua may also oc-

cur.10,33,35 MR imaging in these patients

may show areas of transient T2 prolon-

gation, which are thought to be second-

ary to the ictus and may be seen with

seizures unrelated to hyperglycemia.

However, some authors have reported

subcortical areas of T2 shortening in a

subset of patients with NKHG, which of-

ten correlate with localization of ictal fo-

cus on EEG studies and regress after nor-

malization of hyperglycemia.37 Therefore,

these are more likely to be related to the

underlying hyperglycemic state.

As with HC-HB, these patients also

show evidence of poorly controlled dia-

betes and underlying hyperosmolality.10

The HbA1C is often elevated, attesting

to long-term hyperglycemia.33,34 In

some cases, the seizures may be the first presentation and uncover

underlying diabetes.34,35

Similar to HC-HB, correction of underlying hyperglycemia is

curative.10,33 Anti-epileptic drugs are often not required because

the seizures respond promptly to correction of hyperglycemia.35

Occasional cases may require short-term phenobarbital or val-

proic acid.35 Phenytoin is avoided because it worsens glycemic

control and can aggravate seizures.34

A predilection for occipital lobe involvement exists.34,36 Pa-

tients often present with visual symptoms such as blurring, field

defects, and hallucinations. The parietal, temporal, and perirolan-

dic cortex also may be involved.33,37

It is unclear how hyperglycemia precipitates seizures. Elevated

blood glucose levels have a pro-convulsant effect and reduce sei-

zure threshold.34-36 As pointed out earlier, a hyperglycemic state

also induces cellular anaerobic metabolism and depletes GABA,

which is an inhibitory neurotransmitter.35 The presence of con-

FIG 2. Axial noncontrast T1WI in a patient with HC-HB reveals T1 shortening in the left lentiform.
T2WI at the same level (B) reveals mild T2 prolongation.

FIG 3. Axial T1WI (A) and T2WI (B) at the level of basal ganglia reveal T1 and T2 shortening involving
the right corpus striatum.
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current ketoacidosis is thought to offer some protection against

seizures because ketone bodies can serve as substrate for GABA

generation.36

The reason for subcortical T2 shortening on imaging is also

unclear. Postulated mechanisms include mineral deposition and

ischemia.33,34,38 A hypointense signal on the gradient-echo image

would support free radical accumulation.33

NCCT is often negative, though rare cases with both HC-HB

and seizures may show basal ganglia hyperattenuation.38,39 On

MR imaging, the involved regions are usually isointense on T1WI

but may show focal T2 prolongation in the cortex and T2 short-

ening in the underlying WM.33-35 Similar hypointense subcortical

signal is also noted on gradient-echo images.33 Associated cortical

swelling is often appreciable on T2WI/ FLAIR images. Transiently

reduced ADC values and focal cortical or leptomeningeal en-

hancement may occur.33,35 These findings often completely re-

solve over a period of months, though some cases show focal

gliosis.33

Sporadic reports of 1H-MR spectroscopy have described re-

duced NAA in the involved regions.38 There are few case reports

of ictal hyperperfusion in the involved regions on technetium

Tc99m hexamethylpropyleneamine oxime SPECT imaging, in

contrast to HC-HB in a similar subgroup of patients, which shows

hypoperfusion.19,34,38

Besides NKHG, subcortical T2 shortening may also be seen in

viral encephalitis, meningitis, hypoxic insult, and Moyamoya dis-

ease.33 Overlying leptomeningeal enhancement, if present, would

add metastasis, sarcoidosis, and lymphoma to the list of differen-

tial considerations. However, a known hyperglycemic state and

supportive EEG findings may help to clinch the diagnosis.

Neonatal Hypoglycemia
Transient hypoglycemia is relatively common in neonates as they

transition from intrauterine to extrauterine environment.5 The

incidence of neonatal hypoglycemia is not clearly defined because

there is no absolute consensus on the exact blood glucose value to

define hypoglycemia.4 The plasma glucose level used to define

hypoglycemia varies between 25– 46 mg/dL in different studies,

though most researchers agree that a level �36 mg/dL within first

2–3 hours after birth requires intervention.14,40,41

Neuronal damage secondary to hypoglycemia is uncommon

but may occur.4,5 These children with this damage often present

with nonspecific symptoms such as seizures, lip-smacking, poor

feeding, hypotonia, cyanosis, and vomiting.4,5,14,41

Neonates often have development of hypoglycemia within

hours to days of birth. Alkalay et al,14 in their review of 23 patients,

found that the mean age at presentation was 30 hours and varied

between 1–72 hours. Because there is a broad list of differentials

for seizures in this age group, these children often undergo a

battery of tests to exclude metabolic, congenital, and infective

causes before imaging is considered. Transcranial sonography

is usually the initial imaging study and is performed to exclude

hypoxic or hemorrhagic insults. However, it has low sensitivity

for detecting hypoglycemic brain injury.14 Because the clinical

diagnosis of hypoglycemia can be made with a simple strip test,

imaging with CT/MR is often performed to assess the extent of

injury and prognosticate final recovery rather than to confirm

the diagnosis.

Neuroimaging findings in neonatal hypoglycemia were first

reported by Spar et al42 in 1994. Since then, similar findings have

been described in small patient cohorts by various authors.4,14,43

A predilection for occipital and parietal lobe involvement exists,

the exact reason for which is unclear.4,5,14 Some authors have

attributed it to relatively higher glucose utilization in this region

from intensive axonal growth.14 Others attribute the changes to a

variable distribution of excitatory neurotransmitters in different

parts of brain.4,41 The remaining cerebral hemispheres, cortico-

spinal tracts, corpus callosum, and deep gray nuclei also may be

affected.4,5,14,40 Posterior fossa involvement is rare.5 The pattern

of brain injury is independent of underlying etiology, essentially

implicating hypoglycemia as the culprit.4

On CT, the involved regions appear hypoattenuated in the

acute phase and are often bilateral. In fact, bilateral occipital in-

volvement is considered by some to be specific for hypoglycemia-

induced injury. The gray-white interface may be involved.14,41,43

Lesions are often bilateral.33,35 Hemorrhage has not been reported

on CT studies. Follow-up imaging usually shows volume loss.43

On MR imaging, variable signal is noted on most sequences.

The involved cortex is usually isointense on T1WI but may show

focal T1 shortening. Similarly, the cortex usually shows T2 pro-

longation, but focal T2 shortening may occur.4,14 Underlying

WM involvement manifests as areas of T1 and T2 prolongation.4

Follow-up imaging often shows parenchymal atrophy. Cystic en-

cephalomalacia may occur.4 Some patients may have transient

abnormalities that resolve on follow-up.14 Not surprisingly, these

patients have less severe hypoglycemia and present early.14

DWI is most sensitive for identification of parieto-occipital

injury, especially in the first 6 days after birth (Fig 4).44 In the

acute phase, there is restricted diffusion with correspondingly re-

duced ADC values.14 Some authors think that the degree of re-

stricted diffusion may correlate with parenchymal damage on fol-

low-up.45 Burns et al5 described presence of focal WM

hemorrhagic lesions in up to 30% of their cases. However, these

findings have not been reported in other studies. The reason for

this discrepancy is unclear.

Hypoglycemia potentiates hypoxia-induced damage, and a

combination of the 2 leads to worse outcomes than hypoxia

alone.4,46,47 These children often present with nonspecific symp-

toms such as seizures, lip-smacking, poor feeding, hypotonia, cy-

anosis, and vomiting.4

There is scarce literature on perfusion imaging and spectros-

copy findings in these patients. Kim et al45 reported reduced NAA

with the presence of a lactate peak in their patient, with further

reduction in the NAA peak on follow-up 1H-MR spectroscopy on

the 16th day.

On imaging, the most important differential consideration is

hypoxic encephalopathy, either alone or in combination with hy-

poglycemia. When a predominantly posterior distribution is seen,

the diagnosis of hypoglycemic injury is relatively straightforward.

However, with diffuse bilateral involvement, it may be extremely

difficult to exclude hypoxia or a combined insult. A review of the

patient’s Apgar score, plasma glucose, and arterial blood gas levels

may provide important clues.
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Prognosis in these children depends on prompt recognition

and treatment of hypoglycemia. However, the long-term progno-

sis can be variable and correlates with WM damage at MR imag-

ing.5 The overall outcome may be complicated by occipital lobe

epilepsy, visual disturbances, mental retardation, cerebral palsy,

and microcephaly.5,14,40

Adult Hypoglycemia
According to the American Diabetes Association,48 hypoglycemia

and severe hypoglycemia are defined as plasma glucose levels �70

mg/dL (3.9 mmol/L) and 40 mg/dL (2.2 mmol/L), respectively.

Hypoglycemia is more common in diabetic patients and can oc-

cur as a complication of therapy with insulin or long-acting sul-

fonylurea drugs. Symptomatic hypoglycemia is believed to affect

2% of diabetic patients annually and is associated with up to 4% of

deaths in patients with type 1 diabetes.6,11,49 Other causes include

exogenous administration of insulin, which may be suicidal or

accidental, insulin-secreting tumors, sepsis, Addison disease, and

hepatic or renal failure.6,7,11

Hypoglycemic symptoms can be divided into autonomic,

which include sweating, trembling, palpitations, and anxiety and

neuroglycopenic, which include weakness, confusion, personality

changes, seizures, and transient memory loss.6,7,15,50,51 Severe hy-

poglycemia may present with altered mental state or coma.6,52-54

Occasionally, patients may develop hemiparesis or quadriparesis

and mimic a stroke.12,51,53 In general, autonomic symptoms usu-

ally develop before neuroglycopenic symptoms. However, some

diabetic patients may develop “hypoglycemic unawareness,”

and autonomic symptoms may not develop or may remain

unrecognized.11

Energy failure leading to loss of cellular hemostasis is believed

to be a key factor in hypoglycemia-induced brain damage.6,52-54

Many authors have also pointed out the role of aspartate-induced

injury in hypoglycemia, in contrast to hypoxia, in which the neu-

ronal damage is secondary to glutamate.15,52,55,56 Absence of glucose

results in accumulation of oxaloacetate, which in turn leads to gen-

eration of excess aspartate. Aspartate is a known neurotoxin and has

been shown to cause preferential neuronal

necrosis in the cerebral cortex, neostria-

tum, and hippocampus.6,11,15,50

Hypoglycemia was initially reported to

predominantly involve the cortex, neo-

striatum, and hippocampus.6,11,12,54,57

However, many authors have also re-

ported predominant WM involvement,

mainly affecting the centrum semiovale,

corona radiata, internal capsule, an

splenium of the corpus callo-

sum.7,11,12,53,54,56 In fact, involvement of

the WM is now thought to be earlier and

more common than gray matter in-

volvement.52,53 Some cases may show

diffuse gray matter and WM involve-

ment.6,7,53,54 The thalamus, brain stem,

and cerebellum are invariably spared,

and this may help to differentiate hypo-

glycemia from hypoxic injury, which of-

ten involves the thalamus.6,52,55,56

Because these patients often present in an altered mental state,

underlying hypoglycemia may not be apparent. NCCT in these

patients is often unremarkable.15,49,50 Some cases may show non-

specific WM hypodensities or diffuse cerebral edema in the acute

stage and parenchymal volume loss on follow-up.15,49

On MR imaging, the earliest changes are seen on DWI se-

quences.52-54 The involved regions show restricted diffusion with

corresponding ADC hypointensity.6,7,12,15,53 The extent of these

abnormalities depends on severity and duration of hypogly-

cemia.6,49,52,57 Changes are usually bilateral, though bilaterally

asymmetric, or, rarely, unilateral lesions, may occur.11,52,57 Re-

duction in ADC values has been shown to follow establishment of

cerebral isoelectricity, a process that may be asynchronous. This

may explain asymmetric lesions in a given patient.11,53,58

Experimental studies on rats have shown that reduction in

ADC values follows cerebral isoelectricity and may quickly nor-

malize after glucose infusion.51 It has also been shown that hypo-

glycemia-induced neuronal damage does not occur until the EEG

becomes iso-electric and is independent of blood glucose level.52

Establishment of cerebral isoelectricity may be asynchronous, and

this may explain asymmetric lesions in a given patient.9,46

Contrary to the above observations, Schmidt et al11 recently

showed that short-term severe hypoglycemia by itself may not

show any visible diffusion abnormalities. Although they reported

findings in a small number of patients (n � 10), none of whom

lost consciousness, the findings may lead one to speculate that

individual susceptibility and associated comorbidities may also

influence imaging findings and clinical outcomes.

Patients with hypoglycemia also may show T2 prolongation in

both cortex and WM.7 These regions are usually isointense on

T1WI.49 However, Fujioka et al55 showed persistence of both T1

and T2 shortening in 4 patients who entered a persistent vegeta-

tive state. Hemorrhagic lesions have not been reported.6,50,55

Post-contrast enhancement is usually absent but may occur.6,49,50

Sporadic reports on perfusion studies show either no signifi-

cant change or slightly increased perfusion in affected re-

FIG 4. Axial DWI (A) and ADC image (B) in a hypoglycemic neonate reveal restricted diffusion
involving predominantly the parietal and occipital regions with corresponding ADC
hypointensity.
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gions.54,57,59 Similarly, only sporadic reports about 1H-MR spec-

troscopy exist and show mildly reduced NAA and preservation of

choline and creatine.57 No lactate peak is seen, probably because

of the absence of glucose.55,60 This may help to distinguish hy-

poxic from hypoglycemic insults.

On the basis of the topographic distribution of the signal ab-

normalities, 3 imaging patterns have been described.52 These in-

clude 1) predominant gray matter involvement affecting the cor-

tex, neostriatum, and hippocampi; 2) predominant WM

involvement affecting the periventricular WM, internal capsule,

and splenium of corpus callosum (Fig 5); and 3) mixed pattern,

involving both the gray matter and WM (Fig 6).

The division of patients on the basis of these imaging patterns

is of unclear significance.52,53 Patients with focal involvement of

the internal capsule, corona radiata, or splenium usually have a

good prognosis.6,7,53,54 These lesions usually resolve promptly af-

ter restoration of blood glucose, though they tend to follow clin-

ical symptom resolution.6,7,12,15,54 Atay et al56 reported near total

resolution of DW abnormalities in their patient as early as 2 hours

after blood glucose levels were restored.

Patients with extensive WM involvement show variable re-

sponse.52 The prognosis in these cases varies between complete

recovery and persistent vegetative state.53 Clinical improvement,

if it occurs, is usually delayed by weeks.6,17 Involvement of the

neostriatum and diffuse cortical lesions often portend dismal out-

come.7,49,50,52,57 Failure of lesions to regress on follow-up imag-

ing is also associated with poor prognosis.6

There is no satisfactory explanation as to why a subgroup of pa-

tients with hypoglycemia has hemiparesis and a good prognosis,

whereas others show diffuse WM lesions and a variable prognosis,

and still others have diffuse gray matter involvement and an invari-

ably poor prognosis. Some authors believe that these probably

represent a spectrum of injury and that focal WM changes

usually result from transient hypoglycemia.15,52 However,

some other authors believe that they may be attributable to

different pathophysiologies.7,12,52 Regardless of the cause, im-

aging subgroups in hypoglycemia do exist, and DWI probably

has some prognostic value.

Patients with extensive cortical and WM involvement often

present a diagnostic challenge. Similar changes can also occur

with hypoxia, hyperammonemia, encephalitis, after seizures, or

may be drug-induced.6,50 Splenial lesions have been reported in

seizures, anti-epileptic drug withdrawal or toxicity, alcohol

abuse, encephalitis, and electrolyte derangements.30,61 The

clinical context, along with a review of biochemical findings,

should help narrow diagnostic considerations. Sparing of the

thalamus, brain stem, and cerebellum is a useful clue. In select

cases, 1H-MR spectroscopy may serve as a problem-solving

technique.

CONCLUSIONS
Abnormal variations in plasma glucose levels are not uncommon

and can show myriad imaging findings. The presentation is often

nonspecific, and objective findings of HC-HB, memory loss,

hemiparesis, and coma often clinically mimic stroke. A timely and

accurate diagnosis would expedite cor-

rect treatment and limit neuronal injury

in the early stage, when changes are po-

tentially reversible.
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Optimal Timing of Cerebral MRI in Preterm Infants to Predict
Long-Term Neurodevelopmental Outcome:

A Systematic Review
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ABSTRACT

SUMMARY: Advances in neonatal neuroimaging have improved detection of preterm brain injury responsible for abnormal neuromotor
and cognitive development. Increasingly sophisticated MR imaging setups allow scanning during early preterm life. In this review, we
investigated how brain MR imaging in preterm infants should be timed to best predict long-term outcome. Given the strong evidence that
structural brain abnormalities are related to long-term neurodevelopment, MR imaging should preferably be performed at term-equiva-
lent age. Early MR imaging is promising because it can guide early intervention studies and is indispensable in research on preterm brain
injury.

ABBREVIATIONS: DEHSI � diffuse excessive high signal intensity; FA � fractional anisotropy; PLIC � posterior limb of the internal capsule; PMA � postmenstrual
age; PWML � punctate white matter lesions

Preterm birth with subsequent brain injury is an increasing

public health concern. Advances in neonatal intensive care

have significantly improved survival rates among very-low-birth-

weight infants, but survivors are still at considerable risk to de-

velop cognitive, behavioral, neurosensory, and motor disabili-

ties.1-5 The most common preterm brain injury patterns are the

following: WM injury; germinal matrix-intraventricular hemor-

rhage and its correlates; and posthemorrhagic ventricular dilation

and periventricular hemorrhagic venous infarction (Fig 1). Cystic

periventricular leukomalacia is seen less often now, and diffuse

noncystic types of WM injury, including punctate WM lesions

and diffuse excessive high signal intensity, are therefore most fre-

quent6-10 and the leading cause of disturbed brain growth, con-

nectivity, and functionality.11-13

Although MR imaging is superior to cranial sonography in

detecting diffuse WM injury,14-17 structural MR imaging studies

fail to precisely predict outcome6,8,18 because conventional MR

imaging is not sensitive enough to measure changes in micro-

structure.19 However, advanced MR imaging acquisition se-

quences and postprocessing techniques, such as DTI, volumetric

MR imaging measurements, and proton MR spectroscopy

(1H-MR spectroscopy), may be a solution. For example, DTI al-

lows quantification of WM at a microstructural level by measur-

ing the diffusion of water molecules in tissues.20,21

DTI studies have shown increasing fractional anisotropy and

decreasing ADC during brain maturation, which is ascribed to the

decreased water content and increased WM complexity due to

myelination.20,22 Deviations from these developmental trends are

considered diagnostic of perinatal WM injury.23-25

WM injury in preterm infants has been related to significantly

reduced brain volume,26,27 but brain growth in extremely preterm

infants may also be disturbed in the absence of evident WM abnor-

malities. Volumes of brain regions and structures are correlated to

perinatal complications and are inversely related to gestational age at

birth.28,29 Smaller volumes are often associated with impaired neu-

ropsychological function at a later age.29,30

Assessment of cortical folding during early brain development,

with the use of postprocessing software,31 has provided insight into

the underlying mechanisms of normal development, regional spe-

cialization, and functional lateralization.32,33 Anomalous cor-

tical folding, demonstrated in preterm infants, has been proposed as

an early biomarker of neurocognitive impairment.34,35

Metabolic integrity of tissues can be measured in vivo with
1H-MR spectroscopy. The NAA/Cho ratio is of special interest in

neonatal neuroimaging because the ratio increases during brain

maturation as an effect of synthesis by proliferating oligodendro-

cyte progenitor cells.36

Early MR imaging provides early biomarkers of preterm brain

injury and enables early parental counseling. However, systematic
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use of such MR imaging has its limitations due to hemodynamic,

respiratory, and thermodynamic instability seen in most preterm

infants.37 Moreover, technical aspects like smaller heads result in

lower SNR.38 As in most studies obtained at term-equivalent

age,18,30 less is known about the value of scanning at a lower

postmenstrual age. Furthermore, brain injury can also occur in

the late preterm period. MR imaging at term has the disadvantage

of parents and caregivers not being fully informed until their child

reaches term age. Furthermore, logistic issues may emerge in cen-

ters where infants are transferred to other hospitals once certain

criteria are met.

Because there seems to be no consensus on the optimal timing

of MR imaging, we reviewed the literature on the prediction of

neurodevelopmental outcome with the use of brain MR imaging

performed at either early preterm or term age.

MATERIALS AND METHODS
The Embase, MEDLINE OvidSP, Cochrane, and PubMed data-

bases were systematically searched for relevant articles published

between 1979 and November 2012. The strategy included syn-

onyms and combinations of the following keywords: “prematu-

rity, ” “neuroimaging, ” “brain, ” and “MR imaging ” (full re-

search strategy is available on-line). The search was limited to

human research that involved original patient data, and only ar-

ticles written in English were included.

Studies were eligible under the following conditions: 1) they

included preterm infants born at �32 week’ gestation, 2) MR

imaging was performed in the neonatal period, and 3) neurode-

velopmental outcome was linked to MR imaging findings. To

avoid large variations in MR imaging determinants, we only in-

cluded structural MR imaging studies if

they evaluated the findings according to

a reproducible classification.

The initial search resulted in 2104 ci-

tations. Two reviewers (A.P., J.D.)

screened all abstracts of these citations

for relevance and reached a consensus

after discussion in case of disagreement.

Sixty-two articles were incorporated in

this review. In the “Results ” section, we

present findings according to type of

MR imaging technique: conventional

structural MR imaging, such as T1- and

T2-weighted scans, DTI, volumetric MR

imaging, and proton MR spectroscopy.

Further classification was based on the

timing of MR imaging: serial, before 35

weeks’, or after 35 weeks’ PMA.

RESULTS
Conventional Structural MR
Imaging

Serial MR Imaging. Three serial neuro-

imaging studies correlated injury to out-

come (Table 1). One was a prospective

consecutive MR imaging study by Dyet

et al,8 regarding 327 MR imaging scans

of 119 preterm infants. Only major destructive cerebral and cer-

ebellar lesions seen at the initial scan within 2 days after birth were

related to poorer neurodevelopmental outcome. DEHSI and pos-

themorrhagic ventricular dilation at term-equivalent age were

significantly related to adverse outcome. Isolated hemorrhage or

PWML did not seem to predict adverse neurodevelopmental out-

come. The second, by Miller et al,39 demonstrated that moder-

ately severe abnormalities, such as WM injury, ventriculomegaly,

and intraventricular hemorrhage on early scans were associated

with adverse neurodevelopmental outcome as strongly (or even

more strongly) as abnormalities on the term-equivalent scans:

The relative risk was 5.6 and 5.3, respectively. The third, a large

serial MR imaging study by Tam et al,40 demonstrated that not

only large but also small cerebellar hemorrhages, not detected on

cranial sonography, were associated with abnormal neurologic

examination at 3– 6 years of age. The presence of these small cer-

ebellar hemorrhages was associated with a 5.0 odds ratio of ab-

normal neurologic examination findings at a mean age of 4.8

years.

MR Imaging at �35 Weeks’ PMA. The presence of cystic periven-

tricular leukomalacia and cerebellar hemorrhage at 35 weeks’ ges-

tation was significantly correlated to abnormal neurologic exam-

ination findings at 30 months in a retrospective neuroimaging

study by Cornette et al.41 Isolated PWML was not correlated to

abnormal neurodevelopmental outcome at 30 months of age

(Table 2).

MR Imaging at �35 Weeks’ PMA. Twenty-six studies correlated

brain injury or conventional MR imaging at 35 weeks’ PMA with

outcome (On-line Table).

FIG 1. Evolution of common types of preterm brain injury, at 30 weeks’ postmenstrual age (1) and
at term-equivalent age (2). Transversal T2-FSE images of punctate white matter lesions (A),
periventricular leukomalacia (B), and periventricular hemorrhagic venous infarction (C). Note that
images 2B and 2C are slightly oblique.
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The impact of overt WM lesions at term on neurodevelop-

ment has been extensively investigated. The severity of WM

abnormalities is often assessed according to a comprehensive

scoring system15 and is assumed to be directly associated with

the incidence of neuromotor impairment until 5 years of

age9,10,15-17,42-49 and to be inversely correlated to the Bayley

scales50 until 30 months15,16,43,51-54 and cognitive performance

until 9 years of age.55-60 The presence of WM injury has an odds

ratio of 8.3 for low full-scale intelligence quotient (IQ � 70).59

Moderate-to-severe WM abnormalities highly predict severe mo-

tor delay; odds ratios up to 10.0 and positive predictive values up

to 100% have been demonstrated.15,42,44,45,52,59

The association between subtle diffuse WM injury and neuro-

developmental outcome is not clear.61 Some research groups

demonstrated a significant association between PWML and im-

paired neurodevelopmental outcome,10,46,62 whereas others sug-

gested the contrary, provided that no other major lesions were

observed.8,52 DEHSI was associated with adverse outcome in a

large serial imaging study by Dyet et al,8 but others could not

confirm this finding.10,42,51,59,62,63 The lack of clarity is thought to

be due to the absence of objective definitions for these patterns of

brain injury24,48,64 and raises the importance of objective assess-

ment of diffuse WM injury.

Extensive intraventricular hemorrhage and venous infarc-

tions, according to Papile et al,65 are associated with neurodevel-

opmental impairment.16,17,48,53 Posthemorrhagic ventricular di-

lation is associated with neurologic impairment until 6 years of

age.66 In a study by De Vries et al,67 asymmetric myelination of the

PLIC at term age in preterm infants with venous infarction

seemed to be an early predictor of future hemiplegia.

Although commonly described in cranial sonographic

studies,68 caudothalamic cysts were not related to cognitive

and neuropsychological impairment in a MR imaging study by

Lind et al.69

The impact of gray matter abnormalities remains unclear.

They were significantly associated with abnormal neurobehav-

ioral outcome at term in a study by Brown et al47 and with de-

creased Bayley scales at 2 years in a study by Woodward et al,15 but

others9,59 found no significant relationship between injury to the

cerebral gray matter and neuromotor function at term9 or cogni-

tive outcome at 9 years of age.59

Diffusion Tensor Imaging

Serial MR Imaging. Two serial DTI studies found a significant

correlation with cognitive and neurosensory outcome (Table 1).

Drobyshevsky et al70 demonstrated that the Bayley performance

index at 24 months was correlated with FA of the PLIC at 30 weeks

Table 1: Details of included serial MRI studies

MRI Modality Population
Timing of
MRI (wk) Main Findings

Structural
conventional

Dyet et al8 119 Infants �30 wks Serial Abnormal outcomea at 18 mos was related to major
destructive lesions, DEHSI, cerebellar hemorrhage, and
posthemorrhagic ventricular dilation

Miller et al39 89 Infants �34 wks 32 � 37 Abnormal outcome at 18 mosb was related to severity of
WM injury, ventriculomegaly, and intraventricular
hemorrhage on first (RR, 5.6) and second (RR, 5.3) MRIs

Tam et al40 131 Infants �34 wks 32 � 37 Abnormal neurologic examination findings at 4.8 yrs
were related to large and small cerebellar hemorrhage;
OR for small hemorrhage was 5.0

DTI Drobyshevsky et al70 24 Infants �32 wks 30 � 36 PDIb at 24 mos correlated to FA of the PLIC at 30 wks
(r � 0.55), faster increase of FA/wk in internal capsule
(r � �0.63), and occipital WM (r � �0.59)

Glass et al71 9 Infants �34 wks 33 � 38 FA of the optic radiation was correlated with visual-
evoked-potential amplitude (r � 0.7) at 10.5 mos

Volumetric Dubois et al81 45 Infants �36 wks 32 � 41 Functional assessment at term was associated with inner
cortical surface and sulcation index

Kapellou et al82

Rathbone et al83
119 Infants �30 wks Serial Growth of the cortical surface area was related to

neurodevelopmental outcomea at 24 mos and full-
scale IQ at 6 yrs

Note:—RR indicates relative risk; OR, odds ratio; PDI, Psychomotor Development Index.
a Griffiths Mental Developmental Scales.
b Bayley Scales of Infant Development.

Table 2: Details of included MRI studies, scanned at <35 weeks’ postmenstrual age

MRI Modality Population
Timing of
MRI (wk) Main Findings

Structural conventional Cornette et al41 50 Infants �37 wks 35 Major cerebral abnormalities were correlated to
abnormal outcome at 30 mos; isolated PWML
were not related to neurodevelopmental
impairment

Volumetric Badr et al84 59 Infants �37 wks 31 WM volume was correlated significantly to PDIa

(r � 0.29) and MDIa (r � 0.31) at 18 mos

Note:— PDI indicates Psychomotor Development Index; MDI, Mental Development Index.
a Bayley Scales of Infant Development.
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(r � 0.55) and faster increase of FA per week in the internal cap-

sule (r � �0.63) and occipital WM (r � �0.59). Increased FA

values in the optic radiation at 33 and 37 weeks were associated

with increased visual-evoked-response amplitudes at 10.5

months (r � 0.7).71 However, this may not necessarily mean that

eventually visual function is better.

MR Imaging at �35 Weeks’ PMA. None of the included studies

related early DTI measurements to long-term outcome.

MR Imaging at �35 Weeks’ PMA. In a tract-based spatial statis-

tics study by van Kooij et al,72 FA values of the corpus callosum

were correlated to cognitive scores, gross motor scores were

correlated with radial diffusion of the corpus callosum and

internal and external capsules, and fine-motor scores were cor-

related to FA throughout the WM. Other DTI studies have

demonstrated similar correlations: DTI parameters of the cor-

pus callosum, PLIC, right orbital frontal cortex, and centrum

semiovale were correlated to cognitive performance (On-line

Table).73-76 In other studies, DTI measurements of the corpus

callosum, PLIC, and corona radiata were correlated to motor

function.74,77-79 Furthermore, FA values of the optic radiation

were directly correlated to visual assessment scores at term-

equivalent age.80

Volumetric MR Imaging

Serial MR Imaging. Three serial volumetric MR imaging studies

demonstrated that early structural abnormalities are predictors of

neurobehavioral outcome (Table 1). Dubois et al81 concluded

that at term-corrected age, neurobehavioral development was sig-

nificantly associated with quantitative surrogates of cortical fold-

ing. Kapellou et al82 found that the ratio between cortical surface

area and cerebral volume was directly related to neurodevelop-

ment at 24 months. The same group showed that growth of the

cortical surface area was also significantly related to intelligence at

6 years: A faster growth of 0.032% per week resulted in an increase

of 1 IQ point.83

MR Imaging at �35 Weeks’ PMA. Badr et al84 found that WM

volume on MR imaging at a mean PMA of 31 weeks was signifi-

cantly correlated to the Bayley Psychomotor Development Index

(r � 0.29) and Mental Development Index (r � 0.31) at 18

months (Table 2).

MR Imaging at �35 Weeks’ PMA. Volumetric MR imaging stud-

ies in preterm infants with neurodevelopmental impairment have

demonstrated significantly smaller total brain volume54,66,85 and

volume of several cerebral structures or regions, including the

cerebellum,66,86-89 total WM,90 total28,91 and deep66,76 gray mat-

ter, occipital lobes,92 hippocampus,93,94 and brain stem,95 as well

as significantly larger ventricles (On-line Table).28,96 These find-

ings were irrespective of the presence of overt brain injury. Simple

linear metric assessment, such as biparietal and cerebellar diam-

eter, on MR imaging also significantly correlated with neurocog-

nitive function.97,98 Impaired social-emotional development at 5

years was associated with decreased hippocampal volume in girls

and decreased frontal lobe growth in boys.75

Proton MR Spectroscopy

MR Imaging at �35 Weeks’ PMA. 1H-MR spectroscopy is an ac-

curate quantitative biomarker for the prediction of neurodevel-

opmental outcome after hypoxic-ischemic encephalopathy in

term infants (On-line Table).99 It is not clear whether this holds

true for preterm infants. The cerebellar NAA/Cho ratio at term is

suggested to correlate with cognitive outcome at 24 months.89

However, Gadin et al91 found no correlation between MR spec-

troscopy of the periventricular WM and motor development at 6

months.

DISCUSSIONS
This systematic review included 8 serial MR imaging studies, 2

MR imaging studies performed at �35 weeks, and 52 MR imaging

studies performed at �35 weeks. The results of these studies made

clear that the extent of structural abnormalities, microstructural

deviations, and global reductions in brain volumes, both at pre-

term and term age, is directly related to the level of neuromotor

and neurocognitive performance in childhood. Involvement of

WM in preterm brain injury seems paramount. Accurate assess-

ment of WM integrity, therefore, may help predict long-term out-

come in preterm infants and is one of the challenging goals in the

field of neonatal neurology.

These studies do not provide clear evidence on the optimal

timing of MR imaging. Although an increasing number of neuro-

imaging studies used early MR imaging to show that brain abnor-

malities are often present during early preterm life,22,100,101 only 2

of the studies linked these findings to outcome. Dyet et al8 dem-

onstrated that MR imaging within the first 2 days after birth was of

limited additional value for predicting outcome. On the other

hand, Miller et al39 reported that early MR imaging findings at 32

weeks’ gestation were as reliable for predicting neurodevelopment

as MR imaging findings at term age. This finding suggests that

predictive MR imaging may be performed well before term-

equivalent age, provided it is after the first week of life.

Neonatal care would benefit from identifying brain injury

early in preterm life, in terms of effective and timely parental

counseling, tailored rehabilitation strategies, and better under-

standing of neuropathology. Currently, we have no efficacious

therapy for preterm brain injury, but trials on possible neuropro-

tective agents, such as erythropoietin, melatonin, stem cell ther-

apy, and magnesium sulfate are being conducted or planned for

the near future.102,103 Early MR imaging could provide early bio-

markers that trials could target.

Image acquisition, processing, and interpretation are not as

straightforward as with conventional MR imaging, though so-

phisticated techniques such as DTI allow objective and quantifi-

able assessment of cerebral tissue. Because measurement accuracy

depends on various aspects, including scanner type, hardware

setup, acquisition settings, and clinical characteristics, reproduc-

ibility of the same measurements in different imaging centers is

low. Furthermore, the availability of normal ADC and FA values

of specific WM structures is limited. In addition, DTI is especially

sensitive to image artifacts and corruption.104 Reliable conclu-

sions can therefore only be drawn if quality assessment before

postprocessing provided satisfactory data quality. In the included

studies, quality assessment was often not performed.
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MR imaging is expensive and time-consuming and requires

great experience and dedication to ensure patient safety37 as well

as good quality data and interpretation.105 These limitations

should be especially taken into account with regard to the indi-

vidual clinical care for patients with normal cranial sonography

findings. This technique can reliably predict some aspects of the

outcome of preterm infants and allows serial neuroimaging in a

fast, convenient, and less-expensive manner.106,107 Moreover, ad-

vanced applications, such as color Doppler sonography, also al-

low objective and quantitative brain assessment.

Several limitations of this systematic review need to be ad-

dressed. First, heterogeneity of the study populations was due to

variation in age at MR imaging, acquisition settings, postprocess-

ing methods for MR imaging evaluation and other technical as-

pects of MR imaging scanners, different ages at outcome measure-

ment, and different measures of outcome. Second, follow-up

periods were relatively short. Third, because the search was re-

stricted to articles in the English language, possible relevant stud-

ies might not have been included.

CONCLUSIONS
MR imaging remains an outstanding method to predict long-

term neurodevelopmental outcome, and cerebral MR imaging

should be part of standard clinical care for preterm infants. Early

MR imaging allows timely parental counseling, targeting of reha-

bilitation strategies, and availability of early biomarkers. How-

ever, the individual prognostic information provided by early

scanning remains inferior to that provided by term scanning. As

long as the correlation of brain injury from early MR imaging with

outcome is not clear, we would argue that standard MR imaging

should preferably be performed at term-equivalent age. On the

other hand, early MR imaging yields important information

about the pathogenesis of preterm brain injury and therefore is

indispensable in research on preterm brain injury.
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METHODOLOGIC PERSPECTIVES

Multivariate Classification of Blood Oxygen Level–Dependent
fMRI Data with Diagnostic Intention: A Clinical Perspective

B. Sundermann, D. Herr, W. Schwindt, and B. Pfleiderer

ABSTRACT

SUMMARY: There has been a recent upsurge of reports about applications of pattern-recognition techniques from the field of machine
learning to functional MR imaging data as a diagnostic tool for systemic brain disease or psychiatric disorders. Entities studied include
depression, schizophrenia, attention deficit hyperactivity disorder, and neurodegenerative disorders like Alzheimer dementia. We review
these recent studies which— despite the optimism from some articles—predominantly constitute explorative efforts at the proof-of-
concept level. There is some evidence that, in particular, support vector machines seem to be promising. However, the field is still far from
real clinical application, and much work has to be done regarding data preprocessing, model optimization, and validation. Reporting
standards are proposed to facilitate future meta-analyses or systematic reviews.

ABBREVIATIONS: ADHD � attention deficit hyperactivity disorder; CV � cross-validation; LDA � linear discriminant analysis; MVPA � multivariate pattern
analysis; SVM � support vector machine

Functional MR imaging based on blood oxygen level– depen-

dent signal changes that are measured by using fast T2*-sensi-

tive echo-planar imaging techniques provides an indirect mea-

sure of neural activity in the brain. It has an enormous impact on

basic research in the field of cognitive neurosciences1 and has

been applied in numerous group studies with the aim of clarifying

disease mechanisms in psychiatric and neurologic disorders,

some of which do not exhibit obvious structural alterations (eg,

Zhang and Raichle2 and Chen et al3). However, the applicability

of fMRI to single subjects in clinical settings has been limited to a

few indications, mainly in the context of surgery planning.4,5

Although there has been a substantial effort to identify neuro-

imaging biomarkers for psychiatric disorders6,7 (eg, schizophre-

nia,8 depression,9 and neurodegenerative disorders like Alzhei-

mer dementia10 with the goal of including biomarkers in official

diagnostic criteria,11), to date capturing functional aspects in di-

agnostic imaging is almost limited to tracer studies in certain

kinds of neurodegeneration.6,12,13 In clinical practice, neurora-

diologic MR imaging examinations are broadly confined to the

exclusion of gross structural abnormalities, but normally, actual

disease mechanisms are not used as further information in a ma-

jority of these individuals. Voxel-based morphometry, DTI, and

fMRI have been proposed as potential MR imaging biomarkers

that might help overcome this shortcoming in the future.7,8

A prime drawback of fMRI is the rather high inter- and intra-

individual variability of measures in conventional analyses, even

in healthy individuals,14-16 that foils many such attempts. Con-

ventional fMRI methods mainly comprise univariate activation

or cofluctuation (functional-connectivity) analyses based on av-

eraged signals in a few regions of interest or mass-univariate anal-

yses across the whole brain,1 which come along with high require-

ments to control for multiple comparisons.17

Overview of Machine-Learning-Based Classification
Techniques for fMRI
In the case of intertrial variability in individual subjects, the prob-

lem of differentiating single trials has been overcome in recent

years by the rise of multivariate supervised learning methods de-

rived from the fields of machine learning and pattern recognition.

Such methods, often termed multivariate or multivoxel pattern

analyses (MVPAs), are increasingly adopted in psychologically

motivated fMRI studies. The concept of such analyses is that at

first an algorithm is used to derive a decision rule (classifier) on

the basis of a set of labeled training data (eg, comprising �2 class-

es; eg, different stimuli categories or tasks). This rule is applied to

classifying an independent set of test data as belonging to one of

these classes in a second step. A general overview of this approach
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is shown in Fig 1. In contrast to conventional analyses, these tech-

niques are based on patterns of brain activation or connections

not on individual regions or voxels.18-20 Recently this concept has

been extended to classifying individual subjects with a diagnostic

purpose (for earlier, methodologically oriented reviews see Klop-

pel et al21 and Orrù et al22). This article gives a comprehensive

overview of MVPA applications to fMRI from a more clinical,

particularly neuroradiologic, point of view.

Although there are a large number of supervised machine-

learning techniques that can, in principle, be applied in this con-

text,23 2 groups of methodologies are of particular importance:

support vector machines (SVMs) and linear discriminant analy-

ses (LDAs). In SVMs, the classification problem is operationalized

as defining a hyperplane that best distinguishes groups of subjects.

The classifier is trained by using a kernel by maximizing the mar-

gin of separation between 2 groups on the basis of the examples

closest to the separating hyperplane.22-24 In a typical LDA variant,

all data points are projected to a 1D space with the aim of maxi-

mizing intergroup separation and minimizing intraclass varia-

tion.22,23 LDA and support vector machines are very heterogeneous

groups, depending on the actual operationalization or the kernel

used. Certain kinds of SVMs are mathematically very similar to cer-

tain types of LDAs, while there can be important differences between

different support vector machine formulations and parameter sets.23

The distinction made is, therefore, somewhat artificial.

fMRI datasets usually comprise several thousand nonindepen-

dent voxels. Yet the number of subjects is usually limited to doz-

ens. This difference poses a certain problem for MVPA because

most methods cannot deal with a high dimensionality of the data

compared with the number of samples. There is a high risk of

overfitting. This means that the classifier is perfectly trained to

separate the samples used for training

but has a poor ability to generalize to the

successful classification of new data. This

issue can be dealt with by the selection of

classification methods that are less sensi-

tive to a high dimensionality, such as

SVMs. In contrast, LDA is usually very

sensitive to this. Still, a strict dimension-

ality reduction is necessary: Primary data

are preprocessed to concatenate redun-

dant information by feature extraction,

and features that are decisive are identi-

fied before actual classifier training by

feature selection or weighting. Filter ap-

proaches, partially by using conventional

univariate statistics or wrapper-based ap-

proaches, are commonly applied for fea-

ture selection.19

An issue that has to be overcome in

diagnostic classification is interindividual

structural variability regarding the mor-

phology of the cerebral sulci and gyri as

well as their relation to histologically and

functionally relevant brain areas.25 With-

in-subject MVPA analyses often rely on

fine-grained patterns on a single-voxel

level.18,19 In contrast, most diagnostic MVPA studies reviewed

here focus on another spatial scale: larger functionally coherent

brain areas.

A specific feature present in the design of most MVPA-based

fMRI studies is that datasets are often small and that classification

performance is assessed through cross-validation (CV). Here, fea-

ture selection and classifier training are repeated several times.

Each time a different range of datasets, often exactly one in the

case of leave-one-out CV, is excluded and used as a test set.19

Recent Diagnostic fMRI Approaches Based on MVPA
There has recently been a remarkable upsurge of scientific articles

from the interdisciplinary functional neuroimaging community

reporting successful applications of MVPA on fMRI data to vari-

ous diagnostic problems, especially in the past 3 years. This con-

stitutes a paradigm shift from comparative univariate to discrim-

inative multivariate analyses of fMRI data. An exhaustive

overview of these previous studies by using either task-based26-63

or task-free55,64-97 fMRI is given in On-line Tables 1 and 2. An

overview of particularly reliable studies with above-average statis-

tical power is presented in Fig 2.

Although they are promising at first glance, there is a high

degree of methodologic heterogeneity of classification algorithms

and data-preprocessing steps in these studies. Some of the re-

ported results seem to be mostly add-ons to studies whose de-

signs were primarily aimed at clarifying disease mechanisms or

were focused on computational aspects, not primarily done with

the aim of developing a diagnostic tool. Until now, no single effort

in this field has provided sufficient large-scale validation and sys-

tematic optimization of methodologic choices leading to an ap-

plication in a real medical diagnostic setting. Due to this

feature extraction 
(preprocessing, dimensionality reduction)

fMRI training data (multiple subjects)

analogous features from
new clinical fMRI data diagnostic decision

or

feature 
weighting/selection 

(multivariate wrapper)
+ classifier training

feature 
weighting/selection 

(univariate filter)

classifier training

classifier (decision rule)

FIG 1. Illustration of the diagnostic workflow and data-processing pipeline proposed by most of
the studies reviewed here.
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heterogeneity and because strategies to assess the statistical

significance of diagnostic accuracy vary considerably between

studies, we did not perform a formal meta-analytical compar-

ison of these reports.

Data Acquisition and Preprocessing. By now a majority of re-

ported approaches are based on conventional task-based

fMRI.26-63 This means that patients have to perform a specific,

mainly neuropsychological task in the MR imaging scanner. Sta-

tistical models are designed to evaluate the amount of variance in

the acquired EPI data caused by this task modification of brain

activity. This corresponds to “brain activation” in conventional

fMRI studies.1 An advantage of this approach is a rather straightfor-

ward functional interpretability of such data. Yet in addition to

mainly psychologically motivated studies in young healthy partici-

pants, patients’ adherence to task instructions constitutes an impor-

tant source of variability in real clinical settings and may even inter-

fere with diagnostic decision-making.

Recently, a significant number of studies55,64-97 have been

based on task-free fMRI acquisitions, so-called resting-state

fMRI, which focuses on the functional connectivity of distant

brain regions in terms of signal cofluctuations and therefore on

the integrity of large-scale brain networks.98,99 A potential benefit

of this method is that typical networks seem to be robustly iden-

tifiable in individual subjects. However, reports focusing on the

reliability of typical resting-state fMRI measures highlight the

problem that these are highly dependent on potentially con-

founding factors such as wakefulness or autonomic arousal.100,101

Although most resting-state fMRI findings in basic neuroscience

are based on short acquisitions of approximately 5 minutes,

which seem to be sufficient for network detection,102 there is re-

cent evidence that retest reliability can be significantly improved

by longer acquisitions.103 Only a minority of resting-state func-

tional connectivity– based MVPA approaches have used acquisi-

tions lasting at least 7 minutes.67,72,79,84,87,91

As a common analysis step on a single subject level, feature-

extraction methods are used to extract meaningful information

from and simultaneously reduce the high dimensionality of the

raw EPI time-series data. Prevailing approaches based on prior

knowledge are activation modeling, based on general linear models

for task-based acquisitions,1 and seed-to-voxel or region-of-interest

to region-of-interest correlation analyses for task-free acquisitions.

In addition, recently more complex graph-theoretic approaches have

been derived from the ROI–based methods. Another way of analyz-

ing task-based and task-free studies relies on data-driven approaches

such as independent component analyses.98,104

Recent further developments in diagnostic MVPA are not

solely based on one of these methods. For example, Du et al55

combined both task- and task-free fMRI in schizophrenia in a

small study. Additionally, combinations of fMRI measures with

volumetric data,41,48-50,63,76,78-81,86,89 DTI,46,49,92 as well as ge-

netics42 and behavioral data,40,41,50,76 have been used as features in

MVPA analyses. However, results reported so far do not allow veri-

fied statements about the benefit of such multimodal acquisitions.

Feature Selection, Classifier Training, and Assessment of Classifi-
cation Accuracy. Figure 2 and On-line Tables 1 and 2 contain

information about the multivariate classification methods in the

studies included in this review. They also contain information

about whether the selection of potentially decisive features was

FIG 2. Overview of MVPA-based diagnostic fMRI studies with an above-average statistical power to detect successful models (n � 25 in every
group of the training set; group size ratio � 1.2 as a prerequisite for comparing the overall classification accuracies reported).34,43,45,55,61,72,74,85,95

Symbol sizes represent average group sizes in the respective study. a, Only minimum and maximum classification accuracies are shown here. b,
Study of cross-validation findings also reports results in a smaller independent validation set. c, Only Gaussian process classifier overall accuracy
is shown here. d, High overlap with another study is not shown here. FS indicates feature selection. For a complete list of studies, see On-line
Tables 1 and 2.
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based on conventional univariate analyses or whether it was also

guided by multivariate information of distributed network

patterns.

Apparently there are 2 groups of actual classification methods

that have been applied successfully repeatedly: variants of

LDA26,53,59,61,65-67,70,73,79,81,82,94 and support vector ma-

chines.35,36,38,40-49,51,52,54,58,60,62,67-71,74-78,80,81,83-85,88-90,92,93,95-97 Al-

though a certain number of articles report on conceptually different

machine-learningtechniques27-34,37,39,41,45,48,50,53-57,62,64,67,70,72,86-88,91

(eg, neural networks31,39,64,67,70 and decision tree– based ap-

proaches41,50,81,86,87,91), each has only been applied occasionally,

making reliable conclusions about their specific benefits and

drawbacks in this context practically impossible.

With a few exceptions,72,75-78,80,81,86,88,89,95 the small sample

sizes in most studies did not allow testing the classification accu-

racy in datasets completely independent of those used for classi-

fier training. As stated above, a trick makes approximative assess-

ments of classification accuracy of a set of trained classifiers

possible: Most studies use CV to show the generalizability of

strongly overlapping classifiers to new test data. This means that

in most reports only the diagnostic ability of 1 particular set of

dependent classifiers23 is proved. There is usually no formal test

that allows conclusions regarding the ability of whole MVPA ap-

proaches (acquisition � feature extraction � feature selection �

classifier training) to construct successful diagnostic tools in a

particular clinical setting because CV is only used to assess classi-

fication of new data but not reliable classifier training indepen-

dent from particular subjects. Additionally, setting up CV loops

that do not strictly keep the test set and training set apart is a

known source of error, leading to overoptimistic estimates of di-

agnostic accuracy. There is still some uncertainty regarding the

most appropriate test of significance to be applied in the CV

setting.19

Only a small subset of reports contains systematic compari-

sons and optimizations of larger sets of classification models

used.49,68,70,75-78,80,81,86,88,89,95

Potential Clinical Applications and Integration in
Diagnostic Workflows
To this point, most studies report applications to distinguish

healthy controls and patients with a specific disease. These are a

necessary step in developing and accessing diagnostic tools, but is

it currently really clinically desirable to strive for such a tool?

In the context of practically illness-defining brain alterations,

as in certain kinds of neurodegeneration, MVPA-fMRI methods

might compete with radioactive tracer studies in the future. Re-

garding psychiatric diseases, it seems, for example, desirable to

identify patients with a high risk of disease recurrence or progres-

sion. Especially in the case of major depressive disorders, there are

a number of patients who do not respond to standard pharmaco-

logic treatment; this outcome hints at potentially underlying di-

vergent biologic mechanisms. Prediction of treatment response to

a certain group of drugs seems to be a valuable objective as well.9

To date, some MVPA-fMRI studies have already attempted

to classify subjects regarding prognostically relevant sub-

groups.36,38,40,46,49,50,52,53,56,58 Another important but overlap-

ping clinical question may be how to distinguish patients with

neurobiologically different disease entities but with a similar initial

clinical presentation such as unipolar and bipolar depression. Such

differential diagnostic aspects have been addressed in a few recent

MVPA-fMRI studies as well.32,39,51,54,57,71,73,75,78,80,81,88,89,94,95

In this context, specific features of most psychiatric diseases

should be taken into account when discussing the results of these

analyses: The etiology and progression of disease are complex and

only partly attributable to biologic causes. The biopsychosocial

model of pathogenesis includes major influences of social and life

event–related factors105,106 that do not necessarily lead to corre-

lates that are approachable by biologic measures such as fMRI.107

Furthermore, many diagnostically relevant symptoms are, by def-

inition, subjective (eg, depressed mood).108 The burden of suffer-

ing is often decisive in terms of indications for treatment.109

Therefore, fMRI-MVPA– based measures should not be expected

to become the criterion standard in diagnostics and replace in-

depth history-taking. The accuracies of the studies reviewed here

support this theoretic argument. Still, imaging-based multivariate

tools might be able to provide clinically useful additional infor-

mation: When important information (eg, regarding prognosis)

is, by definition, not deducible from the course of disease, these

tools might provide the clinician with crucial hints,7 unraveling

the “biologic share” of disease.

In nearly all fMRI-MVPA studies, there was a significant

amount of misclassifications (On-line Tables 1 and 2). Partially,

they may be attributable to inherent noise in the data and remain-

ing methodologic weaknesses in data analysis. However, misclas-

sification might also be based on biologically and medically mean-

ingful information like the effects of medication110 and age.69,85

Sex effects are a much-debated issue in fMRI as well.111,112 Fur-

ther investigation of misclassified subjects might even pose a start-

ing point to identify biologically different disease subgroups. Sup-

posedly, a practical problem is that the referring physician and the

radiologist cannot easily grasp what leads to a single diagnostic

decision by fMRI-MVPA. In comparison with other types of di-

agnostic imaging, it is therefore not directly possible to appreciate

the extent of potentially biasing features in a specific subject. Only

5 recent studies have tried to overcome this issue by introducing

individual confidence measures.39,48,54,56,57

As seen in Fig 2 and On-line Table 1, MVPA-fMRI

has already been applied to a larger number of psychiatric

disease entities. For depression,35,36,38,45,47,48,54,57,68,84 schizo-

phrenia,26,32-34,37,39,42-44,55,58,61,62,64,66,70,74,90,91,96 and Alz-

heimer dementia,26,27,41,50,53,65,71,73,79,82,94 there is now a

larger body of independent work.

The diversity of scientific backgrounds of recent studies is re-

flected by a striking heterogeneity of reported methodologic de-

tails, sample characteristics, validation strategies, and perfor-

mance measures. This heterogeneity limits effort to draw more

reliable quantitative conclusions about the clinical benefits of

MVPA-fMRI at this stage. More specifically designed studies with

a sufficiently high statistical power and confounding factors of a

real clinical setting in mind with a more standardized diagnostic

end point should be performed to facilitate meta-analytic com-

parisons in the future. As a stimulus for further debate, we pro-

pose reporting standards and standards of study design that, in

our opinion, may help overcome some of these issues. They are
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summarized in the Table. Before MVPA-fMRI could be applied in

real clinical settings, potential interscanner variability113 should

also be taken into account.

CONCLUSIONS
Approximately 70 studies at the proof-of-principle level that use

MVPA of fMRI data with a diagnostic intention have been re-

ported. However, there is wide range of different methodologic

decisions, from data-acquisition strategies through preprocessing

and feature selection to actual diagnostic classification algorithms

and parameter settings and, therefore, a high flexibility in study

design. Results reported as yet are mainly based on small sets of

subjects. Therefore, one has to be cautious in drawing reliable

conclusions on the basis of this literature. Published results may

just represent the tip of the iceberg, with a lot more unsuccessful

unpublished attempts to apply this methodology. Therefore,

there might be an important publication bias, and published re-

sults regarding the statistical significance of successful diagnostic

classification should be interpreted in the light of a potential need

to correct for multiple comparisons.114 Nevertheless, it can be

regarded meanwhile as an independently replicated finding that

building on task-based and resting-state fMRI as well support

vector machines as LDA approaches has the potential to differen-

tiate patients from healthy subjects in psychiatric disorders with

most repeated findings in dementia, schizophrenia, and

depression.

In contrast, there is apparently more uncertainty regarding

optimal strategies for data preprocessing and feature selection,

advisable steps to allow the classification algorithm to work de-

spite a very high dimensionality and noise level of the original

data. Many of these methods are derived from conventional fMRI

analysis methods. Hardly any effort seems to have been made to

systematically compare and evaluate the influence of these differ-

ent approaches and parameter-setting selections on diagnostic

accuracy.

In conclusion, here is some evidence that MVPA-fMRI is

promising for overcoming long-known reliability issues in fMRI

and providing clinically important prognostic and differential di-

agnostic information in psychiatric disorders beyond pure exclu-

sion of gross structural alterations. Despite the optimism coming

from the recent discussion in the interdisciplinary functional neu-

roimaging community, this method is still rather new, and work

has to be done to validate methodologic choices and identify those

specific clinical settings that really allow a beneficial application.

Moreover, a conceivable integration of MVPA-based fMRI into

clinical workflow will depend critically on tackling diagnostic

problems with a real clinical benefit and effects on therapeutic

decision-making.
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ORIGINAL RESEARCH
PATIENT SAFETY

Safety of Unilateral Endovascular Occlusion of the Cervical
Segment of the Vertebral Artery without Antecedent Balloon

Test Occlusion
G.H. Zoarski and R. Seth

ABSTRACT

BACKGROUND AND PURPOSE: Antecedent balloon test occlusion is often performed prior to vertebral artery sacrifice, but there is
limited data to suggest this adds a significant clinical benefit, especially in the setting of trauma. Furthermore, balloon test occlusion can
be time-consuming, add to the technical complexity of the procedure, and increase the overall cost of treatment. The purpose of this
study was to determine the safety of unilateral vertebral artery occlusion without antecedent balloon test occlusion as part of the
treatment regimen in patients with traumatic vertebral artery dissection, cervical tumor, or intracranial aneurysm.

MATERIALS AND METHODS: The medical records and imaging studies of 59 patients in whom unilateral endovascular cervical vertebral
artery occlusion was performed were retrospectively reviewed. Procedure-related stroke was defined as imaging evidence of acute infarct
in the vascular territories supplied by the occluded vertebral artery or new focal neurologic deficit developing in the first 30 days after
vertebral artery occlusion attributable to infarction in the posterior circulation.

RESULTS: Fifty-nine patients underwent unilateral endovascular cervical vertebral artery occlusion to prevent potential thromboembolic
complications of vertebral artery injury, for treatment of intracranial aneurysms, or for presurgical embolization of a cervical vertebral
tumor. Unilateral occlusion was performed when endovascular reconstruction was considered impossible or deemed more risky than
deconstruction. Fifty-eight of the 59 patients underwent vertebral artery occlusion without antecedent balloon test occlusion. None of
the 59 patients had clinical or imaging evidence of a postprocedural infarct.

CONCLUSIONS: In this series, endovascular occlusion of a cervical segment of 1 vertebral artery was safely performed without anteced-
ent balloon test occlusion. As long as both vertebral arteries were patent and converged at the vertebrobasilar junction, there was
anatomic potential for retrograde filling of the distal intracranial vertebral artery to the level of the posterior inferior cerebellar artery
origin, and there was no major vascular supply to the spinal cord arising from the target segment of the affected vessel. Dominant and
nondominant vertebral arteries were safely occluded, and no infarcts were attributed to the treatment.

ABBREVIATIONS: BTO � balloon test occlusion; VA � vertebral artery

In most individuals, the basilar artery benefits from dual arterial

inflow from the vertebral arteries (VAs). A rich cervical collat-

eral network may further augment posterior circulation flow to a

variable degree. This anatomic configuration is extremely effec-

tive in protecting the brain stem from ischemia in unilateral ver-

tebral artery injury and allows therapeutic occlusion of the cervi-

cal segment of one of the vertebral arteries in most patients.

Asymptomatic occlusion of the cervical vertebral artery, particu-

larly at the level of its origin from the subclavian artery, is not unusual

in patients with severe atherosclerosis. In many such cases, segmental

cervical collaterals effectively reconstitute the vertebral artery below

the level of the skull base. These collateral vessels often arise from

muscular branches of the vertebral artery, the ascending cervical

branch of the thyrocervical trunk, or the deep cervical branch of the

costocervical trunk (Fig 1). Furthermore, segmental spinal arteries

and the normal confluence of both vertebral arteries provide a rich

collateral supply to the posterior fossa.

Due to the theoretic potential for significant morbidity from

posterior circulation ischemia, intentional occlusion of even a

severely compromised vertebral artery is undertaken with abun-

dant concern for patient safety. There is little evidence that ante-

cedent balloon test occlusion (BTO) of 1 vertebral artery is nec-
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essary, or even reliable, in predicting ischemic deficits.1,2

Additionally, balloon test occlusion can be time-consuming, add

to the technical complexity of the procedure, and increase the

overall cost of treatment. There are limited data to suggest that

performing a BTO before vertebral artery sacrifice adds clinical

benefit, especially in the setting of trauma, where patients are

often intubated and sedated. To our knowledge, a large series of

patients undergoing unilateral endovascular vertebral artery oc-

clusion without antecedent BTO has not been previously

published.

In a retrospective review of 28 treated dissecting vertebrobasi-

lar aneurysms by Rabinov et al,3 7 of the 28 treated patients un-

derwent an antecedent BTO. The authors speculated that “BTO

may be of benefit to determine if the collateral circulation is lim-

ited anatomically or compromised by vasospasm,” but provided

no data to suggest that BTO changed management in any patients

or led to improved outcome in the group that underwent BTO. A

separate surgical report of 15 patients describes vertebral artery

ligation before cervical tumor resection without antecedent BTO,

performed only if the contralateral vertebral artery was larger or

equal in diameter to the sacrificed vessel. No cases of cerebral or

spinal cord ischemia were reported in this study.4 Given this in-

formation and our own personal experience, we believe that uni-

lateral therapeutic occlusion of a cervical vertebral artery is safe as

long as the contralateral vertebral artery is patent to the level of the

vertebrobasilar junction and there is no angiographic evidence of

vascular supply to the spinal cord arising from the target segment

of the affected vessel.

The purpose of this study was to review our experience in

therapeutic occlusion of the cervical vertebral artery in the setting

of traumatic injury, as part of distal vertebrobasilar aneurysm

treatment, or to facilitate surgical resection of adjacent cervical

tumors. Our rationale for therapeutic occlusion in the setting of

VA injury was based on the belief that sudden recanalization of an

occluded vertebral artery could result in thromboembolism and

consequent stroke. However, the actual likelihood and incidence

of such embolic events are unknown, and intentional vertebral

artery occlusion should, therefore, only be performed if the risk of

the procedure is determined to be small. Furthermore, we per-

formed vertebral artery occlusion only when endovascular recon-

struction was considered impossible or deemed more risky than

deconstruction.

MATERIALS AND METHODS
Patients
The clinical records and imaging studies of 59 patients treated

with unilateral endovascular vertebral artery occlusion between

1991 and 2006 were retrospectively reviewed following approval

by our institutional review board. Patient clinical information was

logged into a data base, and conventional and CT angiographic

imaging was reviewed. Variables recorded included clinical pre-

sentation, diameter of the bilateral vertebral arteries, side of ver-

tebral artery occlusion, endovascular techniques used, and the

angiographic and clinical outcomes of treatment.

Occlusion Techniques
In most cases (n � 55), coils were used to achieve vertebral artery

occlusion. Balloons, silk suture, or a combination of these devices

were used for occlusion in the remaining 4 patients.

A successful BTO was performed before permanent occlusion

in a single patient. In the remaining 58 patients, permanent ver-

tebral artery occlusion was performed without BTO. The affected

vertebral artery was only occluded when confluence of both ver-

tebral arteries at the level of the vertebrobasilar junction was con-

firmed and the anatomic potential for retrograde filling of the

vertebral artery down to the level of the posterior inferior cerebel-

lar artery origin on the affected side was firmly established (Fig

2B). The potential for PICA filling was defined either by identifi-

cation of antegrade opacification of the bilateral V4 segments and

basilar artery, with or without opacification of the PICA on the

affected side, or by retrograde opacification of the entire V4 seg-

ment of the affected vertebral artery on contralateral VA injection.

Opacification of the PICA on the affected side was not necessary

because opacification of the V4 segment of the affected vertebral

artery suggested that the PICA would fill after ipsilateral vertebral

artery occlusion.

Dominance of the affected vertebral artery or the presence or

size of the posterior communicating arteries did not affect the

decision to perform the occlusion. In many cases, the dominant

vertebral artery was already completely or near completely oc-

cluded, or the need for occlusion of the dominant vertebral artery

was clinically imperative. In cases of complete occlusion of the

vertebral artery secondary to traumatic injury, coil embolization

of the occluded stump (Fig 2C) was performed to prevent emboli

in case of spontaneous recanalization.

In 55 patients, the vertebral artery was occluded only proximal

to the site of injury. Arteriovenous fistulas were identified in 4

patients, and occlusion was performed both proximal and distal

to the site of injury to eliminate arteriovenous flow in these 4

patients.

FIG 1. A 24-year-old man with C6 –C7 fracture dislocation, spinal cord
injury, and traumatic occlusion of the left vertebral artery following a
motor vehicle collision. DSA of the left costocervical trunk demon-
strates distal reconstitution of the occluded midcervical left VA from
the posterior deep cervical branch of the costocervical trunk. The left
VA is occluded proximally.
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When surgical comorbidities permitted, postprocedural sys-

temic anticoagulation was administered to achieve a partial

thromboplastin time of 40 –50 seconds; and if clinically feasible,

patients received antithrombotic treatment with aspirin, 81 or

325 mg for 90 days following endovascular occlusion.

Follow-Up
Follow-up CT or MR imaging of the brain was performed within

48 hours after treatment in all patients. Procedure-related stroke

was defined as CT or MR imaging evidence of an acute infarct in

the cerebral, cerebellar, or spinal cord vascular territories supplied

by the occluded vertebral artery or a new focal neurologic deficit

developing in the first 30 days after vertebral artery occlusion

attributable to infarction in the posterior circulation.

RESULTS
Fifty-nine patients treated with endovascular unilateral vertebral ar-

tery occlusion between 1991 and 2006 were identified. Forty-four

(74.6%) patients were male, and 15 (25.4%) were female. Patient age

ranged from 14 to 73 years, with a mean age of 35.5 years.

Twenty-nine of 59 patients were treated due to traumatic vas-

cular injury of the vertebral artery secondary to deceleration in-

jury sustained during a motor vehicle collision or fall. Twenty-one

patients were treated for penetrating trauma, most commonly

gunshot wounds or stab injuries. Four patients were treated for

vertebral artery injury during a surgical procedure or line place-

ment. Unilateral vertebral artery occlusion was undertaken in the

setting of vertebral artery injury with flow-limiting stenosis

(�70%) in patients who were not candidates for traditional ther-

apy of systemic anticoagulation or in cases in which intraluminal

thrombus created concern for spontaneous embolization. In all

cases, the contralateral vertebral artery was patent and without

evidence of intimal injury. In 2 patients, proximal occlusion of a

unilateral cervical vertebral artery was performed as part of the

treatment plan for a distal aneurysm. In 3 cases, cervical vertebral

artery occlusion was performed before

surgical resection of tumors of the cervical

vertebrae.

Fifty-eight (98.3%) of the 59 patients

underwent vertebral artery occlusion

without antecedent BTO. In 33 (55.9%)

of 59 cases, the left vertebral artery was

treated with endovascular occlusion; the

right vertebral artery was treated in the

remaining 26 (44.1%). Vascular measure-

ments of the cervical vertebral artery were

made on conventional angiographic or

CT angiographic images in 35 (59.3%) of

the 59 cases. Of these 35 cases, the domi-

nant or codominant vertebral artery was

treated in 29 (82.9%) patients, while the

nondominant vertebral artery was treated

in 6 (17.1%).

Complete angiographic occlusion of

the target segment of the treated vertebral

artery was achieved in all cases. Contralat-

eral vertebral artery angiography after

vessel occlusion demonstrated retrograde

opacification of the intracranial V4 segment of the occluded ver-

tebral artery in all cases. Of the 59 patients treated, none had a

stroke attributed to intentional vertebral artery occlusion, and

there were no instances of delayed ischemic events attributable to

stump emboli or target vessel recanalization.

DISCUSSION
Safety of Unilateral Vertebral Artery Occlusion
Surgical ligation and endovascular deconstruction or segmental

occlusion of the vertebral artery has long been used to facilitate

resection of cervical spinal tumors and treat difficult intracranial

aneurysms.1,4-6 In some cases, surgical or endovascular vessel sac-

rifice can obviate complex skull base surgery. Dissecting aneu-

rysms of the intracranial vertebral artery are particularly difficult

to reconstruct surgically and have been treated successfully with

proximal vertebral artery or endovascular segmental occlusion of

the affected vessel.7-10 Untreated, these lesions carry an inherent

high risk of subarachnoid hemorrhage. Furthermore, untreated

ruptured dissecting aneurysms have a high propensity for rehem-

orrhage, with rates ranging from 30% to 70%.11,12

Previous authors have demonstrated the feasibility and suc-

cess of surgical or endovascular occlusion of the intracranial ver-

tebral artery with low rates of ischemic or thromboembolic com-

plications.4,13 The favorable safety profile demonstrated in our

study of 59 patients is consistent with these studies as well as a

recent report by Kansagra et al,14 in which 100 traumatic arterial

cervicocerebral vascular injuries were endovascularly treated with

a low rate of immediate or delayed neurovascular complications.

The potential adverse consequences of ligation of the vertebral

artery are not insignificant. Symptoms of vertebrobasilar stroke

include vertigo, nausea, vomiting, headache, visual field deficit,

diplopia, pupillary abnormalities, ophthalmoplegia, agnosia, and

alexia without agraphia. More significant deficits such as facial

paralysis, dysarthria, sudden deafness, lower cranial nerve defi-

FIG 2. A 35-year-old man with a C5 burst fracture, right vertebral artery occlusion, and spinal
cord injury following a motor vehicle collision. A, Anteroposterior digital subtraction angiogra-
phy of the right vertebral artery shows occlusion at the level of C5 before endovascular treat-
ment. B, Anteroposterior DSA of the intracranial left vertebral artery demonstrates backfilling
of the occluded right vertebral artery down to the level of the right posterior inferior cerebellar
artery. C, Anteroposterior angiographic image demonstrates occlusion of the right vertebral
artery stump secured with fibered coils to avoid emboli in spontaneous recanalization.
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cits, altered awareness, Wallenberg syndrome, or Foville syn-

drome may also occur.15,16

Endovascular Occlusion
Demonstration of the confluence of both vertebral arteries at the level

of the vertebral junction and the anatomic potential for retrograde

filling of the PICA on the affected side was paramount in establishing

the feasibility of unilateral therapeutic vertebral artery occlusion.

Dominance of the affected vertebral artery did not affect our decision

to perform the occlusion when the need for occlusion of the affected

vertebral artery was clinically imperative. When the dominant verte-

bral artery was already occluded or near-occluded, intact neurologic

examination findings demonstrated that the patient was already tol-

erating a functional test occlusion. In fact, it was our observation of

several neurologically intact patients who presented with acute trau-

matic occlusion of the dominant vertebral artery that led us to believe

that therapeutic occlusion of even the dominant vertebral artery

could be performed safely on the basis of anatomic criteria without

antecedent balloon test occlusion.

Preservation of flow into the PICA on the affected side is an

essential component of therapy. Unlike reports describing endo-

vascular treatment of dissecting intracranial vertebral artery an-

eurysms, most therapeutic occlusions in our series were per-

formed for vertebral artery pathology located several cervical

vertebral segments proximal to the origin of the PICA. In some

cases, collaterals distal to the site of pathology already reconsti-

tuted the distal cervical vertebral artery and filled the PICA in an

antegrade fashion before proximal or segmental vertebral artery

occlusion. Without such cervical collaterals, the ipsilateral PICA

was typically opacified by retrograde flow from the vertebrobasi-

lar junction even before vertebral artery occlusion.

In the setting of a severe vascular injury, such as vertebral

artery fistula or frank extravasation, proximal occlusion of the

vertebral artery alone is insufficient treatment because the lesion

will continue to derive flow from the patent distal cervical verte-

bral artery in retrograde fashion. Occlu-

sion both proximal and distal to the le-

sion must be secured in such cases. In

many instances, it is possible to advance

a catheter or microcatheter beyond the

level of the lesion in antegrade fashion to

perform an initial distal occlusion. Pro-

ceeding in retrograde fashion, one can

use coils, glue, particles, or balloons to

occlude the vertebral artery at and below

the level of the pathology.17 In the case

of a fistula or frank extravasation, em-

bolic materials may also be placed out-

side the arterial lumen, as long as suffi-

cient care is taken to avoid venous

migration. When the proximal segment

of the affected vertebral artery is already

completely or near-completely oc-

cluded, coils can be placed distal to the

level of injury by navigating a micro-

catheter through the contralateral verte-

bral artery, across the vertebrobasilar

junction, and retrograde to the level of vascular injury (Fig 3).18

Regardless of the level or degree of vertebral artery pathology,

the technique of occlusion must be designed to maintain the

patency of the PICA origin and the vertebral artery contribution

to the anterior spinal artery on the treatment side. Reconstruction

of the injured segment should always be considered before verte-

bral artery occlusion, especially when the injured vessel is mark-

edly dominant. However, neurologic sequelae from unilateral

vertebral artery occlusion are unlikely in the presence of a normal

contralateral vessel and in the absence of angiographic demon-

stration of branches to the spinal cord.19

Vertebral Artery Balloon Test Occlusion
While it is tempting to believe that balloon test occlusion of a

vertebral artery may predict the possibility of posterior circulation

stroke after permanent vertebral artery occlusion, the utility of

vertebral artery balloon test occlusion has only been reported in

small series,1,2 none of which attest to the reliability or validity of

vertebral artery test occlusion in predicting subsequent stroke af-

ter permanent vertebral artery occlusion. While it is clearly evi-

dent that a failed test occlusion predicts a poor outcome after

permanent occlusion, there are no quantitative data to suggest

that the converse is true and that passing a BTO before permanent

vertebral artery occlusion diminishes the risk of subsequent pos-

terior circulation stroke. Nevertheless, several authors prudently

recommend that balloon test occlusion be performed before per-

manent occlusion in certain circumstances, including a contralat-

eral vertebral artery that does not communicate with the verte-

brobasilar junction, the presence of a markedly hypoplastic

contralateral vertebral artery, or anticipated occlusion of a

strongly dominant vertebral artery.

In a series of 23 patients with dissecting aneurysms of the ver-

tebral artery, Albuquerque et al13 suggested that “dominance of

the affected artery complicates the treatment paradigm. In such

cases, balloon test occlusion is helpful in assessing the risk of

FIG 3. A 45-year-old man with fracture and diastasis of the right C4 –C5 facet joint, with fracture
extending through the right C5 transverse foramen, following a motorcycle collision. A, Antero-
postior DSA of the left VA shows retrograde flow down the distal right VA due to proximal
occlusion. B, A microcatheter was passed from the left VA to the vertebrobasilar junction, and
retrograde microcatheterization of the right VA was performed. Hand-injection DSA demon-
strates thrombus (arrow) in the lumen. C, Anteroposterior DSA with injection of the microcath-
eter following placement of coils above the thrombus to prevent embolization.
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stroke after vessel sacrifice.” Only anecdotal references are pro-

vided to support this recommendation, and balloon test occlu-

sion was only performed in a single patient in whom the affected

artery was dominant. Hoshino et al4 reported a series of 15 pa-

tients in whom no ischemic complications were demonstrated

following ligation of the nondominant or codominant cervical

vertebral artery. Although the authors suggested that angio-

graphic test occlusion of the involved vertebral artery should be

performed before permanent occlusion, only anecdotal support

was provided for this recommendation. In their series, BTO was

performed in a single patient who had a single vertebral artery,

and the patient predictably became symptomatic during the BTO

procedure.4

Luo et al20 treated 10 patients with spontaneously ruptured

vertebral dissecting aneurysms and proposed that sudden occlu-

sion of the vertebral artery carries a risk of ischemia “particularly

in patients who have a hypoplastic contralateral vertebral artery,”

and that “balloon occlusion test (BOT) is essential to determine

the adequacy of collateral circulation from the contralateral ver-

tebral artery or posterior communicating arteries.” This determi-

nation was made despite any substantial evidence; however, the

authors concede that “although BOT in the vertebrobasilar sys-

tem is less effective in predicting future ischemia, it can indicate

the extent of collateral circulation in the vertebrobasilar system.”

Similarly, Rabinov et al3 described 26 patients with intracranial

vertebrobasilar dissecting aneurysms who were treated by endo-

vascular techniques. Although only 7 patients were evaluated with

preprocedural BTO and no patients were reported to have failed

BTO, the authors concluded that “BTO may be of benefit to de-

termine if the collateral circulation is limited anatomically or

compromised by vasospasm.”3 Despite the cautionary statements

found in these articles, there are no published reports, to our

knowledge, of a patient failing to tolerate vertebral BTO when the

contralateral vertebral artery was documented to be patent to the

level of the vertebrobasilar junction.

On the other hand, the literature demonstrates that patients

who tolerate BTO of a unilateral vertebral artery may nevertheless

experience ischemia and infarction after permanent vertebral ar-

tery occlusion. Sorteberg et al2 have demonstrated the use of

transcranial Doppler sonography to evaluate blood velocity and

blood flow direction in the P1 segments during BTO to rapidly

predict hemodynamic outcome at a risk comparable with that of

conventional neuroangiography. Reversal of flow in the P1 seg-

ment following balloon inflation suggested that the patient was

likely to tolerate permanent occlusion of the affected vertebral

artery. Although all 7 patients who underwent unilateral VA BTO

with transcranial Doppler in their study passed the test occlusion,

a single patient developed Brown-Sequard syndrome due to med-

ullary infarction after subsequent permanent occlusion of the in-

tracranial VA just proximal to the origin of the PICA. The authors

stated that spinal medullary branches may be too small to visual-

ize during angiography and BTO cannot reliably exclude the risk

of occlusion of a spinal medullary branch.2 However, infarction in

this case occurred subsequent to occlusion of the intracranial seg-

ment of the vertebral artery, where the potential for segmental

cervical muscular collaterals to reconstitute the distal vertebral

artery is absent. Delayed ischemic events, despite uneventful bal-

loon test occlusion, have been described by other authors and may

be related to hypoperfusion not predicted by BTO.1

Overall, BTO does not enhance the safety of subsequent occlu-

sion of a unilateral vertebral artery, regardless of the reason or

vessel size, if there is anatomic potential for filling of the ipsilateral

PICA and there is no major vascular supply to the spinal cord

arising from the target segment of the affected vessel.

Alternative Treatment Strategies/Conservative Therapy
Despite the lack of complications in our series, traditional alter-

natives to vertebral artery occlusion, such as systemic anticoagu-

lation or antiplatelet therapy, are adequate treatment in many

patients.21-23 Biffl et al24 reviewed the presentation, treatment,

and outcome of 38 patients presenting with 47 blunt vertebral

artery injuries during a 3.5-year period. The incidence of poste-

rior circulation stroke was 24%, and death attributable to verte-

bral artery injury was 8%. They determined that systemic heparin

therapy was effective in preventing stroke, neurologic deteriora-

tion, and progression to higher injury grade in patients both with

and without established stroke. Additionally, dominance of the

affected vertebral artery, the presence of bilateral injuries, or the

initial injury grade did not appear to influence the incidence of

stroke. While it has been speculated that nonocclusive injuries

may be more dangerous than complete occlusions, this possibility

was also not supported by their findings. The authors cautioned

that anticoagulation may have resulted in complications, includ-

ing hemorrhagic infarction; however, the overall benefit of sys-

temic heparin therapy outweighed these potential complications.

At our own institution, we evolved toward earlier and more fre-

quent use of oral antiplatelet agents in patients with traumatic

vascular injury in the absence of embolic sequelae. However, an-

ticoagulation and antiplatelet therapies are not entirely benign

and may still leave the patient at risk for thromboembolic events.

Serious or fatal bleeding may occur, especially with multisystem

trauma, and may be difficult or impossible to control.

CONCLUSIONS
Endovascular occlusion of the cervical segment of 1 vertebral ar-

tery can be safely performed without antecedent BTO as long as

both vertebral arteries are patent and converge at the vertebro-

basilar junction, there is anatomic potential for retrograde filling

of the distal intracranial vertebral artery down to the level of the

PICA origin, and there is no vascular supply to the spinal cord

arising from the target segment of the affected vessel. Nondomi-

nant and dominant vertebral arteries were safely occluded follow-

ing careful angiographic evaluation of posterior circulation anat-

omy in our series, and no infarcts were attributed to the

treatment. We routinely perform unilateral cervical vertebral ar-

tery occlusion without prior balloon test occlusion in these cir-

cumstances, regardless of vertebral artery dominance, when en-

dovascular reconstruction is considered impossible or deemed

more risky than deconstruction.
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COMMENTARY

Balloon Occlusion Tests and Therapeutic Vessel Occlusions
Revisited: When, When Not, and How

The concept of therapeutic occlusion of arteries to and in the

brain is old, with Cooper describing a carotid artery ligation

performed in 1805,1 and Matas, a vertebral artery sacrifice in

1893.2 The potentially deleterious effect of losing a carotid artery

was even known in ancient Greece, because they named this artery

“karos,” meaning to stupefy or plunge into deep sleep. Leonardo

da Vinci (1452–1519) described the vessels of the neck and sug-

gested that compression of the carotid artery, which at that time

usually was called the “soporal artery,” could rapidly lead to un-

consciousness. Unselected carotid artery sacrifice without revas-

cularization will lead to potentially lethal cerebral infarction in

about two-thirds of individuals. Sacrifice or damage to the verte-

bral artery was earlier considered a “no man’s land” as reflected in

the citation by Sanson from 1836: “The vertebral artery cannot be

ligated, on account of its great depth, nor compressed, because of

the osseous canal which protects it; it can still less be cauterized.

The wounds of this vessel are beyond the resources of art” (cited in

Matas2).

The apprehension of the risk of therapeutic artery sacrifice has

urged preprocedural risk evaluations, which, since Serbinenko’s

invention of balloon catheters in the early 70s,3 usually are per-

formed by angiographic balloon test occlusion (BTO). BTO with

clinical surveillance considerably reduced the incidence of post-

operative stroke compared with unselected carotid artery sacrifice

but still carries a 5%– 40% stroke rate.4,5 In an attempt to enhance

the prognostic validity of a BTO with clinical surveillance, a large

battery of adjuvant assessments evolved. These include hypoten-

sive challenges, stump pressure measurements, electroencepha-

lography and evoked potentials monitoring, cerebral oximetry by

using near-infrared spectroscopy, blood velocity measurements

applying transcranial Doppler ultrasonography (TCD), evalua-

tion of cerebral blood flow with technetium Tc99m hexamethyl-

propyleneamine oxime single-photon emission CT, positron-emis-

sion tomography, xenon-enhanced CT, and/or MR perfusion

imaging.

This vast diversity of BTO protocols reflects the lack of a con-

sensus as to a specified method clearly superior to others. This

may be due to the persisting significant number of failures to

predict hemodynamic stroke at carotid artery sacrifice, despite

advanced but not necessarily adequate protocols. For instance,

relative changes in CBF comparing the occluded with the nonoc-

cluded hemisphere (qualitative evaluation) may introduce an er-

ror due to the nonoccluded side undergoing changes in CBF dur-

ing the BTO as well (ie, the contralateral hemisphere cannot be

used as a constant reference). Hence, up to 20% of patients may

not tolerate ICA sacrifice, even though having symmetric BTO

scan findings.6-8 Quantitative CBF analysis during BTO using xe-

non-enhanced CT lowers the rate of false-negative BTO findings

but they still remain between 3% and 10%.5,9,10

In addition to the imperfection of the predictive value of

many BTO protocols, there is a procedural risk of 3%– 4% in

performing a BTO,11-13 which needs to be addressed. Many

complications are related to intimal damage, potentially re-

sulting in arterial dissection and/or pseudoaneurysm forma-

tion and consecutive thromboembolism.12 A common factor

for most carotid artery BTO protocols is occlusion times rang-

ing from 15 to 30 minutes along with the need for transporting

the patient, with catheters in place, to a different suite. The rate

of complications increases with the length of the angiographic

procedure12 or, in other words, the longer the BTO occlusion

time, the higher the procedural risk.

In light of this reality, there is actually no good reason to

still perform prolonged carotid artery occlusion tests because

there are very swift BTO methods requiring no more than

60 –90 seconds of occlusion time: The venous phase BTO,14,15

with or without ultraswift TCD evaluation,16 hence carries a

very low procedural risk (0%– 0.7%) (ie, it does not exceed the

risk of diagnostic cerebral angiography per se). In addition, the

positive predictive value of the latter method of BTO, ranging

from 98% to 100%, is unsurpassed by any other protocol. Be-

ing nonclinical, this type of BTO does not lose any of its high

predictive value when performed with the patient under gen-

eral anesthesia. Venous phase BTO requires bilateral catheter-

ization, but an increase in inguinal complications has yet not

been reported. This method measures the synchronicity (not

symmetry!) of venous filling between the occluded and nonoc-

cluded hemispheres. A delay of �0.5 seconds in venous filling

is considered safe for permanent vessel occlusion.14 Carotid
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artery sacrifice can actually be performed uneventfully in pa-

tients with a delay in venous filling of �2 seconds, whereas

patients with a delay of 3 seconds may be prone to hemody-

namic ischemia in conjunction with hypotensive episodes.15

The venous phase BTO can be further enhanced by concomi-

tant TCD evaluation,16 which can depict a subgroup of individu-

als who fail the venous phase test but still can safely undergo

carotid artery sacrifice when passing the Doppler criteria.16 Given

the unexcelled level of safety and predictive value of TCD-guided

venous phase BTO, this procedure should be considered “state of

the art” in the preoperative evaluation of therapeutic carotid ar-

tery occlusion. It is good practice to perform a baseline TCD be-

fore the BTO, including a digital carotid compression test. If the

ipsilateral middle cerebral artery velocity drops to �30% of base-

line on carotid compression, an angiographic BTO can be omitted

because it is obvious that the cerebral collateral capacity is insuf-

ficient. This does, though, not apply if the underlying pathology is

a carotico-cavernous fistula or a highly vascularized neck or skull

base tumor.

Regarding BTO in the vertebrobasilar circulation, there is not

yet a reliable ultraswift protocol. This test is still clinical, in the 15-

to 30-minute range. BTO in the vertebrobasilar circulation

should only be performed with bilateral vertebral artery (VA)

occlusion, unless the patient has merely 1 sole vertebral artery (ie,

the contralateral vertebral artery is aplastic, occluded, or supplies

its posterior inferior cerebellar artery [PICA] only). In other

words, vertebral BTO should only be performed to test the collat-

eral capacity of the circle of Willis, not to visualize retrograde

ipsilateral vertebral filling alone. With 2 vertebral arteries joining

at the vertebrobasilar junction, a unilateral vertebral BTO is ob-

solete, even if dominant vertebral artery sacrifice is planned. The

article of Zoarski and Seth17 in the present issue of the American

Journal of Neuroradiology provides further evidence of the feasi-

bility of permanent occlusion, even of a dominant vertebral ar-

tery, without a preceding BTO.

Bilateral VA BTO can be well-tolerated, even in the presence of

2 very slim posterior communicating arteries (PcomAs) or a sin-

gle PcomA only (ie, the anatomy of the circle of Willis cannot

always predict the feasibility of therapeutic bilateral vertebral [or

basilar] occlusion). With TCD, insonation of the P1 segment will

show an increase and reversal of flow velocity with a functional

PcomA on bilateral VA BTO, whereas there is a drop in P2 veloc-

ity. The exact limit for this drop with respect to tolerance to bilat-

eral VA or basilar artery occlusion is yet to be established. Never-

theless, concomitant insonation of the P1 or P2 segment during

VA BTO is useful because it immediately detects possible slacken-

ing of the balloon. The risk of a false-negative test due to incom-

plete balloon occlusion can hence be reduced, and continuous

Doppler surveillance would be superior to repeated contrast

injections.

The most common indication for bilateral VA BTO is to test

whether flow reversal for a large basilar tip aneurysm that cannot

be treated otherwise at reasonable risk is possible. In that situa-

tion, the BTO may be performed at a different site (both VAs)

than the one on which the actual permanent occlusion will be

performed (either VAs pre-/post-PICA or clip ligation across the

basilar artery). In general, a BTO should always be performed as

close as possible to the point of intended permanent vessel clo-

sure. This is, in particular, important in the following situations:

1) Where the ophthalmic artery retrogradely fills the internal

carotid artery and supraclinoid ICA occlusion is planned. BTO

should then be performed beyond the ophthalmic artery.18

2) In carotico-cavernous fistulas that require balloon place-

ment distal to the site of shunting. Ballon placement proximal to

the fisula measures the compound effect of the capacity in the

circle of Willis and the fistulous shunting.

3) In richly vascularized tumors of the neck or skull-base, the

balloon must be placed distal to the tumor in order to prevent

steal phenomena.19 On common carotid artery occlusion, blood

may flow in a retrograde fashion from the ICA to the bifurcation

and supply the tumor through the external carotid artery. This

will affect the BTO result significantly.

When it comes to therapeutic vessel occlusion, it should be

considered as the integrated art of the optimal choice of the site

of occlusion; mode of occlusion; risk assessment regarding he-

modynamic and thromboembolic events; as precisely as possi-

ble, the estimation of success rate compared with other treat-

ment modalities; and finally, postoperative surveillance and

care. Such a procedure hence requires interdisciplinary coop-

eration among endovascular therapists, neurosurgeons, and

neurointensive care staff, including those with expertise in ce-

rebral hemodynamics.

The site of occlusion should be chosen from the perspective

of maximal therapeutic effect and minimalization of a “blind

stump,” where thrombus may form in the artery and give raise

to thromboembolism. The BTO can provide safety against he-

modynamic events but cannot prevent or predict ischemia due

to thromboembolism. This is, in particular, true regarding

small perforating vessels. Therapeutic vessel occlusion requires

antithrombotic prophylaxis with platelet inhibitors (75-mg

acetylsalicylic acid) in conjunction with low-molecular hepa-

rin. Often, endovascular occlusion techniques may be chosen

because they are less invasive than a neurosurgical approach.

On the other hand, the latter provides a more precise and

“cleaner” occlusion, which can be especially beneficial in ther-

apeutic occlusion in the posterior circulation or whenever sec-

ondary thrombosis of perforating arteries is feared. Combined

approaches may be chosen, like balloon or coil embolization of

one VA proximal to the PICA and clip ligation of the other VA

distal to the PICA for flow-reversal treatment of midbasilar or

basilar junction aneurysms. Thus, inflow into the aneurysm

may be maximally reduced, whereas the “blind stump” is kept

at a minimum and the anterior circulation has a smaller addi-

tional vascular territory to supply.

The prevailing indications for therapeutic vessel occlusion

are giant, fusiform dissecting, or very small (blister) aneu-

rysms. The mode of action is either parent artery occlusion

leading to immediate aneurysm flow stagnation and secondary

thrombosis with consecutive shrinkage or flow reversal in the

parent artery leading to changes in inflow into the aneurysm.

In the latter, intra-aneurysmal flow is often preserved on flow

reversal and intra-aneurysmal thrombosis may occur in a de-

layed fashion. An initial increase in intra-aneurysmal flow has

been observed but can still result in a favorable long-term out-
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come. Flow reversal in the parent artery is often chosen for

giant untreated or failed basilar tip aneurysms. Thrombosis of

giant aneurysms may lead to an initial increase in mass effect,

which can be alleviated with steroids. Dissecting aneurysms at

the PICA branching may respond well to flow reversal on prox-

imal VA occlusion but may also require trap ligation, especially

if ruptured. Likewise, the treatment of ruptured blister aneu-

rysms represents a management conundrum. Preferably, these

aneurysms should be repaired (surgically or endovascularly) or

wrapped in the acute phase. Therapeutic occlusions performed

in the acute phase of aneurysm rupture have the potential of

vast hemodynamic infarction if complicated by vasospasm

(even if the BTO was passed and the collateral circulation was

deemed excellent).20

Postoperative treatment includes triple or double hyper-

tensive, hypervolemia, hemodilution therapy. The level of hy-

pertensive treatment is individualized in accordance with ar-

terial blood pressures registered during the BTO. Surveillance

of the hemodynamic status of the patient is performed with

TCD, and both the triple H therapy and grade of postoperative

mobilization can be tailor-made with the aid of Doppler

sonography.16 This approach allows therapeutic vessel occlu-

sion even in patients with a BTO indicating a border zone for

tolerance.

In general, whenever possible, a vessel-preservation approach

is preferable over deconstructive solutions. Recently, low-poros-

ity tubular stent-like implants, so-called flow diverters, have

evolved. That type of stent may provide complete thrombosis of

giant aneurysms without the need to fill the aneurysm with coils

(and increase the mass effect) with preservation of the parent

vessel. Flow diverters hence may represent another good treat-

ment option for complex aneurysms that usually would be se-

lected for treatment with therapeutic vessel occlusion. However,

serious complications in the use of flow diverters have been

reported, including stent and perforator occlusions, ipsilateral

parenchymal hemorrhage (8.5%),21 and delayed aneurysm

rupture.22,23

The combined mortality/morbidity rate connected to the

use of flow diverters is approximately 10% in unruptured an-

eurysms,22,23 which represents a far higher risk than with ther-

apeutic vessel occlusion. Delayed aneurysm rupture does not

occur in therapeutic vessel occlusion. The efficacy of flow di-

verters in terms of total aneurysm occlusion is 73.6%24 and

hence lower than that of therapeutic vessel occlusion. The lat-

ter is extremely effective, both in terms of short- and long-term

results. The fear of de novo aneurysm formation after thera-

peutic artery occlusion has sometimes been overempha-

sized.16,22 Increased collateral flow and, hence, hemodynamic

stress are present only in the acute phase after therapeutic ves-

sel occlusion because the vessel diameter increases due to

higher flow, thereby normalizing hemodynamic stress. Cere-

bral perfusion is not impaired during a prolonged time after

ICA sacrifice in patients who passed the BTO.25

The evolution of new surgical and endovascular devices and

skills in the future may change our treatment armamentarium

and preferences, but at present, therapeutic vessel occlusion still is

an efficient and safe treatment option, in particular when apply-

ing ultraswift venous phase TCD-guided BTO for preprocedural

evaluation.
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Aneurysmal Subarachnoid Hemorrhage: A Systematic Review

and Meta-Analysis
D.I.A. Mir, A. Gupta, A. Dunning, L. Puchi, C.L. Robinson, H.-A.B. Epstein, and P.C. Sanelli

EBM
2

ABSTRACT

BACKGROUND AND PURPOSE: Delayed cerebral ischemia is a significant cause of morbidity and mortality after aneurysmal SAH, leading
to poor outcomes. The purpose of this study was to evaluate the usefulness of CTP in determining delayed cerebral ischemia in patients
with aneurysmal SAH.

MATERIALS AND METHODS: We conducted a systematic review evaluating studies that assessed CTP in patients with aneurysmal SAH
for determining delayed cerebral ischemia. Studies using any of the following definitions of delayed cerebral ischemia were included in the
systematic review: 1) new onset of clinical deterioration, 2) cerebral infarction identified on follow-up CT or MR imaging, and 3) functional
disability. A random-effects meta-analysis was performed assessing the strength of association between a positive CTP result and delayed
cerebral ischemia.

RESULTS: The systematic review identified 218 studies that met our screening criteria, of which 6 cohort studies met the inclusion criteria.
These studies encompassed a total of 345 patients, with 155 (45%) of 345 patients classified as having delayed cerebral ischemia and 190
(55%) of 345 patients as not having delayed cerebral ischemia. Admission disease severity was comparable across all groups. Four cohort
studies reported CTP test characteristics amenable to the meta-analysis. The weighted averages and ranges of the pooled sensitivity and
specificity of CTP in the determination of delayed cerebral ischemia were 0.84 (0.7– 0.95) and 0.77 (0.66 – 0.82), respectively. The pooled
odds ratio of 23.14 (95% CI, 5.87–91.19) indicates that patients with aneurysmal SAH with positive CTP test results were approximately 23
times more likely to experience delayed cerebral ischemia compared with patients with negative CTP test results.

CONCLUSIONS: Perfusion deficits on CTP are a significant finding in determining delayed cerebral ischemia in aneurysmal SAH. This may
be helpful in identifying patients with delayed cerebral ischemia before development of infarction and neurologic deficits.

ABBREVIATIONS: DCI � delayed cerebral ischemia; QUADAS � Quality Assessment of Diagnostic Accuracy Studies

Aneurysmal SAH is a devastating condition that occurs in up

to 30,000 people in the United States annually and carries a

51% case mortality.1,2 Delayed cerebral ischemia (DCI) is consid-

ered the most significant cause of morbidity and mortality in pa-

tients who survive the initial hemorrhage, with poor outcomes

occurring in up to 30% despite aggressive therapy.3,4 The defini-

tion of DCI is variable and has been described as a new onset of

clinical deterioration, not explained by other causes.5 However,

recently it has been recommended to define DCI on the basis of its

primary outcome measures, such as cerebral infarction and func-

tional disability.6 Therefore, DCI is a challenging diagnosis to

make prospectively, before its poor outcomes, particularly in co-

matose or sedated patients, thus limiting initiation of pre-emptive

therapy.5 Despite these difficulties, DCI is used to complement

older clinicoradiographic terminology such as angiographic vaso-

spasm and symptomatic vasospasm because DCI has been shown

to have the strongest associations with poor outcomes, including

cognitive impairment and reduced quality of life after aneurysmal

SAH.6 Furthermore, it has become clear that the pathogenesis of

DCI is not fully attributable to large-vessel vasospasm alone and
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may, in fact, be the result of several independent processes acting

in concert.7 The common denominator, however, seems to be

hemodynamic alterations in cerebral perfusion leading to isch-

emia and/or infarction.

Cerebral perfusion can be assessed by use of CT, MR, PET, and

SPECT imaging. Specifically, CTP is a technique that allows for

rapid, noninvasive assessment of CBF, MTT, and CBV. CTP has

had an increasing role in the evaluation of patients with aneurys-

mal SAH, as it can be performed in conjunction with traditional

noncontrast CT and CTA, requiring little extra examination

time.8 Many initial studies have evaluated the diagnostic

accuracy of CTP for vasospasm compared with DSA- and CTA-

defined vasospasm. However, CTP remains a relatively new tech-

nique for the evaluation of DCI, and it remains unclear how well

CTP can detect DCI.9 Given the limitations of relying on the con-

clusions of individual studies in the literature, particularly when

relatively small cohorts are used and findings are not entirely con-

clusive, we aimed to perform a systematic review and meta-anal-

ysis to evaluate CTP in the detection of DCI in patients with an-

eurysmal SAH.

MATERIALS AND METHODS
We have implemented the methods described in the Preferred

Reporting Items for Systematic Reviews and Meta-Analyses

statement.10

Eligibility Criteria
To be more inclusive in identifying studies in the literature that

evaluated CTP for DCI in patients with aneurysmal SAH, we in-

cluded any of the following definitions of DCI in our inclusion

criteria: 1) clinical deterioration not explained by other causes and

sufficiently judged to be the result of DCI, 2) cerebral infarction iden-

tified on follow-up CT or MR imaging, and 3) functional disability

related to DCI. If any one of these criteria was positive, DCI was

considered to have occurred. We limited our selection to include

manuscripts published in English only. In cases of duplicated co-

horts, we included the study with the largest number of patients.

Information Sources and Search
An experienced medical librarian performed a systematic search

to identify studies in accordance with the eligibility criteria. Po-

tential articles were found by a search of the electronic data bases

of Ovid MEDLINE, EMBASE, and Web of Knowledge. Additional

records were identified by use of the Related Articles feature in

PubMed and the Cited Reference Search in the ISI Web of Science.

All studies included in these data bases through March 2013 were

searched. Further details of the search strategy are described in the

On-line Appendix.

Study Selection and Data Collection Process
After removal of duplicate articles, search results were preliminar-

ily screened via title and abstract information by a single reader.

Shortlisted manuscripts were independently reviewed in full by 2

additional readers to determine conformity to the eligibility cri-

teria. Disagreements were resolved by consensus.

With use of a standardized data collection template, study

characteristics including baseline patient demographics, CTP test

characteristics, and detailed DCI outcome data were collected by 2

independent readers, with disagreements resolved by a third

reader. All eligible studies were included in the qualitative system-

atic review. Of these, studies reporting test characteristics or

data from which they could be tabulated were included in the

meta-analysis.

Validity Assessment
To assess the validity of each study, we implemented the Quality

Assessment of Diagnostic Accuracy Studies (QUADAS) tool.11

This tool assesses bias in each study according to 14 criteria, with

possible answers as “Yes,” “No,” or “Unknown.” Two reviewers

scored each study with disagreements resolved by consensus. The

full QUADAS tool is available in the On-line Appendix.

Statistical Analysis
A meta-analysis was performed on those studies in which test

characteristics could be extracted and/or tabulated. Pooled sensi-

tivity, specificity, and odds ratios with corresponding 95% CIs

were calculated. The pooled sensitivity and specificity were calcu-

lated by use of weighted averages derived from the sample size of

each study. The pooled odds ratio was calculated by use of a ran-

dom-effects model. We chose this statistical method rather than

the less conservative fixed-effects model because of the wide vari-

ation in these studies, including the definitions of DCI, different

CTP protocols, and postprocessing software, as well as differences

in what constituted an abnormal CTP result. Furthermore, study

heterogeneity was assessed by calculating the I2 statistic. All

analyses were conducted by using StataVersion 12 software

(StataCorp, College Station, Texas).

RESULTS
Study Selection
After removal of duplicated citations, search results yielded

218 manuscripts. Of these, 25 articles were selected for full

review on the basis of screening the titles and abstracts, with 14

meeting the eligibility criteria. Seventy-one percent (10/14) of

these studies were suspected to contain at least partially overlap-

ping cohorts; therefore, their authors were contacted for further

clarification.12-21 One group replied to our request (authors

of14,16,20,21) and indicated that duplicate cohorts were used; in

this case, the study with the largest number of included pa-

tients was included in our review.14 No reply was received from

the other groups; therefore, only those with the largest cohorts

were included.12,13 One study was also excluded for not pro-

viding the number of patients in the DCI and non-DCI

groups.22 Finally, 6 studies were included in the systematic

review.12-14,23-25 The study selection is summarized in Fig 1.

Qualitative Assessment and Study Characteristics
The 6 studies that met our final eligibility criteria were all

prospective, with 3 completed in the United States,14,23,24 2 in

the Netherlands,12,13 and 1 study in Germany.25 Together,

these studies encompassed 345 patients, of which 155 (45%)

were classified as having DCI and 190 (55%) as not having

DCI. Although admission disease severity, demographics, and

median day of DCI onset were comparable across groups, large
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differences existed in the cohort sizes with a range from 10 –97

patients (On-line Table 1). Studies tended to implement CTP

imaging either at the onset of symptomatic vasospasm or be-

fore; however, for 2 studies this information was not re-

ported.12,24 Studies had variable CTP methodology and post-

processing algorithms, variation in the definition of a positive

CTP test result, and variability in the definition of DCI used as

an outcome measure (On-line Table 2).

Validity Assessment
The percentage of studies scoring “Yes,” “No,” or “Unknown” for

each of the 14 items on the QUADAS tool is displayed in Fig 2. All

of the studies scored “Yes” on items 1 and 8 of the QUADAS tool,

indicating an absence of spectrum bias (presence of a cohort rep-

resentative of patients who would receive the index test in prac-

tice) and the presence of a clear description of the definition of

DCI. In addition, 80% of studies scored “Yes” on items 2, 3, 5–7,

9, and 12 on the QUADAS tool, indicating that a clear descrip-

tion of selection criteria was provided; appropriate reference

standards were chosen; and that there was an absence of pri-

mary selection bias (whole or part of the study population

received verification by the reference standard), differential

verification bias (study population received verification by the

same reference standard), and incorporation bias (the refer-

ence standard was independent of the index test) among most

studies. Last, most studies scored “No” or “Unknown” on items 4,

11, 13, and 14, indicating the presence of disease progression bias

(unsure if the time between implementation of the reference stan-

dard and the index test is short enough to ensure that the target

condition did not change between the 2 tests), test classification

bias (the reference standard results were interpreted without

FIG 1. Study selection flow diagram. Figure adapted from the Preferred Reporting Items for Systematic Reviews and Meta-Analyses Group
Statement.10
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knowledge of the results of the index test and vice versa), and a

lack of explanation for patient withdrawals.

Statistical Analysis
In 4 (67%) of the 6 studies, CTP test characteristics and DCI were

reported in a way that could be tabulated for a meta-analy-

sis.13,14,23,25 This number included studies attempting to deter-

mine optimal CTP characteristics and thresholds to detect DCI; in

these cases, we used the best single test characteristic to tabulate

the odds ratio for the meta-analysis (On-line Table 2). The

weighted averages and ranges of the extracted/tabulated sensitiv-

ities and specificities with corresponding ranges of CTP in the

detection of DCI from these studies were 0.84 (0.7– 0.95) and 0.77

(0.66 – 0.82), respectively. The meta-analysis also revealed a

pooled odds ratio of 23.14 (95% CI, 5.87 – 91.19) (Fig 3), suggest-

ing that the patients with aneurysmal SAH with a positive CTP

test were approximately 23 times more likely to experience DCI

compared with those patients with aneurysmal SAH without a pos-

itive CTP test. The study heterogeneity (I2 � 6.96) in these data was

not significant (P � .073).

DISCUSSION
The pathogenesis of DCI is now thought to be multifactorial,

with an alteration of cerebral perfusion and reduced CBF lead-

ing to ischemia and/or infarction.7 CTP can noninvasively

evaluate cerebral perfusion and can often be combined with

other CT-based examinations, thereby minimizing examina-

FIG 2. Percentage of studies included in the systematic review scoring “Yes,” “No,” or “Unknown” on QUADAS tool criteria. Questions
truncated in figure according to information provided from previously published work.11

FIG 3. Forest plot of data used to tabulate the pooled odds ratios for studies included in the meta-analysis.
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tion time. Few studies, however, have assessed the ability of

CTP to detect DCI.9

DCI is considered a diagnosis of exclusion and is often difficult

to make prospectively, especially in sedated and/or comatose pa-

tients, as physical examinations may not be reliable.5 Further-

more, defining DCI by its primary outcomes measures only allows

its detection after irreversible damage has already occurred, thus

limiting the timely delivery of efficacious therapy. Because DCI

involves perturbations in CBF, it is thought that CTP may be able

to detect DCI before its primary outcomes of cerebral infarction

or functional disability manifest, thus allowing pre-emptive

therapy.13

Our systematic review and meta-analysis indicates that pa-

tients with aneurysmal SAH with positive CTP test results dem-

onstrating perfusion deficits are approximately 23-fold more

likely to experience DCI compared with patients with normal

CTP results, suggesting that CTP has the potential to be a useful

tool in clinical practice. Compared with other imaging measures

used to detect DCI, such as intraventricular hemorrhage and

Fisher scores, hydrocephalus, and transcranial Doppler flow pro-

longation, which have reported odds ratios ranging from 0.5–

2.7,26 CTP has demonstrated a higher odds ratio in this meta-

analysis. Moreover, CTP had a superior odds ratio, even at the

lower limit of the 95% CI, compared with other nonimaging-

derived parameters, such as an admission mean arterial pres-

sure � 112 mm Hg, which has a reported odds ratio of 3.3.26 This

result was achieved despite variation in the patient populations

studied, CTP protocols and software used, and the various defi-

nitions of DCI implemented in the studies included in this

meta-analysis.

By applying the QUADAS tool, we found that among the stud-

ies included in our systematic review, most were free of spectrum

bias, primary selection bias, differential verification bias, and in-

corporation bias (see “Results” section for description). They

each also clearly described the definition of DCI implemented and

patient selection criteria used. In most cases, the choice of a ref-

erence standard was considered appropriate. Most studies, how-

ever, contained signs of disease progression bias and test classifi-

cation bias (see “Results” section for description). Last, most

studies did not explain patient withdrawals from the study, nor

did they report uninterpretable or intermediate test results. These

shortcomings represent areas of future improvement in diagnos-

tic accuracy studies assessing the role of CTP in detecting DCI in

aneurysmal SAH.

Our analysis also revealed other limitations of the existing lit-

erature on CTP for the detection of DCI. These primarily arose

from the nonuniform definitions for DCI used in the literature,

interinstitutional differences in the CTP protocol and postpro-

cessing software programs used, and the lack of consistency

among the definitions of an abnormal CTP test result (On-line

Table 2). Given such variability, our analysis combined the vari-

ous definitions of DCI used in each study. Specific subanalyses to

determine if a particular definition of DCI was better detected by

CTP could not be performed given the limited sample size of the

studies that met eligibility criteria in this investigation. Other

subanalyses examining the best time to perform CTP to detect

DCI (hospital admission, during symptoms, or both) could also

not be performed because of the variability of when CTP was

performed among the studies that met our eligibility criteria. Fur-

thermore, those studies that assessed CTP test results quantita-

tively reported test characteristics for different CTP hemody-

namic parameters (MTT, CBF, CBV, and TTP), often by using

various thresholds. In these cases, we chose the CTP parameter

and threshold with the greatest overall diagnostic value for DCI

because we were evaluating CTP as a single test and not by its

individual components. These limitations, and the fact that the

studies that met our eligibility criteria also had variable CTP

methodology and postprocessing algorithms with evaluation of

the results limited to the anterior circulation, may be sources of

bias and must be considered when the results of our meta-analysis

are interpreted. However, despite these differences among stud-

ies, our meta-analysis revealed a statistically significant odds ratio

and no statistically detectable heterogeneity, suggesting that a

strong association exists between CTP deficits and DCI, across

variations in DCI definition and CTP technique used.

It is noteworthy to mention that CTP itself has limitations.

The amount of brain volume coverage may be limited in the clin-

ical setting, and the amount of radiation exposure to the patient is

higher compared with standard noncontrast CT of the head.27

Furthermore, accurate quantification is dependent on an intact

blood-brain barrier, which may not be normally functioning in

ischemic events, such as DCI.27 Last, different postprocessing

software vendors may quantify CTP data differently, which may

introduce undue variation in the results. Despite these shortcom-

ings, however, because CTP uses ubiquitous technology, it has the

potential to be quickly and widely implemented. CTP, therefore,

may find a place in the clinical setting for better and earlier detec-

tion of DCI and its devastating outcomes.

CONCLUSIONS
Our meta-analysis revealed a strong association between CTP

perfusion deficits and the development of DCI in patients with

aneurysmal SAH. Because DCI is challenging to diagnose pro-

spectively, treatment is often of limited efficacy when initiated

after morbidity has already occurred. CTP may aid in the detec-

tion of DCI earlier and with more accuracy, allowing for pre-

emptive therapy and/or closer monitoring to prevent potentially

devastating outcomes of cerebral infarction and functional

disability.
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DTI Correlates of Cognition in Conventional MRI of
Normal-Appearing Brain in Patients with Clinical Features of

Subacute Combined Degeneration and Biochemically Proven
Vitamin B12 Deficiency

P.K. Gupta, R.K. Gupta, R.K. Garg, Y. Rai, B. Roy, C.M. Pandey, H.S. Malhotra, and P.A. Narayana
EBM
2

ABSTRACT

BACKGROUND AND PURPOSE: Vitamin B12 deficiency may cause neural injury that results in cognitive deficits. The main purpose of our
study was to evaluate morphometric and microstructural changes in the brain and relate them to cognition in subacute combined
degeneration of the spinal cord and patients with biochemically deficient vitamin B12.

MATERIALS AND METHODS: Fifty-one patients were recruited and underwent nerve-conduction velocity tests and routine hematologic
examinations. Serum vitamin B12 and homocystine levels were also measured. All patients and 46 age- and sex-matched controls under-
went cervical spine and brain MR imaging along with cognition tests. MR imaging included conventional scans and DTI. Voxel-based
morphometry was performed for determining the WM and GM volumes, based on T1-weighted images. DTI measures that included
fractional anisotropy, ADC, radial diffusivity, and axial diffusivity were determined by using tract-based statistics.

RESULTS: None of the patients showed any abnormality on conventional MR imaging. No significant changes in GM and WM volumes
were observed in patients compared with controls. Significant reductions in the fractional anisotropy and an increase in ADC and radial
diffusivity values were observed in multiple brain regions in patients compared with controls. These changes were confirmed on the
region-of-interest analysis. Neuropsychological scores were significantly different in patients compared with controls and showed signif-
icant correlation with fractional anisotropy and radial diffusivity in a few brain regions.

CONCLUSIONS: Microstructural changes are seen in WM regions on DTI in patients with vitamin B12 deficiency and correlate with
cognition scores. DTI can be used for objective assessment of microstructural changes in the brain in vitamin B12 deficiency.

ABBREVIATIONS: AD � axial diffusivity; FA � fractional anisotropy; MNI � Montreal Neurological Institute; RD � radial diffusivity; SACD � subacute combined
degeneration; TBSS � tract-based spatial statistics

Bvitamins contribute to CNS development and proper func-

tioning by acting as a cofactor in numerous catalytic reactions

in the human body that are required for the synthesis and func-

tioning of neurotransmitters and myelination. A deficiency of vi-

tamin B12 may result in injury to the neural tissue. A limited

number of clinical studies in children demonstrated a correlation

between vitamin B12 deficiency and cognition.1,2 Studies in el-

derly subjects suggest that vitamin B12 deficiency is associated

with cognitive decline and may contribute to Alzheimer demen-

tia,3,4 whereas others have failed to demonstrated an increased

risk.5,6

Subjects with B12 deficiency may also show changes in the

posterolateral column of the spinal cord on MR imaging. Clinical

symptoms relating to neuropathy and spinal cord involvement,

referred to as subacute combined degeneration (SACD) of the

spinal cord, are common in adult subjects with B12 deficiency.

Changes in the brain parenchyma on MR imaging have been spo-

radically reported, with poor sensitivity.7,8 In a cross-sectional

study on an elderly population, a reduction in brain volume was

observed with B12 deficiency.9 There are isolated reports of brain

demyelination in patients with SACD, which may or may not

show resolution following vitamin B12 replacement.10,11

Elderly populations with vitamin B12 deficiency are reported

to show whole-brain atrophy and white matter damage.12,13 On
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the basis of a number of case reports, brain atrophy is also a patho-

logic feature in infants with vitamin B12 deficiency.14-16 Advanced

MR imaging– based modalities such as DTI and MR spectroscopy

showed abnormalities in a variety of diffuse neurologic disorders,

whereas conventional MR imaging findings appeared normal. We

hypothesized that patients with clinical symptoms of SACD and

biochemical evidence of vitamin B12 deficiency will have an asso-

ciated cognitive decline and microstructural alterations in brain

WM on DTI, even when conventional MR imaging findings ap-

pear normal. To verify this hypothesis, we performed whole-brain

DTI and cognitive assessment in patients who presented with

clinical signs of SACD and a biochemical deficiency of vitamin

B12. The DTI measures were correlated with neuropsychological

test scores. We also performed voxel-based morphometry analy-

sis for volumetric changes in GM and WM. To the best of our

knowledge, this is the first study to quantify the microstructural

changes in normal-appearing brain on MR imaging in patients

with SACD and biochemically confirmed vitamin B12 deficiency.

MATERIALS AND METHODS
Patients with clinical features of peripheral neuropathy suspected

of having spinal cord involvement and clinically labeled as having

SACD were included in this study. Fifty-one patients who met the

above criteria were recruited (38 men, 13 women; mean age,

34.6 � 12.2 years; age range, 18 –58 years). Forty-six age- and

sex-matched healthy controls (not on any medication and not

known to have any disease) were also included in the study (33

men and 13 women; mean age, 31.1 � 8.0 years; age range, 18 –53

years). No significant differences in age and sex were observed

between the patient group and healthy controls.

Clinical Assessment
Neurologic examinations were performed by a neurologist to as-

sess the severity of impairment in patients with vitamin B12 defi-

ciency. The patients had detailed nerve-conduction velocity tests

and biochemical analysis for serum vitamin B12 and homocys-

teine levels. The diagnosis of vitamin B12 deficiency was based on

low serum vitamin B12 levels (�200 pg/mL).17 The serum homo-

cysteine level was measured by an enzymatic method.18 Routine

hematologic examinations that included hemoglobin levels and

red cell mean corpuscular volume were also performed. Healthy

controls were evaluated for serum vitamin B12 levels and neuro-

logic and cognitive status; however, they did not undergo nerve-

conduction velocity tests and other biochemical analyses. All pa-

tients who showed vitamin B12 deficiency and had clinical

features of SACD underwent MR imaging of both the cervical

spine and brain. All patients with normal brain MR imaging find-

ings with or without imaging changes in the cervical spine under-

went cognitive testing.

Neuropsychological tests were performed on both patients

and controls by an experienced neuropsychologist. This battery

included the Trail-Making test, number connection tests A and B,

and figure connection tests A and B as well as the performance

subset of the modified Wechsler Adult Intelligence Scale (modi-

fied for the population), which included picture completion, digit

symbol, block design, picture arrangement, and object assembly.

These tests evaluate visuospatial capacity and visuomotor speed.

The Trail-Making test assesses the visual motor coordination,

concentration, attention, mental speed, and memory alter-

ation.19 In the number connection and figure connection tests A

and B, lower scores represent better performance, whereas in the

Wechsler Adult Intelligence Scale, a higher score represents a

better performance.

This study protocol was approved by the Institutional Ethics

Committee. Informed written consent was obtained from each

subject.

MR Imaging
All MR imaging studies were performed on a 3T MR imaging

scanner (Signa Hdxt; GE Healthcare, Milwaukee, Wisconsin). An

8-channel head coil was used for brain MR imaging. T2-weighted

axial images were acquired with TR � 9200 ms, TE � 72 ms,

NEX � 1, section thickness � 3 mm, flip angle � 90°, acquisition

matrix � 512 � 256, FOV � 240 mm, reconstructed matrix �

1024 � 1024. Parameters of FLAIR imaging were TR � 9000 ms,

TE � 128 ms, TI � 2400 ms, NEX � 1, section thickness � 3 mm,

flip angle � 90°, acquisition matrix � 320 � 256, FOV � 240 mm,

reconstructed matrix � 512 � 512. 3D T1-weighted inversion-

recovery-prepared fast-spoiled gradient-echo imaging was per-

formed by using the following parameters: TR � 8.4 ms, TE � 3.3

ms, number of sections � 184, section thickness � 1 mm, inter-

section gap � 0, FOV � 240 mm, image matrix � 512 � 512,

NEX � 1, TI � 400 ms, and flip angle � 13°. DTI data were

acquired by using dual spin-echo single-shot echo-planar se-

quences with 30 uniformly distributed directions with ramp sam-

pling. The acquisition parameters were the following: TR � 17

sec, TE � 88.7 ms, number of sections � 62, section thickness �

3 mm, intersection gap � 0, FOV � 240 � 240 mm, image ma-

trix � 256 � 256, NEX � 1, diffusion-weighting b factor � 1000

s/mm2.

MR imaging of the cervical spine was performed on a 12-

channel head-neck-spine coil by using T1 FLAIR and T2 fast

recovery FSE in the sagittal and axial planes. Imaging parame-

ters for T1 FLAIR were the following: TR � 2496 ms, TE � 25

ms, TI � 1013 ms, NEX � 1, section thickness � 3 mm, flip

angle � 90°, acquisition matrix � 384 � 256, FOV � 259.99

mm, reconstructed matrix � 512 � 512. T2 fast recovery FSE

in the sagittal plane had the following parameters: TR � 2080

ms, TE � 87.17 ms, NEX � 2, section thickness � 3 mm, flip

angle � 90°, acquisition matrix � 384 � 256, FOV � 260 mm,

reconstructed matrix � 512 � 512. Imaging parameters for T2

fast recovery FSE in the axial plane were the following: TR �

3120 ms, TE � 124 ms, NEX � 2, section thickness � 3 mm,

flip angle � 90°, acquisition matrix � 320 � 224, FOV � 180

mm, reconstructed matrix � 512 � 512.

MR Imaging Analysis

Structural Analysis. Voxel-based morphometry analysis was

performed by using SPM8 (Wellcome Department of Imaging

Neuroscience, London, UK; http://www.fil.ion.ucl.ac.uk/spm)

to determine possible changes in the GM and WM volumes.

Before processing, the images were visually inspected for pos-

sible artifacts. For tissue segmentation, a customized template

was built from the sample by using a nonlinear registration
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algorithm (DARTEL toolbox in SPM8).20 This template was

registered to the Montreal Neurological Institute (MNI) tem-

plate for group comparisons. The Jacobian determinants from

the normalization procedure were used to modulate the voxel-

based morphometry data to preserve the WM and GM vol-

umes. Individual GM and WM images were smoothed with an

isotropic Gaussian kernel of 6-mm full width at half maximum

before statistical analysis. Global volumes of GM and WM were

assessed from segmented images by using the VBM8 toolbox in

SPM8 after correcting for age and sex.

Diffusion Tensor Image Processing
The Diffusion Toolbox software tool in the FMRIB Software Library

(FSL; http://www.fmrib.ox.ac.uk/fsl/fdt/index.html) was used for

calculating the DTI indices fractional anisotropy (FA), ADC, axial

diffusivity (AD), and radial diffusivity (RD). The DWI was corrected

for eddy current–induced distortions and minor head movements by

using affine registration to the reference B0 images. The Brain Extrac-

tion Tool was used for extracting the brain.21

Tract-Based Spatial Statistics and Voxelwise Analysis
Voxelwise analysis of FA was performed by using tract-based spa-

tial statistics (TBSS),22 part of the FSL package.23 Individual skel-

etonized FA maps were aligned to the MNI 152 template by using

the Nonlinear Registration Tool in FMRIB.24 Each subject’s

aligned FA map was then projected onto this skeleton, and the

voxelwise general linear model was applied by using permutation-

based nonparametric testing, corrected for multiple comparisons.

Using the same registration parameters from the FA maps, we

also spatially transformed ADC, RD, and AD maps to the MNI

space.

Region-of-Interest Analysis
In addition to the TBSS analysis, the region-of-interest analysis

was also performed on those regions that were observed to be

significantly different on the TBSS analysis. Elliptic regions of

interest of sizes varying from 25 to 50 mm2 were placed on differ-

ent regions in the FA maps of patients and controls.

Statistical Analysis
The differences in the neuropsychological scores between patients

and controls were analyzed with independent t tests by using the

FIG 1. Differences in DTI measures between patients and controls. Statistical maps show voxels that exhibit differences in DTI parameters in
patients versus controls (red and yellow colors, according to the lower and higher significance, respectively; dark blue and light blue colors,
according to the lower and higher significance, respectively). FA is significantly decreased, and ADC and RD are increased in the patient group
compared with controls. Differences are widespread and evident in various WM regions. All WM tracts are overlaid on a 1-mm standard image
in MNI 152 (TBSS analysis, 2-sample, P � .05, threshold-free cluster enhancement corrected).

Comparison of various neuropsychological parameters among
patients presenting with vitamin B12 deficiency and age- and sex-
matched controls

Test Subject Mean P Value
Digit symbol Control 11.19 � 2.04 �.001

Patient 7.22 � 2.79
Number connection test A Control 39.63 � 9.4 �.001

Patient 61.67 � 25.09
Number connection test B Control 64.59 � 16.61 �.001

Patient 101.59 � 43.37
Picture completion Control 14.89 � 1.23 �.001

Patient 12.04 � 1.89
Block designing Control 12.74 � 1.1 �.001

Patient 9.08 � 2.31
Picture arrangement Control 13.35 � 11.53 �.001

Patient 11.53 � 2.22
Object assembling Control 11.19 � 1.26 �.001

Patient 9.88 � 1.90
Figure connection test A Control 56.37 � 21.72 �.001

Patient 80.49 � 41.64
Figure connection test B Control 77.85 � 23.92 �.001

Patient 125.61 � 40.99
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Statistical Package for Social Sciences software, Version 16.0l

(IBM, Armonk, New York). The correlation between the neuro-

psychological score and DTI-derived indices of WM was based on

the Pearson coefficient. All statistical analyses were based on a

2-tailed test with an � level of �.05 for statistical significance.

Morphologic differences between the patients and control

subjects were estimated by using an independent-samples t test at

the voxel level within the general linear model framework of sta-

tistical parametric mapping. Comparison between patients and

control subjects was made for 2 different contrasts, corresponding

to an increase (patient � controls) or decrease (patient � con-

trols) in GM and WM volumes. A false discovery rate at P � .05

was used. Differences were considered significant if the cluster

size was �15.25

The general linear model was applied across all subjects to

identify the brain regions in which the patient group showed sig-

nificant differences in FA, ADC, AD, and RD relative to the

healthy control group. The correlation analyses were performed

to study the relationship between neuropsychological scores and

each of the DTI-derived indices FA, ADC, AD, and RD in the WM

by using neuropsychological scores as regressors in the frame-

work of a general linear model. The effects of age and sex were

regressed out in these models. DTI-derived maps were in-

cluded in a nonparametric permutation-based group model by

using “Randomize” in FSL. An independent t test was used to

determine the differences in FA, ADC, RD, and AD values

obtained from the region-of-interest

analysis between patient and control

groups.

RESULTS
Clinical Assessment
The mean hemoglobin level in patients

with vitamin B12 deficiency was 10.95 �

2.28 g/dL (range, 6.8 –16 g/dL), the mean

serum vitamin B12 concentration was

145.26 � 42.07 pg/mL (range, 26 –199 pg/

mL), the mean cell volume was 103.6 �

12.26 fL (range, 81.3–122.3 fL), and the

serum homocysteine level was 19.84 �

7.32 �mol/L (range, 7.9 – 41.29 �mol/L).

The mean serum vitamin B12 concentra-

tion in healthy controls was 330.22 �

135.22 pg/mL (range, 255– 678 pg/mL).

All patients had gait disturbance, sensory

disturbance, mental impairment, and

neuropathy. A total of 11.8% of patients

presented clinically with pyramidal tract

damage. Differences were observed in all

the neuropsychological scores between

patients and controls (Table).

Conventional MR Imaging
MR imaging of the cervical spine showed

T2 hyperintensity in the posterior spinal

cord in 7 patients and diffuse hyperinten-

sity of the cervical cord in 1 patient. The

remaining 43 patients did not show any abnormality in the cervi-

cal cord on conventional MR imaging.

Voxel-Based Morphometry Analysis
The voxel-based morphometry analysis of the 3D-T1WI did not

show a significant difference in the cerebral GM and WM volumes

between patients and controls.

TBSS Analysis
TBSS analysis showed significantly reduced FA values in patients

compared with controls in a number of WM regions, which in-

cluded the frontal, parietal, and temporal lobes and the entire

corpus callosum and its associated fibers (Fig 1). The patient

group also had a widespread increase in ADC and RD values,

predominantly in the right hemisphere tracts (right � left) and

the corpus callosum.

Correlation Analysis of DTI Indices with
Neuropsychological Scores
Correlation maps showed a significant positive correlation be-

tween the Digit Symbol scores and FA values (Fig 2A) and a sig-

nificant negative correlation between the number connection test

and FA values (Fig 2B) in many WM bundles (P corrected � .05).

RD values were found to correlate negatively with Digit Symbol

scores (Fig 3A) and positively with number connection test scores

(Fig 3B). ADC and AD did not show any significant correlation

FIG 2. Correlation between FA and neuropsychological scores. The statistical map shows voxels
that correlate with neuropsychological scores. A, FA positively correlates with Digit Symbol
score in various WM regions. B, Negative correlation between FA and the number connection
test score was observed. All WM tracts are overlaid on a 1-mm standard image in MNI 152 (TBSS
analysis, P � .05, threshold-free cluster enhancement corrected).

FIG 3. Correlation between RD and neuropsychological scores. Statistical map shows voxels
that correlate with neuropsychological scores. A, RD negatively correlates with the Digit Symbol
score in various WM regions. B, A positive correlation between RD and the number connection
test score was observed. All WM tracts are overlaid on a 1-mm standard image in MNI 152 (TBSS
analysis, P � .05, threshold-free cluster enhancement corrected).
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with neuropsychological scores. The mean FA and RD values were

extracted subject by subject from correlation maps from regions

showing significant correlation between DTI indices and neuro-

psychological scores. Thereafter, Pearson correlation coefficients

were obtained by using SPSS in the Digit Symbol test, with FA (r �

0.63, P � .001 in patients; r � 0.56, P � .001 controls) and RD

(r � �0.54, P � .001 in patients; r � �0.53, P � .001 in controls);

and the number connection test with FA (r � �0.56, P � .001 in

patients; r � �0.22, P � .14 in controls) and RD (r � 0.57, P �

.001 in patients; r � 0.403, P � .005 in controls) to verify the

results obtained on correlation maps.

Region-of-Interest Analysis
Region of interest– based analysis confirmed the TBSS results.

The results are summarized in Fig 4. AD values did not show a

significant change between patients and controls either on the

TBSS or region-of-interest analysis.

DISCUSSION
This study shows widespread changes in the cerebral WM in pa-

tients with vitamin B12 deficiency in all the DTI metrics, except

AD, indicating altered WM microstructure in multiple regions in

these patients. These results were confirmed in the region-of-in-

terest analysis. In addition, all these patients showed significant

cognitive decline over the controls. The cognitive scores correlated

with DTI measures in various brain regions. Our findings suggest

that the microstructure changes in WM are quite widespread in the

brain, even when patients showed clinical symptoms related to the

spinal cord. We did not observe any volume changes in WM and GM

on voxel-based morphometry analysis, suggesting that atrophy is not

a major pathologic component in these patients.

FA is widely considered a robust measure of WM organiza-

tion, and a number of studies have reported abnormalities in FA

across both psychotic and affective illnesses.26 Disruptions in WM

organization (reflected in reductions in FA) can result from vari-

ous mechanisms, including demyelination as well as axonal loss

and lacks pathologic specificity. However, the other DTI-derived

measures, such as RD and AD, are thought to reflect myelin and

axonal integrity, respectively.27 While still controversial, some

published literature suggests that RD is a more sensitive measure

of myelin integrity, while AD reflects axonal integrity.28,29 In the

current study, we observed increased RD and unchanged AD,

suggesting that demyelination, not axonal loss, is the major

pathologic substrate in B12 deficiency. Scalabrino and Veber30

have demonstrated, in the rat model, that vitamin B12 deficiency

damages myelin and causes myelin vacuolation and reactive as-

trocytosis in the CNS. In a recent study, Minn et al31 reported that

patients with SACD have progressive degeneration in the follow-

ing sequential order: lower spinal cord, cervical spinal cord, pe-

ripheral nerve/optic nerve, and, finally, the brain. Our data do not

support this view and show that B12 deficiency causes demyelina-

tion in the brain even when it may manifest clinically with SACD.

In a prospective study on 50 patients with vitamin B12 defi-

ciency, Reynolds32 has shown cognitive impairment or an affec-

tive disorder in one-third of patients. Minn et al31 did not find any

symptoms of dementia in any of their patients who presented with

SACD. However, in the current study, all 51 patients showed sig-

FIG 4. Bar diagram showing significant differences in various white
matter regions on DTI metrics in patients compared with controls on
region-of-interest analysis. Bars show a significant difference in FA (A),
ADC (the asterisk indicates regions with nonsignificant differences)
(B), and RD (C) in the specified regions. CR_Rt & CR_Lt indicates co-
rona radiata right and left; Spl, splenium; OWM_Rt & OWM_Lt, oc-
cipital white matter right and left; ALIC_Rt & ALIC_Lt, anterior limb of
the internal capsule right and left; PLIC_Rt & PLIC_Lt, posterior limb
of the internal capsule right and left; CP_Rt & CP_Lt, cerebellar pe-
duncle right and left; CST_Rt & CST_Lt, corticospinal tract right and
left; SCP_Rt & SCP_Lt, superior cerebellar peduncle right and left;
SS_Rt & SS_Lt, sagittal stratum right and left; EC_Rt & EC_Lt, external
capsule right and left; SLF_Rt & SLF_Lt, superior longitudinal fascicu-
lus right and left.
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nificant cognitive deficits on neuropsychological tests compared

with the age- and sex-matched controls, suggesting that a com-

plete battery of tests may be needed to detect cognitive impair-

ment in these patients. Dementia and cognitive changes have been

typically reported in elderly subjects with B12 deficiency. In contrast, we

detected cognitive deficits in our relatively young patient cohort.

Cognitive decline has been observed at all age groups in patients

with vitamin B12 deficiency. Sensitive neuropsychological tests have

shown an association with vitamin deficiency.33 In the current study,

we also observed a decline in visuospatial and performance skills in

these patients. Another group has reported cognitive decline in pa-

tients between 35 and 50 years of age with vitamin B12 deficiency,

which improved following its supplementation.34

Most studies in the geriatric population show conflicting re-

sults. Some authors have found a strong causal relationship be-

tween cognitive decline and vitamin B12 deficiency, while others

have described the relationship as mere coincidence in the geriat-

ric population.3,5,12 The mechanism for cognition decline is the

accumulation of methylmalonic acid secondary to nonactivation

of methylmalonyl-CoA mutase, which is myelinotoxic.35 We also

observed a strong correlation of the neuropsychological scores

with FA, ADC, and RD changes in some brain regions on DTI.

CONCLUSIONS
Microstructural changes in various brain regions are demonstrated

on DTI metrics in patients with SACD, and these are associated with

abnormal neuropsychological scores and show a correlation with

various specific brain regions. The imaging technique may be of value

in the objective assessment of the brain changes in B12 deficiency.

Disclosures: Ponnada Narayana—UNRELATED: Grants/Grants Pending: National In-
stitutes of Health,* Department of Defense. **Money paid to the institution.
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Role of EPI-FLAIR in Patients with Acute Stroke: A Comparative
Analysis with FLAIR

A. Meshksar, J.P. Villablanca, R. Khan, R. Carmody, B. Coull, and K. Nael

ABSTRACT

BACKGROUND AND PURPOSE: Further improvement in acquisition speed is needed, if MR imaging is to compete with CT for evaluation
of patients with acute ischemic stroke. The purpose of this study was to evaluate the feasibility of implementing an echo-planar
fluid-attenuated inversion recovery (EPI-FLAIR) sequence into an acute MR stroke protocol with potential reduction in scan time and to
compare the results with conventional FLAIR images.

MATERIALS AND METHODS: Fifty-two patients (28 men and 24 women; age range, 32–96 years) with acute ischemic stroke were
prospectively evaluated with an acute stroke MR protocol, which included both conventional FLAIR and EPI-FLAIR imaging with integration
of parallel acquisition. The image acquisition time was 52 seconds for EPI-FLAIR and 3 minutes for conventional FLAIR. FLAIR and EPI-FLAIR
studies were assessed by 2 observers independently for image quality and conspicuity of hyperintensity in correlation with DWI and were
rated as concordant or discordant. Coregistered FLAIR and EPI-FLAIR images were evaluated for signal intensity ratio of the DWI-positive
lesion to contralateral normal white matter.

RESULTS: An estimated 96% of all FLAIR and EPI-FLAIR studies were rated of diagnostic image quality by both observers, with interob-
server agreements of � � 0.82 and � � 0.63 for FLAIR and EPI-FLAIR, respectively. In 36 (95%) of 38 patients with acute infarction, FLAIR and
EPI-FLAIR were rated concordant regarding DWI lesion. The mean � standard deviation of the signal intensity ratio values on EPI-FLAIR and
FLAIR for DWI-positive lesions were 1.28 � 0.16 and 1.25 � 0.17, respectively (P � .47), and demonstrated significant correlation (r � 0.899,
z value � 8.677, P � .0001).

CONCLUSIONS: In patients with acute stroke, EPI-FLAIR is feasible with comparable qualitative and quantitative results to conventional
FLAIR and results in reduced acquisition time.

ABBREVIATIONS: AIS � acute ischemic stroke; GRE � gradient recalled-echo; SD � standard deviation; SIR � signal intensity ratio

Neuroimaging plays a central role in the evaluation of patients

with acute ischemic stroke (AIS). With improved technol-

ogy during the last decade, imaging now provides information

beyond the mere presence or absence of intracranial hemorrhage.

Multimodal cerebrovascular CT and MR can now provide infor-

mation about tissue viability, site of occlusion, and collateral sta-

tus. The success of CT in the initial evaluation of AIS is due, in

part, to fast acquisition time, widespread availability, and ease of

interpretation in the emergency department setting.

MR imaging has been demonstrated to be more sensitive for

the detection of acute ischemia and more specific for delineation

of infarction core volume compared with CT.1,2 However, be-

cause of longer acquisition time and limited availability, it has

been mainly used in large institutions and comprehensive stroke

centers. With recent advances in MR technology, a comprehen-

sive MR protocol including parenchymal imaging (DWI, gradient

recalled-echo [GRE], FLAIR), MRA, and MR perfusion can now

be adequately obtained in 20 minutes as demonstrated in several

clinical trials.3-7 In a likewise fashion, the introduction of multi-

section technology has dramatically increased the speed and sim-

plicity of CT techniques and has set a high standard for alternative

imaging techniques. A comprehensive CT stroke algorithm in-

cluding parenchymal imaging (noncontrast head CT), CTA, and

perfusion/penumbral imaging by CT perfusion can now be ac-
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quired and processed in a comparable period.8,9 If MR imaging is

to compete with CT for evaluation of acute stroke, there is need

for further improvements in acquisition speed.

FLAIR imaging as a part of an acute MR stroke protocol has

several advantages including detection of subtle cerebral sub-

arachnoid hemorrhage; added diagnostic value to GRE images for

the detection of intra-arterial clot10-12; and, most important,

helping to determine the age of infarction in patients with both

known and unknown time of onset of neurologic deficit (wake-up

stroke).13 The latter advantage has a major impact on the treat-

ment planning because FLAIR hyperintensity is usually indicative

of a completed stroke, thereby excluding these patients from most

therapeutic interventions.14,15

Introduction of fast imaging techniques such as parallel acqui-

sition16 and EPI17,18 has significantly enhanced the performance

of MR imaging in acquisition speed. The main advantage of EPI,

as in the case of DWI, is rapid acquisition time, which is made

possible by rapid gradient switching, which allows the acquisition

of all frequency and phase-encoding steps during a single pulse

cycle. The addition of parallel imaging can further enhance the

acquisition speed and may also serve to mitigate the geometric

distortion and susceptibility artifacts commonly associated

with long echo-train sequences such as EPI.19,20 If their poten-

tial is realized, the application of EPI and parallel imaging tech-

niques to the FLAIR sequence can result in a reduction of im-

age acquisition time of the entire brain to less than a minute, a

3-fold reduction in scan time compared with conventional

FLAIR imaging. The purpose of this study was to evaluate the

feasibility of implementing an EPI-FLAIR sequence into an

acute MR stroke protocol with its potential reduction in scan

time, and to compare the result with conventional FLAIR

imaging.

MATERIALS AND METHODS
This prospective study was conducted between May and Septem-

ber 2012. All examinations were performed in accordance with

institutional review board guidelines with an approved study pro-

tocol. Our inclusion criteria included 1) patients with clinical sus-

picion of AIS who presented within the first 24 hours from the

onset of neurologic deficits, and 2) acquisition of MR imaging as

the initial imaging study. Exclusion criteria included ferro-

magnetic or MR incompatible implants, glomerular filtration

rate � 30 mL/min/1.73 m2, and severe claustrophobia. The base-

line NIHSS scores and median time from stroke onset to MR

imaging were documented for each patient when available.

Image Acquisition
All patients were studied on a 1.5T MR system (Avanto; Siemens,

Erlangen, Germany). The imaging protocol included DWI, con-

ventional FLAIR, EPI-FLAIR, GRE, MRA, and dynamic suscepti-

bility contrast perfusion imaging. A combination of head and

neck coil with up to 12 channels was used for radiofrequency

signal reception. A spin-echo and an EPI sequence were used for

FLAIR and EPI-FLAIR, respectively, with the following parame-

ters: TR, 9000 ms (10,000 ms for EPI-FLAIR); TE, 88 ms (106 ms

for EPI-FLAIR); inversion time, 2500 ms; flip angle, 150° (90° for

EPI-FLAIR). Other imaging parameters, including field of view of

22 cm, matrix size of 256 mm (192 mm for EPI-FLAIR), and 26

total sections each 5-mm thick, were kept constant between the 2

sequences. Integration of generalized autocalibrating partially

parallel acquisition with an acceleration factor of 2 resulted in an

acquisition time of 3 minutes for conventional FLAIR and 52

seconds for EPI-FLAIR, respectively.

Image Analysis
Conventional FLAIR and EPI-FLAIR images were reviewed in-

dependently by 2 experienced neuroradiologists and in sepa-

rate reading sessions. The observers were able to adjust image

contrast and size. A 4-scale imaging score was used to evaluate

the image quality with respect to susceptibility-mediated dis-

tortion at tissue interfaces, noise, and motion: 1) poor image

quality, not interpretable; 2) impaired image quality with sig-

nificant distortion and noise, limiting delineation of major

structures; 3) good image quality with minimal distortion, di-

agnostic image quality; and 4) excellent image quality with

delineation of all structures.

In addition to image quality, the observers were asked to cor-

relate the FLAIR and EPI-FLAIR images with DWI-ADC maps,

determine the presence of hyperintense signal corresponding to

the area of restricted diffusion, and categorize the image pairs as

concordant or discordant. This comparison was performed dur-

ing different reading sessions for both conventional FLAIR and

EPI-FLAIR, to avoid recall bias. The observers were also asked to

localize the FLAIR/EPI-FLAIR lesions to 3 anatomic regions: 1)

supratentorial, 2) infratentorial, or 3) both. Finally, and again in a

different reading session, any discrepancy between readers for

lesion location or FLAIR/EPI-FLAIR DWI correlation was re-

solved by consensus agreement. These scores were then used to

perform comparative analysis between conventional FLAIR and

EPI-FLAIR.

DWI, FLAIR, and EPI-FLAIR images for each patient were

coregistered by a commercially available FDA-approved software

(Olea Sphere; Olea Medical SAS, La Ciotat, France) by use of a 12

degrees-of-freedom transformation and a mutual information

cost function. This was followed by visual inspection to ensure

adequate alignment. The segmentation was performed by a single

neuroradiologist. The ROIs were placed over the region of infarc-

tion (DWI�) in 1 section to extract the corresponding FLAIR and

EPI-FLAIR signal intensity values. ROIs were then mirrored onto

the contralateral hemisphere, and the SIR values with respect to

contralateral, normal-appearing white matter were calculated by

use of the mean SI values. Manual restriction of the ROIs was

applied when necessary to avoid regions with prior infarction or

chronic microvascular ischemic changes.

In patients who did not have a DWI abnormality, a 1-cm

ROI was placed in the centrum semiovale and automatically

mirrored onto the contralateral hemisphere to calculate the

SIR.

The volume of lesions on FLAIR and EPI-FLAIR studies was

calculated by use of Olea Sphere software. ROIs were created on

the basis of the signal intensity subsuming the entire region of

hyperintensity, and the volume and standard deviation (SD) was

calculated. The range included was the interval of pixel values to
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include the central value of the initial seed-voxel. Manual restric-

tion of the ROIs was applied when necessary. The largest lesion in

a single section was selected for the volume measurement. For

patients with multiple or embolic infarction, the largest lesion was

selected for volume analysis.

Finally, the patients with acute infarction were categorized

in 2 groups based on time from onset to MR imaging of �4.5

hours as the cutoff value for thrombolysis. The mean � SD of

the SIR values on EPI-FLAIR and FLAIR correlated in these 2

groups.

Statistical Analysis
Statistical analysis was performed by use of MedCalc Version

12.2.1 (MedCalc Software, Mariakerke, Belgium).The Wilcoxon

signed rank test was used to compare the mean ratings of FLAIR

and EPI-FLAIR. A weighted � test with a calculation of 95% CI

was used to evaluate the interobserver and intermodality agree-

ment. The Spearman correlation coefficient was calculated for

the comparative analysis of DWI with FLAIR/EPI-FLAIR. The

quantitative SIR values between FLAIR

and EPI-FLAIR were tested with a t test

and a correlation coefficient (r). The sig-

nificance level was defined as P � .05

(2-sided).

RESULTS
A total of 52 consecutive patients (28 men

and 24 women; age range, 32–96 years)

met our inclusion criteria. The median

and interquartile ranges of the baseline

NIHSS scores were 11 and 10.75, respec-

tively. The median and interquartile

ranges of the time from presentation to

MR imaging was 6 and 7.5 hours, respec-

tively, in 34 of 38 patients with acute isch-

emic infarction. In 4 patients with acute

infarction, the time from the onset of

symptoms was unknown.

Two studies (4%) were deemed non-

diagnostic and were excluded from the

study, one because of susceptibility arti-

facts caused by dental braces and the

other because of significant motion arti-

facts. In 50 (96%) of 52 studies, FLAIR

and EPI-FLAIR studies were rated of di-

agnostic image quality (image quality �3)

by both observers. The median and ranges

of image quality scores were 4 and 3– 4,

respectively, for FLAIR by both observers,

with no statistically significant difference

(P � .54) and with an interobserver

agreement of � � 0.82; 95% CI, 0.67–

0.90. The median and ranges of image

quality scores were 3 and 3– 4, respec-

tively, for EPI-FLAIR by both observers

with no statistically significant difference

(P � .4) and an interobserver agreement

of � � 0.63 (95% CI, 0.37– 0.80).

Twelve patients did not have restricted diffusion on DWI;

therefore, results were negative on both FLAIR and EPI-FLAIR

with complete concordance. There were 38 patients who had

acute infarction (�DWI lesion). The infarctions were supraten-

torial in 32 patients, infratentorial in 2 patients, and both supra-

tentorial and infratentorial in 4 patients. In 36 (95%) of 38 pa-

tients with acute infarction, FLAIR and EPI-FLAIR concurred and

demonstrated good correlation: r � 0.88; 95% CI, 0.80 – 0.93 (Ta-

ble 1). In 26 patients in whom both FLAIR and EPI-FLAIR were

positively concordant with DWI (Fig 1), the time from onset to

MR imaging ranged from 2.5–18 hours. In 10 patients for whom

both FLAIR and EPI-FLAIR were negatively concordant with

DWI hyperintensity, the time from presentation to MR imaging

ranged from 50 minutes to 3 hours. In only 2 patients (5%), EPI-

FLAIR was discordant with FLAIR and was unable to show subtle

FLAIR hyperintensity corresponding to a DWI lesion. In 1 case,

there was a punctate small thalamic infarction. The other discor-

dant case was a hyperacute ischemic infarction in a patient who

FIG 1. An 86-year-old man with acute onset left-sided weakness after elective cardiac surgery,
NIHSS:8. Axial DWI (4500/90, b � 1000 s/mm2) (A), FLAIR (9000/88/2500) (B), and EPI-FLAIR
(10,000/106/2500) (C) images obtained 4.5 hours after the onset of symptoms. Watershed in-
farctions are noted along the right cerebral hemisphere deep white matter zones. Note the
comparable image quality between FLAIR and EPI-FLAIR, both demonstrating increased signal
intensity in the region of DWI abnormality, indicative of completed infarctions. Acquisition time
for FLAIR was 3 minutes; for EPI-FLAIR, it was 52 seconds.

Table 1: Correlation of FLAIR and EPI-FLAIR compared with DWI (n � 50)

N DWI
FLAIR

(Signal)
EPI-FLAIR
(Signal) Conclusion

12 � � � No ischemic infarction
10 � � � Concordant FLAIR–EPI-FLAIR, early stage of ischemic

infarction
26 � � � Concordant FLAIR–EPI-FLAIR, completed infarction
2 � � � EPI-FLAIR discordant with FLAIR
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underwent imaging only 1 hour after endovascular aneurysm

coiling (Fig 2). There were no discrepancies between FLAIR and

EPI-FLAIR in identification of the anatomic location of infarc-

tions. A hyperintense vascular sign, which was suggestive of a

blood clot or sluggish flow, was identified in 5 cases on both

FLAIR and EPI-FLAIR (supraclinoid internal carotid artery [n �

2], basilar artery [n � 1], and proximal MCA [n � 2]).

The volume (mean � SD) of lesions on FLAIR and EPI-FLAIR

were 15.4 � 12.7 and 17.5 � 15.8, respectively (P � .3).The

mean � SD of the SIR values for EPI-FLAIR and FLAIR are de-

tailed in Table 2. In 12 patients with no infarction, the mean SIR

values were 1.02 for both FLAIR and EPI-

FLAIR (P � .2). The overall mean � SD of

the SIR values on EPI-FLAIR and FLAIR

for DWI-positive lesions were 1.28 � 0.16

and 1.25 � 0.17, respectively (P � .47).

The mean (1.33) of EPI-FLAIR SIR

values for patients who presented � 4.5

hours from the onset was statistically

higher (t value, 7.959; P � .0001) than for

those who presented � 4.5 hours from the

onset (1.10). In a similar fashion, the

mean (1.36) of FLAIR SIR values for pa-

tients who presented � 4.5 hours from

the onset was statistically higher (t value,

7.491; P � .0001) than for those who pre-

sented � 4.5 hours (1.14).

There was significant correlation for

the SIR values between FLAIR and EPI-

FLAIR (r � 0.899; z value � 8.677; P �

.0001). Fig 3 shows the scatterplots and

Bland-Altman plots of the SIR between

FLAIR and EPI-FLAIR. In 2 discordant

cases, despite visual discordancy between

FLAIR and EPI-FLAIR for the detection

of hyperintensity corresponding to a DWI

lesion, the SIR values were comparable

(Table 2). In 4 patients with an unknown

time of presentation, the FLAIR and EPI-

FLAIR values were concordant, with SIR

values � 1.3 in 3 patients and SIR � 1.3 in

1 patient.

DISCUSSION
There are 2 different schools of thought

on neuroimaging for AIS. Although CT is

the most widely available method and is a

faster imaging technique, some larger in-

stitutions and many comprehensive

stroke centers favor streamlined MR pro-

tocols compared with CT in the acute

stroke setting because of the higher spec-

ificity and superior tissue characterization

afforded by MR imaging.

Our results demonstrate that the de-

scribed EPI-FLAIR sequence is feasible

for use in the acute stroke setting, with

comparable qualitative and quantitative

results to a conventional FLAIR sequence, and has the potential

for saving valuable acquisition time in patients with AIS. For such

patients within the therapeutic time window, it has been esti-

mated that for every minute during which ischemic stroke is left

untreated, approximately 1.9 million neurons are lost.21 There-

fore, an interest prevails in enhancing image acquisition and post-

processing speed for both CT- and MR-based imaging protocols,

with the goal of identifying the optimal balance between the con-

cepts of “time is brain” and “imaging is brain.”22,23

The MR imaging treatment scheme for AIS at our institution

includes a rapid imaging plan including DWI, GRE, and FLAIR.

FIG 2. A 60-year-old man with sudden-onset left-sided weakness after an aneurysm coil was
placed for a proximal supraclinoid ICA aneurysm. Axial DWI (4500/90, b � 1000 s/mm2) (A),
FLAIR (9000/88/2500) (B), and EPI-FLAIR (10,000/106/2500) (C) obtained approximately 60 min-
utes after onset of symptoms. Acute infarction along the right MCA territory is noted. The signal
intensity ratio of the lesion to the contralateral hemisphere was elevated and measured 1.19 for
FLAIR and 1.15 for EPI-FLAIR. Qualitatively, however, very subtle increased hyperintensity corre-
sponding to the region of DWI abnormality is evident on FLAIR but is not clearly seen on
EPI-FLAIR. Note the susceptibility artifacts related to the dislodged coil in the MCA bifurcation,
which is more pronounced on EPI-FLAIR (arrow) and likely contributed to field inhomogeneity
and may have explained the qualitative discrepancy with FLAIR. Note the hyperintense vessel
sign (arrowheads) on both FLAIR and EPI-FLAIR caused by sluggish flow or clot in the sylvian
MCA branches.

Table 2: Comparison of SIR values between FLAIR and EPI-FLAIR studies (n � 50)

FLAIR SIR EPI-FLAIR SIR
T Test

(P Value)
DWI negative

(�) FLAIR, (�) EPI-FLAIR (n � 12) 1.02 � 0.005 1.02 � 0.006 .2
DWI positive

�4.5 hours of time from onset to MR imaging
(n � 12)

1.14 � 0.08 1.10 � 0.06 .22

�4.5 hours of time from onset to MR imaging
(n � 22)

1.36 � 0.16 1.33 � 0.17 .83

(�) FLAIR, (�) EPI-FLAIR (n � 2) 1.15 � 0.03 1.13 � 0.05 /Aa

Note:—Data are mean � standard deviation.
a In 2 discrepant cases, the SIR values were comparable. The sample was too small for evaluation with the t test.
In 4 patients with unknown time of presentation, the SIR values were concordant between FLAIR and EPI-FLAIR (SIR �
1.3, n � 3; SIR � 1.3, n � 1).
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The images are then reviewed by neuroradiologists and neurolo-

gists on-line. On the basis of clinical deficits and imaging findings,

a decision is made to give or withhold thrombolysis by IV tPA. It

should be noted that saving 2 minutes of acquisition time is a step

forward in improved total MR image time. This is particularly

relevant because the time reduction occurs before the thrombol-

ysis decision point in our imaging treatment scheme.

In general, magnetic field inhomogeneity and susceptibility

artifacts are problematic for imaging sequences such as EPI, be-

cause of long acquisition intervals and long echo trains.17 As a

consequence, prior reports on the use of EPI-FLAIR sequences to

evaluate intracranial processes such as brain tumors24,25 and

stroke26 have produced mixed results, with susceptibility artifacts

being a major limiting factor. We postulate that the improved

image quality of our EPI-FLAIR technique can be partly explained

by the integration of parallel imaging and its complementary ef-

fects with EPI.

Parallel imaging results in faster acquisition speed and also

helps to mitigate the distortion and susceptibility artifacts associ-

ated with the EPI technique.19,20 Integration of parallel imaging

with the EPI sequence and undersampling of k-space can result in

shortening of the echo-train length and an increase in blip gradi-

ents. Accordingly, the pixel bandwidth in the phase-encoding di-

rection increases, which leads to a reduction in susceptibility ar-

tifacts. In addition, the shortened echo train provides the

opportunity to reduce the echo time and hence the T2 decay,

which in turn can lead to a significant SNR gain, offsetting the

SNR penalty incurred by use of the parallel imaging technique. In

this study, the complementary effects of integration of parallel

imaging with EPI has resulted in a FLAIR sequence with diagnos-

tic image quality that avoids the potential EPI-related susceptibil-

ity artifacts, when compared with conventional FLAIR.

The main clinical use of FLAIR imaging in the setting of acute

stroke is to identify acute ischemic infarcts within the thrombo-

lytic time window. Use of only time from symptom onset can

result in exclusion of potentially treatable ischemic stroke cases

when the time of onset is uncertain, such as patients with symp-

toms first noted on awakening, or those with unwitnessed onset,

who are unable to provide an accurate history. As a rule, the prev-

alence of lesion visibility on FLAIR increases as time passes from

the stroke onset. Recent reports have demonstrated that approx-

imately 27%–50% of patients with stroke have positive FLAIR

findings within 3 hours and 93% at � 6 hours,13-14,27 indicating

the development of cytotoxic edema, and corresponding to com-

pleted tissue infarction. Although our study goals did not include

the aging of infarcts, we found that the described EPI-FLAIR se-

quence is comparable to conventional FLAIR in the detection of

FLAIR hyperintensity corresponding to DWI abnormality, agree-

ing with conventional FLAIR in 92% of patients with AIS.

It is more important to note that our results indicate that the

SIR values of the EPI-FLAIR technique are concordant with

FLAIR in patients with time of onset to MR imaging of � 4.5

hours, an important timeline for IV thrombolysis treatment plan-

ning. Our values are concordant with the results of a recently

published clinical trial by Song et al.28

In 2 cases, EPI-FLAIR was unable to show subtle FLAIR hy-

perintensity corresponding to the area of infarction. However, the

SIR values of these lesions were comparable (Table 2). In 1 case,

the infarction was too small. The other discrepant case was a hy-

peracute infarction that occurred approximately 1 hour after an-

eurysm coil placement and consequently had very subtle FLAIR

hyperintensity (Fig 2). In addition, the aneurysm coil mass in the

MCA bifurcation near the vicinity of the infarction probably re-

sulted in added susceptibility artifacts and may have caused in-

complete water suppression, hence reduced lesion to background

contrast ratio and a decrease in sensitivity of EPI-FLAIR. It is

important to note that the SIR values of these lesions were com-

parable on both FLAIR and EPI-FLAIR (Table 2), suggesting that

the detection of a hyperintense signal may be a null point for

practical purposes if the SIR values are comparable.

This study had several limitations. The first was a relatively

small sample size possibly introducing a size selection bias. The

second limitation was the inherent susceptibility artifacts associ-

ated with EPI techniques. Although susceptibility artifacts were

mitigated by integration of parallel imaging and did not affect the

diagnostic image quality of our study, we anticipate that this could

be more problematic at higher magnetic fields such as 3T, espe-

cially at tissue interfaces and near the skull base. Third, we noted

FIG 3. Bland-Altman plots and scatterplot show significant correlation (r � 0.899; z value � 8.677; P � .0001) for the SIR values between FLAIR
and EPI-FLAIR in patients with acute infarction (DWI-positive lesions [n � 38]).
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that the EPI-FLAIR sequence exhibits a reduced white-gray mat-

ter contrast ratio, likely caused by incomplete, or inhomoge-

neous, water suppression. This could diminish the conspicuity of

the EPI-FLAIR sequence to small white matter abnormalities, a

possibility not specifically addressed in our study. Larger clinical

studies will likely be needed to more fully determine the clinical

usefulness of the described EPI-FLAIR technique in a broader

setting.

CONCLUSIONS
The described EPI-FLAIR technique is feasible, with comparable

qualitative and quantitative results to conventional FLAIR images

for evaluation of patients with AIS. EPI-FLAIR can be imple-

mented in the acute stroke MR protocol, resulting in a valuable

reduction in scan time.
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CTA Collateral Status and Response to Recanalization in
Patients with Acute Ischemic Stroke

V. Nambiar, S.I. Sohn, M.A. Almekhlafi, H.W. Chang, S. Mishra, E. Qazi, M. Eesa, A.M. Demchuk, M. Goyal, M.D. Hill, and B.K. Menon

ABSTRACT

BACKGROUND AND PURPOSE: Collateral status at baseline is an independent determinant of clinical outcome among patients with
acute ischemic stroke. We sought to identify whether the association between recanalization after intra-arterial acute stroke therapy and
favorable clinical response is modified by the presence of good collateral flow assessed on baseline CTA.

MATERIALS AND METHODS: Data are from the Keimyung Stroke Registry, a prospective cohort study of patients with acute ischemic
stroke from Daegu, South Korea. Patients with M1 segment MCA with or without intracranial ICA occlusions on baseline CTA from May
2004 to July 2009 who also had baseline MR imaging were included. Two readers blinded to all clinical information assessed baseline and
follow-up imaging. Leptomeningeal collaterals on baseline CTA were assessed by consensus by use of the regional leptomeningeal score.

RESULTS: Among 84 patients (mean age, 65.2 � 13.2 years; median NIHSS score, 14; interquartile range, 8.5), median time from stroke onset
to initial MR imaging was 164 minutes. TICI 2b–3 recanalization was achieved in 38.1% of patients and mRS 0 –2 at 90 days in 35.8% of
patients. In a multivariable model, the interaction between collateral status and recanalization was significant. Only patients with inter-
mediate or good collaterals who recanalized showed a statistically significant association with good clinical outcome (rate ratio � 3.8; 95%
CI, 1.2–12.1). Patients with good and intermediate collaterals who did not achieve recanalization and patients with poor collaterals, even if
they achieved recanalization, did not do well.

CONCLUSIONS: Patients with good or intermediate collaterals on CTA benefit from intra-arterial therapy, whereas patients with poor
collaterals do not benefit from treatment.

ABBREVIATIONS: IAT � intra-arterial therapy; rLMC � regional leptomeningeal collateral score; SD � standard deviation

Leptomeningeal collaterals are pre-existing anastomoses that

connect a small number of distal-most arterioles within the

crowns of the cerebral artery trees.1,2 During an acute stroke, isch-

emic brain depends on blood flow from these collaterals to survive

until the occluded artery is opened.3-8 This collateral circulation is

highly variable and potentially influences the rate at which an

infarct grows.4,8-10 Collateral status at baseline is an independent

determinant of clinical outcome among patients with acute isch-

emic stroke.3,5,7,8,11 Nonetheless, “effect modification” by collat-

eral status measured noninvasively by use of CTA of the relation-

ship between recanalization and clinical outcome has not been

demonstrated before. This tool can be used to select patients for

intra-arterial therapy (IAT) through demonstration of a differen-

tial clinical response to recanalization by collateral status.

In this study, we first demonstrate the concept of validity of col-

lateral status measured by use of CTA among patients presenting

with acute ischemic stroke by correlating it with infarct volume on

baseline MR DWI and infarct growth over 24 hours. We then dem-

onstrate “effect modification” by collateral status of the relationship

between recanalization and clinical outcome in patients with acute

ischemic stroke undergoing IAT, thus justifying the use of baseline

collateral status on CTA as a patient selection tool for IAT.

MATERIALS AND METHODS
The Keimyung Stroke Registry is an ongoing, single-center, prospec-

tive cohort study of patients with acute ischemic stroke presenting to

the Keimyung University, Dongsan Hospital in Daegu, South Korea.

All patients undergo an NCCT of the head at admission followed by

CTA of the head and neck. For the study (time period, May 2004 to
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July 2009), we included only patients presenting with acute ischemic

stroke with M1 segment MCA with or without ICA occlusion on

baseline CTA with witnessed stroke symptom onset who were treated

with IAT and had a pretreatment brain MR imaging and 24-hour

posttreatment MR imaging. During this time period, there were 286

patients with documented anterior circulation occlusions on base-

line CTA. We excluded 202 patients (43 patients with a documented

MCA occlusion beyond the M1 MCA segment, 28 patients with iso-

lated ICA without M1 MCA occlusion, 7 patients with simultane-

ously detected occlusions in the posterior circulation or contralateral

ICA territory, 71 patients with unknown stroke onset time, 16 pa-

tients with baseline MR imaging obtained after treatment, 29 patients

with poor-quality MR imaging at baseline, and 8 patients without

24-hour MR imaging). Finally, 84 patients were included in these

analyses. Stroke severity was assessed by use of the NIHSS at baseline,

immediately after treatment, at discharge, and at 90 days. Interval

times from stroke symptom onset to presentation in the emergency

department, imaging, and endovascular procedures were collected.

Functional status was assessed at baseline and 90 days by use of the

mRS. We collected data on mRS by clinical review in a face-to-face

interview at 3 months (in approximately 70% of patients) and by

telephone interview at 3 months (in approximately 25% of patients).

For 5% of patients, we obtained the 3-month mRS information at

5–9 months. The study was approved by the local institutional review

board.

Imaging Protocol
Standard nonhelical NCCT was performed on a multisection scan-

ner (Sensation 16; Siemens, Erlangen, Germany) by use of 120 kV,

170 mAs, with 5-mm section thickness. NCCT was followed by CTA

with the use of a helical scan technique. Coverage was from arch to

vertex, with continuous axial sections parallel to the orbitomeatal line

with 0.6–1.25-mm section thickness. Acquisitions were obtained af-

ter a single bolus intravenous contrast injection of 90–120 mL non-

ionic contrast media into an antecubital vein at 3–5 mL/s, auto-trig-

gered by appearance of contrast in a region of interest manually

placed in the ascending aorta. This was followed by a baseline MR

imaging (3T Signa Excite; GE Healthcare, Milwaukee, Wisconsin)

consisting of DWI, time-of-flight MRA, and gradient recalled-echo

as a part of a stroke protocol. Follow-up MR imaging was performed

within 24 hours by use of the same protocol.

Intra-Arterial Therapy
Intravenous tPA was given to all eligible patients within 3 hours of

stroke onset as per accepted guidelines. MR imaging was primar-

ily used to assess intracerebral hemorrhage on gradient recalled-

echo and recanalization status on MR TOF. Patients were taken to

the angiography suite from the MR imaging suite for IAT. Patients

with MCA occlusions with or without ICA occlusions who did not

show recanalization on MRA or rapid clinical improvement after

IV tPA were considered for IAT. IAT included local urokinase

(10,000 –20,000 IU/min; maximum permissible dose, 300,000 IU;

Green Cross Pharm, Seoul, Republic of Korea), balloon angio-

plasty, or wire manipulation. Glycoprotein IIb/IIIa receptor an-

tagonists were given in a small number of patients. For clots not

manageable by the above methods, we used off-label stent place-

ment (with the use of coronary stents). Recanalization was as-

sessed by means of angiography in all cases. Successful recanali-

zation was defined as TICI 2b/3 flow on final angiogram.

Penumbra Stroke System aspiration catheters (Penumbra, Al-

ameda, California) and stent retriever devices (eg, Solitaire FR

[Covidien, Irvine, California], Trevo [Stryker, Kalamazoo, Mich-

igan]) were not available during this period.

Imaging Analyses
Baseline and follow-up images were analyzed at the imaging core

lab of the Calgary Stroke Program. OsiriX version 3.5 (http://

www.osirix-viewer.com), an image-processing software designed

for multiplanar reconstruction, was used to reconstruct 2D mul-

tiplanar reconstruction images of CTA in axial, coronal, and sag-

ittal planes by use of 24-mm-thick slabs. Leptomeningeal collat-

erals were assessed on baseline CTA by consensus (B.K.M., S.I.S.)

by use of the regional leptomeningeal score (rLMC), a previously

published ordinal scoring system that is based on the Alberta

Stroke Program Early CT Score template that has excellent inter-

rater reliability3 (Fig 1). Infarct volumes were measured on base-

line and 24-hour MR DWI by use of an in-house–validated soft-

ware, Quantomo (Cybertrial, Calgary, Canada). Infarct growth over

24 hours was calculated by subtracting initial infarct volume from the

24-hour volume measurement. Quantomo has been previously val-

idated and has good interrater and intrarater agreement.12 Readers

were blinded to all clinical information and follow-up data at the

time of scan reading.

Statistical Analyses
Continuous variables are summarized as means (�1 SD) or medians

(interquartile range or range) as appropriate. Collateral status by use

of the rLMC score (0–20) was trichotomized into 3 groups: good

(17–20), intermediate (11–16), and poor (0–10), according to pre-

viously published literature.3 Differences between these 3 groups

were assessed by means of the Fisher exact test for proportions, 1-way

ANOVA for parametric data, and a rank sum test for nonparametric

data. We adjusted for multiple comparisons by use of the Bonferroni

method. We tested for trend in outcome measure (infarct growth

and mRS 0–2 at 90 days) by collateral status in the recanalizers (TICI

2b–3) and in the non-recanalizers (TICI 0–1) by use of the Cuzick

test of trends. We then built a multivariable model by use of general-

ized linear modeling with a log link, with mRS 0–2 versus 3–6 at 90

days as the outcome and collateral status (good, intermediate, and

poor), recanalization status (TICI 2b–3 versus 0–2a), and age (by

decile) as independent variables. Because there was no significant

association of sex, baseline NIHSS, or onset to imaging time with

mRS at 90 days, these variables were not included in the model. We

specifically included a multiplicative interaction term between col-

lateral status and recanalization status. All hypothesis tests were

2-sided, with a value of P � .05 considered statistically significant. In

multivariable analysis, interaction effects were considered significant

at a value of P � .10.13 Analyses were performed with the use of

STATA/SE 12.1 software (StataCorp, College Station, Texas).

RESULTS
Among 84 patients, the mean age was 65.2 � 13.2 years, median

NIHSS score was 14 (interquartile range, 8.5), and median time

AJNR Am J Neuroradiol 35:884 –90 May 2014 www.ajnr.org 885



from stroke onset to initial MR imaging was 164 minutes. Suc-

cessful recanalization (TICI 2b–3) was achieved in 38.1% of pa-

tients and good clinical outcome (mRS 0 –2 at 90 days) in 35.8%

of patients. Mean baseline infarct volume was 58.5 mL (�1 SD,

64.4 mL) and mean infarct growth over 24 hours was 58.3 mL (�1

SD, 72 mL). There were 19 patients with good, 34 with interme-

diate, and 31 with poor collateral scores at baseline. Baseline char-

acteristics stratified by good, intermediate, and poor collateral

status are described in Table 1. Patients with good collateral status

had lower baseline NIHSS score, higher baseline ASPECTS on

NCCT, smaller baseline infarct volume on MR imaging, and lesser

infarct growth over 24 hours (Table 1).

Infarct growth over 24 hours was significantly lower in pa-

tients with good collateral status at baseline who achieved recan-

alization (7.0 mL; �1 SD � 11.7 mL) when compared with those

with intermediate collateral status who achieved recanalization

(26.6 mL; �1 SD � 43.4 mL) and those with poor collaterals who

recanalized (67.7 mL; �1 SD � 75.1 mL) (P � .05; between group

difference). There was no difference in infarct growth in the non-

recanalizers stratified by collateral status (good collaterals: 58.4

mL, �1 SD � 58.6 mL; intermediate collaterals: 48.6 mL, �1

SD � 63.7 mL; poor collaterals: 100.4 mL, �1 SD � 91 mL; P �

.09, between-group difference) (Fig 2). Similarly, good clinical

outcome (mRS 0 –2 at 90 days) was higher among patients with

good collateral status who achieved recanalization (100%) when

compared with those with intermediate collateral status who re-

canalized (58.8%) and those with poor collaterals who recana-

lized (33.3%) (P � .04). There was no statistically significant dif-

ference in good clinical outcome in the non-recanalizers stratified

by collateral status (30.8% in those with good collaterals, 17.6% in

those with intermediate collaterals, and 18.2% in those with poor

collaterals; P � .67). The Cuzick test of trend by collateral status

was statistically significant for good clinical outcome (mRS 0 –2 at

90 days, P � .01) in the recanalizers. There was no statistically

significant trend by collateral status for good clinical outcome

(P � .08) in the non-recanalizers (Fig 3).

FIG 1. Collateral status on CTA as measured by the rLMC score with baseline and 24-hour infarct volume on MR DWI.

Table 1: Baseline characteristics of patients in study stratified by collateral status (n � 84)
Good Collaterals

(rLMC Score 17–20, n = 19)
Intermediate Collaterals
(rLMC Score 11–16, n = 34)

Poor Collaterals
(rLMC Score 0–10, n = 31) P Value

Age, y, median (range) 63 (26–78) 66 (40–85) 70 (45–89) .15
Sex, male, % 52.6% 58.8% 45.2% .55
Baseline NIHSS score, median (range) 10 (5–25) 13 (4–23) 18 (8–25) �.01
Baseline ASPECTS, median (range) 8 (3–10) 8 (3–10) 5 (1–10) �.01
Onset to baseline MRI time, min, median (range) 166 (68–724) 176.5 (55–493) 148 (36–334) .06
Baseline infarct volume, mL (�1 SD) 12.6 (13.2) 37.1 (32.1) 110.1 (75.1) �.01
IV tPA (%) 52.6% 55.9% 48.4% .72
Recanalization, %, TICI 2b–3 31.6% 50% 29% .2
Onset to recanalization, min,a n � 32, median (range) 400 (295–766) 360 (160–620.5) 290 (157–323) .01
Infarct growth, mL (�1 SD) 42.1 (52.1) 37.6 (54.8) 90.9 (86.7) �.01

a In recanalizers alone (n � 32).
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In the multivariable model, the interaction between collat-

eral status and recanalization was relevant (P � .08). This final

model also included age as a significant independent predictor

of good clinical outcome. Given the presence of a statistically

significant interaction in the model, we report age- and sex-

adjusted rate ratios for patients in 4 groups, namely, group 1

(poor collaterals who do not recanalize, n � 22), group 2 (poor

collaterals who recanalize, n � 9), group 3 (intermediate or

good collaterals who do not recanalize, n � 30), and group 4

(intermediate or good collaterals who recanalize, n � 23). Pa-

tients with intermediate and good collaterals were collapsed

into 1 group for ease of reporting interaction effects. Only

patients with intermediate or good collaterals who recanalize

showed a statistically significant association with good clinical

outcome (rate ratio � 3.8; 95% CI, 1.2–12.1). None of the

other groups did as well clinically (Table 2). Fig 3 shows the

unadjusted mRS scores at 90 days in these 4 groups stratified by

recanalization status.

DISCUSSION
Our results show that collateral status measured at baseline by use

of CTA among patients with acute ischemic stroke correlates with

baseline infarct volume and with infarct growth over 24 hours.

Furthermore, we demonstrated effect modification by collateral

status of the relationship between recanalization and good clinical

outcome. Patients with good and intermediate collaterals who

achieve recanalization with IAT do well when compared with

those who do not achieve recanalization. Patients with poor col-

laterals do not do well even if recanalization is achieved with IAT

(Table 2).

Several imaging paradigms propose to “select” patients most

suitable for IAT.14-18 MR imaging– based diffusion/perfusion

mismatch is one such paradigm. MR imaging, however, takes

time to screen, perform, and interpret.19

Many patients do not tolerate it as well

as CT; image quality is affected by pa-

tient motion. MR imaging also has lim-

ited availability “after hours.”20 More-

over, the recent MR Rescue Trial

showed that the tool may not help in

selecting patients for IAT.21 NCCT

ASPECTS has moderate interrater reli-

ability, even among experts.22-25 Reli-

ability is less in the early presenters

(within 90 minutes from stroke symp-

tom onset).26 In addition, ASPECTS in-

terpretation is affected by patient mo-

tion and in the aged.27 CT perfusion

needs algorithms for postprocessing

images that are vendor-specific, not

standardized, and therefore variable

across centers.28-31 Trained personnel

are sometimes needed to process these

images. In addition, image quality is af-

fected to some extent by patient mo-

tion.29 Additional radiation dose is also

a concern.32 Collateral assessment on CTA has good interrater

reliability.3,4,33 Good correlation with baseline infarct volume

and infarct growth on MR DWI in our study demonstrates the

tool’s content validity. Furthermore, by demonstrating “effect

modification” by collateral status among patients undergoing

IAT, we demonstrate for the first time that this tool can be used to

select patients for this therapy. Collateral assessment on CTA does

not need any sophisticated algorithm or trained personnel for

postprocessing images and is relatively resistant to patient mo-

tion–induced artifacts. It is available 24 hours a day in most cen-

ters. We therefore propose the use of this tool for patient selection

within future endovascular trials.

Despite the variability in measuring collaterals at baseline in

patients with acute ischemic stroke, our study further reinforces

evidence from previous literature that patients with good collat-

erals at baseline have small baseline infarcts when compared with

patients with intermediate and poor baseline collaterals.34,35 Re-

canalization helps reduce further infarct growth, thus limiting size

of final infarct.8 Our study also shows that the rate of infarct

growth is quicker in patients with intermediate collaterals; these

patients may only benefit if recanalization is achieved quickly.

Patients with poor collaterals at baseline grow their infarcts the

quickest; the likelihood that they will benefit from recanalization

is the least. Nonetheless, the fact that some patients with poor

collaterals in our study achieved good clinical outcome raises the

possibility that routine CTA may have underestimated good and

intermediate collaterals in some patients, misclassifying these col-

laterals as poor. Routine CTA is a single snapshot of contrast-

filled blood vessels. Early timing of image acquisition with respect

to that of bolus injection could potentially result in underestima-

tion of true collateral status by use of this technique.3 The 4 pa-

tients who achieved good clinical outcome despite having poor

collaterals at baseline and not achieving recanalization had a

mean baseline infarct volume of 63.1 mL (range, 13.3–133.5 mL)

FIG 2. Mean baseline infarct volume and infarct growth over 24 hours stratified by baseline
collateral status on CTA and final recanalization (TICI score 2b–3 versus 0 –2a).
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compared with a mean baseline infarct volume of 110 mL for all

patients with poor collaterals in the study, thus suggesting possi-

ble misclassification of good and intermediate collateral status as

poor by use of routine CTA in at least those patients with small or

intermediate baseline infarct volume.36 The rLMC score used in

our study, being more liberal when defining poor collaterals in

comparison with stricter definitions used in other studies, could

also explain why some patients with poor collaterals did well in

our study.34 Finally, variability in brain eloquence or possible

misclassification of 90-day clinical outcome as the result of tele-

phone follow-up in approximately 25% of patients could poten-

tially explain why 2 patients with poor baseline collaterals and

baseline infarct volumes �80 mL in our study did well clinically.36

Both these patients had right hemisphere infarcts. Our study,

however, is able to show with a degree of statistical certainty

that the patients most likely to benefit from recanalization are

those with good and intermediate baseline collaterals; patients

with poor collaterals do not show a differential response to

recanalization.

Reperfusion-related edema and injury has been postulated to

be a cause for increased infarct growth among patients without

mismatch who achieve reperfusion.18 In our study, patients with

poor collateral status who did not recanalize had more infarct

growth than did patients with poor collateral status who recana-

lized. Our results do not support the reperfusion injury hypothe-

sis. On the contrary, we speculate that early recanalization, even

among patients with poor collaterals, may reduce the risk of

death.37

Our study is not a randomized, controlled trial. Similar to

previous studies supporting the use of a “mismatch”-based para-

FIG 3. Ninety-day clinical outcome according to the mRS stratified by baseline collateral status on CTA and final recanalization (TICI score,
2b–3).

Table 2: Generalized linear model with the use of log link showing rate ratios for good clinical outcome (mRS 0 –2 at 90 days) by
collateral status and recanalization status adjusted for age and sex

Group Rate Ratio 95% CI mRS 0–2 at 90 Days, % P Value
Poor collaterals, non-recanalizers (n � 22) 1 – 18.2% –
Poor collaterals, recanalizers (n � 9) 2 0.5–8.3 33.3% .34
Intermediate and good collaterals, non-recanalizers (n � 30) 1.6 0.5–5.5 23.3% .44
Intermediate and good collaterals, recanalizers (n � 23) 3.8 1.2–12.1 70% .02
Age (for every 10 y below 80) 1.2 1.1–1.4 – .01
Sex, male 0.6 0.4–1.1 .12

Note:—Reference group is patients with poor collaterals who do not recanalize.
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digm on perfusion imaging, our study provides evidence for the

use of a “CTA collateral assessment– based paradigm” in selecting

patients for IAT.18 We did not have data on every procedural time

metric; approximately 30% of follow-up clinical data (mRS at 90

days) was ascertained by telephone. We were also underpowered

to do a secondary analysis on the effect of time to recanalization

on clinical outcomes stratified by collateral status. Our recanali-

zation rates are modest and reflective of the time period when

patients were recruited; nonetheless, our study is unique in that

we were able to show a statistically significant interaction between

collateral status and recanalization. With the advent of stent retriev-

ers that achieve recanalization rates in excess of 80%, future demon-

stration of such statistically significant “effect modification” may

need very large cohorts.37 Our study is thus timely in being able to

demonstrate the utility of this tool in patient selection for IAT.

CONCLUSIONS
The results from our study suggest a differential clinical and im-

aging response to recanalization by IAT in patients with good and

intermediate collaterals. Patients with poor collaterals show no such

differential response. Collateral assessment on CTA can potentially

help aid patient selection for acute intra-arterial stroke treatment and

for potential inclusion in endovascular stroke trials.
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Imaging Findings in MR Imaging–Guided Focused Ultrasound
Treatment for Patients with Essential Tremor

M. Wintermark, J. Druzgal, D.S. Huss, M.A. Khaled, S. Monteith, P. Raghavan, T. Huerta, L.C. Schweickert, B. Burkholder, J.J. Loomba,
E. Zadicario, Y. Qiao, B. Shah, J. Snell, M. Eames, R. Frysinger, N. Kassell, and W.J. Elias

ABSTRACT

BACKGROUND AND PURPOSE: MR imaging– guided focused sonography surgery is a new stereotactic technique that uses high-intensity
focused sonography to heat and ablate tissue. The goal of this study was to describe MR imaging findings pre- and post-ventralis
intermedius nucleus lesioning by MR imaging– guided focused sonography as a treatment for essential tremor and to determine whether
there was an association between these imaging features and the clinical response to MR imaging– guided focused sonography.

MATERIALS AND METHODS: Fifteen patients with medication-refractory essential tremor prospectively gave consent; were enrolled in
a single-site, FDA-approved pilot clinical trial; and were treated with transcranial MR imaging– guided focused sonography. MR imaging
studies were obtained on a 3T scanner before the procedure and 24 hours, 1 week, 1 month, and 3 months following the procedure.

RESULTS: On T2-weighted imaging, 3 time-dependent concentric zones were seen at the site of the focal spot. The inner 2 zones showed
reduced ADC values at 24 hours in all patients except one. Diffusion had pseudonormalized by 1 month in all patients, when the cavity
collapsed. Very mild postcontrast enhancement was seen at 24 hours and again at 1 month after MR imaging– guided focused sonography.
The total lesion size and clinical response evolved inversely compared with each other (coefficient of correlation � 0.29, P value � .02).

CONCLUSIONS: MR imaging– guided focused sonography can accurately ablate a precisely delineated target, with typical imaging
findings seen in the days, weeks, and months following the treatment. Tremor control was optimal early when the lesion size and
perilesional edema were maximal and was less later when the perilesional edema had resolved.

ABBREVIATIONS: CRST � Clinical Rating Scale for Tremor; Vim � ventralis intermedius nucleus

MR imaging– guided focused sonography surgery is a new

stereotactic technique that uses high-intensity focused

sonography to heat and ablate tissue rapidly under closed-loop

image guidance and control throughout all steps of the interven-

tion process. MR imaging allows precise intraprocedural localiza-

tion of the ablation target, verification of safety margins for the

sonography treatment, and real-time monitoring of thermal ab-

lation dynamics.1-7 MR imaging– guided focused sonography is

now accepted in the treatment of soft-tissue disorders, including

prostate cancer and uterine fibroids. Intracranial applications for

brain tumors8,9 and neuropathic pain syndromes10,11 are cur-

rently under investigation. More recently, MR imaging– guided

focused sonography was tested in a clinical trial as a treatment for

essential tremor.

Essential tremor is a common and disabling movement disor-

der with an estimated prevalence of 0.3%–5.55%.12-17 Patients

with essential tremor may suffer more from the mental effects on

quality of life, such as lower perceived health status,18 than from

actual physical symptoms.19 Essential tremor may be medically

refractory: up to 30% of patients do not respond to first-line ther-

apy and may consider surgical options.20 Improved imaging and

refined electrophysiologic localization have demonstrated that

the ventralis intermedius nucleus (Vim) of the thalamus is the

most effective target. The ventralis intermedius nucleus was the

target for the MR imaging– guided focused sonography treatment

in the clinical trial mentioned above.

The goal of this study was to describe findings on MR imaging
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both pre- and post-Vim lesioning by MR imaging– guided fo-

cused sonography as a treatment for essential tremor in the 15

patients enrolled in the trial and to determine whether there was

an association between these imaging features, the number and/or

energy of sonications, and the clinical response to MR imaging–

guided focused sonography.

MATERIALS AND METHODS
Study Population
Under the auspices of our institutional review board, 15 patients

with medication-refractory essential tremor prospectively gave

consent; were enrolled in a single-site, FDA-approved pilot clini-

cal trial; and were treated with MR imaging– guided focused

sonography targeting the Vim of the thalamus contralateral to the

hand-dominant side. A complete medical history was obtained

for each patient, along with a detailed physical and neurologic

examination. Assessment of the patient’s tremor was performed

by using a validated Clinical Rating Scale for Tremor (CRST),21

which has been shown to be reliable among examiners.22 Inclu-

sion and exclusion criteria are reported elsewhere.23

Procedure
The MR imaging– guided focused sonography thalamotomies

were performed in a clinical 3T MR imaging system (HD750; GE

Healthcare, Milwaukee, Wisconsin) by using a clinical system for

focused sonography surgery (ExAblate 4000; InSightec, Haifa,

Israel) featuring a hemispheric 1024-element phased array

transducer.

The patient’s head was fully shaven and then was immobilized

within a MR imaging– compatible frame placed by using a local

anesthetic. The patient’s head rigidly affixed in the frame was

carefully positioned in the helmet-like cavity of the sonography

transducer. A flexible membrane filled with degassed water for

sonography sealed the coupling space between the transducer and

head surface. The water circulated at 16°C for continuous scalp

cooling. The ablation target (ie, the Vim of the thalamus) was

localized on 3D T1-weighted MR images by using the anterior/

posterior commissure line as a reference. The Vim of the thalamus

was initially targeted with standard indirect measurements from

the anterior/posterior commissure line.

The first portion of the procedure consisted of several pre-

treatment test sonications to confirm that the thermal hot spot

was centered in the target location. Several low-power sonications

of 10 –20 seconds’ duration were applied to induce peak temper-

atures of �45°C. These brief temperatures are unlikely to cause

lesioning but are easily visualized on MR thermometry images to

validate the exact position and size of the hot spot, which typically

measures 6 mm in height and 4 mm in diameter (75 �L).

The treatment itself consisted of several high-power sonica-

tions applied in an iterative process guided by MR imaging and

MR thermometry. To induce local tissue ablation, we stepwise

increased the acoustic power from sonication to sonication to

finally achieve a peak temperature between 55°C and 60°C at the

target. Typically, continuous wave sonications of 10 –20 seconds

duration, up to a maximum acoustic power of 1200 W and 800 W,

respectively, were applied.

Patients were fully awake and responsive during all stages of

the intervention. They were monitored and questioned repeatedly

to ensure their neurologic integrity and to assess changes in

tremor intensity or other sensations experienced during the

treatment.

Clinical Outcome Assessment
All patients were monitored in the hospital for at least 24 hours.

Postoperative assessments were performed at 24 hours, 1 week, 1

month, and 3 months and included tremor evaluation,21 neuro-

logic examination, and gait testing.24,25 The contralateral appen-

dicular tremor was evaluated by using the Clinical Rating Scale for

Tremor (having a total of 160 points), which includes 3 parts: 1)

observed tremor location and severity, 92 points; 2) motor tasks:

drawing, handwriting, pouring, 36 points; and 3) disabilities re-

lated to speaking, feeding, drinking hygiene, dressing, writing,

working, and social activities, 32 points.21

Imaging Studies
Preprocedural imaging included a noncontrast head CT, which

was used during the procedure to provide a skull-correction algo-

rithm for transcranial sonication. MR imaging studies were per-

formed on a 3T scanner before the procedure and 24 hours, 1

week, 1 month, and 3 months following the procedure. The MR

imaging protocol was the same at all 5 time points and included

the following sequences: sagittal MPRAGE (TR � 1900 ms, TE �

1.94 ms, TI � 900 ms, flip angle � 9°, 3D, 240 sections per slab,

section thickness � 0.9 mm, distance factor � 50%, base resolu-

tion � 256, phase resolution � 96%, acceleration factor � 2,

whole-brain coverage); axial T1 spin-echo (TR � 600 ms, TE �

8.5 ms, flip angle � 90°, 30 sections, section thickness � 5.0 mm,

distance factor � 20%, base resolution � 256, phase resolution �

100%, whole-brain coverage); axial T2 FSE (TR � 5410 ms, TE �

102 ms, flip angle � 50°, 30 sections, section thickness � 2.0 mm,

distance factor � 0%, base resolution � 384, phase resolution �

85%, acceleration factor � 2, whole-brain coverage angled with

the anterior/posterior commissure line and centered over the

thalami); axial FLAIR (TR � 9000 ms, TE � 110 ms, TI � 2500

ms, flip angle � 180°, 30 sections, section thickness � 5.0 mm,

distance factor � 20%, base resolution � 256, phase resolution �

100%, whole-brain coverage); axial SWI (TR � 27 ms, TE � 20

ms, flip angle � 15°, 3D, 104 sections per slab, section thickness �

1.5 mm, distance factor � 20%, base resolution � 256, phase

resolution � 95%, acceleration factor � 2, whole-brain cover-

age); axial and coronal DWI (TR � 6200 ms, TE � 99 ms, 30

sections, section thickness � 5.0 mm, distance factor � 20%, base

resolution � 178, phase resolution � 100%, acceleration factor �

2, whole-brain coverage); and axial T1 spin-echo postcontrast

(TR � 600 ms, TE � 8.5 ms, flip angle � 90°, 30 sections, section

thickness � 5.0 mm, distance factor � 20%, base resolution �

256, phase resolution � 100%, whole-brain coverage).

Data Analysis
Using a mixed model, we assessed whether the imaging pattern

observed after treatment depended on the number of sonications,

power used for the last sonication, and maximal temperature dur-

ing the MR imaging– guided focused sonography treatment. Us-

ing correlation analysis, we evaluated whether the imaging fea-
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tures observed after MR imaging– guided focused sonography

treatment for essential tremor were associated with the clinical

response to the treatment.

RESULTS
Patients
Fifteen patients (10 men and 5 women; age, 67 � 8 years) were

prospectively enrolled in this trial. Twelve were right-handed, and

3, left-handed. The target of the MR imaging– guided focused

sonography treatment was the Vim of the thalamus on the con-

tralateral side of the patient’s hand dominance.

Procedures
Patients received an average of 18 sonications (minimum, 11;

maximum, 26), with gradual increase in the energy of each soni-

cation. The power used for the last sonication was 845 � 243 W

(minimum, 600 W; maximum, 1300 W). The duration of the last

sonication was between 10 and 16 seconds. The maximal temper-

ature reached during the MR imaging– guided focused sonogra-

phy treatment was 59 � 3°C (minimum, 55°C; maximum, 63°C).

Clinical Outcome
Clinical outcome in the 15 patients enrolled in the trial is reported

in Table 1.

Imaging Findings
On T2-weighted imaging, we found a lesion pattern at the site of

the focal spot with features similar to those previously found in a

trial of MR imaging– guided focused sonography treatment of

neuropathic pain.10 There were 3 concentric zones: a hypointense

zone I at the center; a strongly hyperintense zone II demarcated by

a hypointense rim; and finally, a fuzzy, slightly hyperintense zone

III at the periphery (Fig 1). The diameters of zone I and the thick-

nesses of zones II and III and their evolution with time are re-

ported in Table 2 and Fig 2.

The focused sonography lesion in the axial plane, defined by

the outline of zone II, was round in 10 patients, a vertical (antero-

posterior) oval in 2 patients, and a horizontal (left-right) oval in 3

patients. In the 3 patients who required anterior repositioning of

the focus, the observed shape was a vertical (anteroposterior) oval

in 2 and a horizontal (left-right) oval in 1. The lesion had an

elongated oval shape along the z-axis.

A cavity had developed in the location of zones I and II by 24

hours in 13 patients and by 1 week in the remaining 2 patients.

This cavity collapsed by 1 month in 12 patients and by 3 months in

the remaining 3 patients (Fig 3).

The inner 2 zones, zones I and II, showed reduced ADC values

(0.52 � 0.18 � 10�3 mm2/s) at 24 hours in all patients except 1.

Diffusion had pseudonormalized by 1 week in 10 patients and by

1 month in the remaining 5 patients, when the cavity collapsed

(Fig 3). T1 shortening in the location of the MR imaging– guided

focused sonography lesion was present in 9 patients by 1 month

and in 1 additional patient by 3 months posttreatment (Fig 3).

Very mild postcontrast enhancement was seen in 6 patients at 24

hours after the MR imaging– guided focused sonography treat-

ment. Enhancement appeared (or re-appeared) by 1 week in 6
Table 1: Clinical outcome in the 15 patients enrolled in the trial,
measured in terms of the Clinical Rating Scale for Tremora

Time Point Mean SD Minimum Maximum
Baseline CRST 54.9 14.4 38 87
24-Hour CRST 19.3 10.8 5 43
1-Week CRST 18.5 11.0 6 43
1-Month CRST 18.7 12.0 2 39
3-Month CRST 20.3 11.0 6 37
Outcomes (difference between

baseline and 3-month CRST)
34.6 10.4 13 50

a Lower score is favorable; higher score is unfavorable.

Table 2: Diameters of zone I and thicknesses of zones II and III
(mean in millimeters) after MR imaging– guided focused
ultrasound treatment

T2 Imaging Zone I Zone II Zone III
24 Hours 2.7 � 1.4 2.2 � 1.0 3.0 � 1.1
1 Week 4.0 � 1.6 1.8 � 0.8 2.7 � 1.8
1 Month 2.1 � 1.4 1.2 � 0.9 0.1 � 0.3
3 Months 0.5 � 0.7 0.1 � 0.4 0.0 � 0.0

FIG 1. Schematic representation of zones I, II, and III visualized on T2-weighted imaging and the corresponding T2-weighted image of the lesion.
On T2-weighted imaging, the patient developed 3 concentric zones at the site of lesioning: a hypointense zone I at the center; a strongly
hyperintense zone II demarcated by a hypointense rim; and finally, a fuzzy, slightly hyperintense zone III at the periphery.
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patients, was present in all patients by 1 month, and had resolved

by 3 months in all except 3 patients (Fig 3).

No intracerebral hemorrhage occurred, but blood products

responsible for artifacts on susceptibility-weighted imaging were

seen within zones I and II at all time points (Fig 3).

Relationship between the Imaging Pattern after
Treatment and Characteristics of the MR
Imaging–Guided Focused Sonography Treatment
We could not find any significant relationship between the imag-

ing characteristics of the lesions and the number of sonications (P

values ranging from .13 to .94), the final power (P values ranging

from .29 to .98), or the maximal temperature reached (P values

ranging from .13 to .99).

Relationship between the Imaging Pattern after
Treatment and the Clinical Response to the MR
Imaging–Guided Focused Sonography Treatment
We observed that the total lesion size (including zone III) and the

clinical response measured based on the CRST score, especially its

part B, evolved inversely compared with each other (coefficient of

correlation � 0.29, P value � .02). Tremor control was optimal at

1 week when the lesion size and the perilesional edema were max-

imal, and it was less at 1 or 3 months when the perilesional edema

had resolved and the total lesion size was smaller. On the other

hand, adverse effects were most prominent during the first post-

operative week and tended to resolve with the resolution of peri-

lesional edema. Lesion collapse did not mean loss of tremor con-

trol. In addition, in the 2 patients who were outliers in terms of

tremor control (ie, in the 2 patients who responded less well to the

treatment), the imaging characteristics were not significantly dif-

ferent from those in the other patients. More specifically, the total

lesions were not smaller, and these 2 patients did not show less

perilesional edema.

DISCUSSION
Typical imaging findings following the MR imaging– guided fo-

cused sonography treatment for essential tremor consisted of 3

concentric zones at the site of lesioning. These findings were con-

sistent with those previously reported in a trial of MR imaging–

guided focused sonography lesioning of the contralateral thal-

amus for neuropathic pain.10 Zone III was consistent with

vasogenic edema26,27; it was typically seen at 24 hours and 1

week and then resolved. This appearance of lesions and their

evolution with time was similar to the imaging findings ob-

served for stereotactic radiofrequency thalamotomies but

quite different from those observed with gamma knife radio-

surgery.28 Direct comparison between the different treatment

modalities in terms of imaging is available in pigs,29 and fur-

ther studies comparing MR imaging– guided focused sonogra-

FIG 2. Average diameters of zone I and thicknesses of zones II and III,
as seen on T2-weighted imaging, at 24 hours, 1 week, 1 month, and 3
months after the MR imaging– guided focused sonography treat-
ment, all expressed in millimeters.

FIG 3. A 76-year-old, right-handed woman with essential tremor treated
with MR imaging–guided focused sonography lesioning of the left Vim
of the thalamus (thermography image obtained during the treatment
is in the left upper corner). On T2-weighted imaging, the patient de-
veloped 3 concentric zones at the site of lesioning. Zone II corre-
sponds to vasogenic edema and was seen at 24 hours and 1 week and
then resolved. Zones I and II evolved into a round cavity in which
diffusion was restricted by 24 hours after treatment. Diffusion
pseudonormalized by 1 month when the cavity collapsed. T1 shorten-
ing was observed at 1 month and 3 months. Very mild enhancement
was seen at 24 hours, likely resulting from the reversible alteration of
the blood-brain barrier caused by the focused sonography treatment.
Enhancement reappeared by 1 week and peaked at 1 month, by then
likely representing neoangiogenesis. No major bleed occurred at any
time point, but blood products responsible for susceptibility artifacts
were seen within zones I and II at all time points.
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phy with radiofrequency ablation should be conducted in

humans.

Zones I and II showed restricted diffusion at 24 hours that

pseudonormalized by 1 week or 1 month, when the cavity devel-

oping in the location of zones I and II collapsed. Therefore, zones

I and II likely represent areas of coagulation necrosis and cyto-

toxic edema.8,26

T1 shortening at the site of lesioning was seen in a little more

than half of patients, typically starting at 1 month. Very mild

enhancement was seen at 24 hours, likely resulting from the re-

versible alteration of the blood-brain barrier caused by the fo-

cused sonography treatment.30 This alteration of the blood-brain

barrier typically happens within the first 24 hours and then re-

solves,31 explaining that enhancement was captured at 24 hours in

only 6 patients. Enhancement reappeared by 1 week and

peaked at 1 month. Further investigation in animal models is

needed to elucidate the exact nature of this enhancement,

which might be related to neovascularization.32 Of note, in the

previous application of MR imaging– guided focused sonogra-

phy for neuropathic pain syndromes,10 enhancement was seen

at 24 hours and had resolved by 48 hours. Patients were not

imaged beyond 48 hours. As such, the 1-month enhancement

we are reporting could not be assessed in the neuropathic pain

trial.

The focused sonography lesion was round or a horizontal or

vertical oval. In patients in whom the focus was repositioned, the

lesion was oval; however, the oval shape was also observed in

patients for whom the focus was not repositioned.

We found a relationship between the size of the lesion on im-

aging and the response of the tremor to the treatment, suggesting

that tremor control is influenced not only by the lesion size and

the amount of perilesional edema but also, most likely, by lesion

location.

As a limitation to our study, we acknowledge the limited sam-

ple size of our study population. The lack of significance of most

of our analyses may reflect the fact that our study was underpow-

ered. Further studies with larger sample size are needed for addi-

tional characterization of imaging findings in MR imaging–

guided focused ultrasound treatment.

CONCLUSIONS
High-intensity focused sonography can accurately produce con-

trolled heating to a precise intracranial target, with typical imag-

ing findings seen in the days, weeks, and months following the

treatment. Tremor control was optimal early when the lesion size

and perilesional edema were maximal and was less later when the

perilesional edema had resolved and the total lesion size was

smaller. Further studies should be conducted to better under-

stand the value of imaging findings either as a guidance for im-

proving the treatment procedure or as a prediction for long-term

clinical outcome.
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ORIGINAL RESEARCH
BRAIN

Changes in the Thalamus in Atypical Parkinsonism Detected
Using Shape Analysis and Diffusion Tensor Imaging

C.P. Hess, C.W. Christine, A.C. Apple, W.P. Dillon, and M.J. Aminoff

ABSTRACT

BACKGROUND AND PURPOSE: The thalamus is interconnected with the nigrostriatal system and cerebral cortex and has a major role in
cognitive function and sensorimotor integration. The purpose of this study was to determine how regional involvement of the thalamus
differs among Parkinson disease, progressive supranuclear palsy, and corticobasal syndrome.

MATERIALS AND METHODS: Nine patients with Parkinson disease, 5 with progressive supranuclear palsy, and 6 with corticobasal
syndrome underwent 3T MR imaging along with 12 matched, asymptomatic volunteers by using a protocol that included volumetric T1 and
diffusion tensor imaging. Acquired data were automatically processed to delineate the margins of the motor and nonmotor thalamic
nuclear groups, and measurements of ADC were calculated from the DTI data within these regions. Thalamic volume, shape, and ADC were
compared across groups.

RESULTS: Thalamic volume was smaller in the progressive supranuclear palsy and corticobasal syndrome groups compared with the
Parkinson disease and control groups. Shape analysis revealed that this was mainly due to the diminished size of the lateral thalamus.
Overall, ADC measurements were higher in the progressive supranuclear palsy group compared with both the Parkinson disease and
control groups, and anatomic subgroup analysis demonstrated that these changes were greater within the motor regions of the thalamus
in progressive supranuclear palsy and corticobasal degeneration.

CONCLUSIONS: Reduced size and increased ADC disproportionately involve the lateral thalamus in progressive supranuclear palsy and
corticobasal syndrome, consistent with selective neurodegeneration and atrophy in this region. Because these findings were not observed
in Parkinson disease, they may be more specific markers of tau-related neurodegeneration.

ABBREVIATIONS: CBD � corticobasal degeneration; CBS � corticobasal syndrome; PD � Parkinson disease; PSP � progressive supranuclear palsy; VLa � ventral
lateral anterior; VLp � ventral lateral posterior

The neurodegenerative movement disorders Parkinson disease

(PD), progressive supranuclear palsy (PSP), and corticobasal

degeneration (CBD) are distinguished postmortem by differing

histologic abnormalities and regional patterns of neuropathologic

changes. PSP and corticobasal syndrome (CBS) exhibit neuronal

and glial cytoplasmic inclusions from accumulation of highly

phosphorylated microtubule-associated tau protein, which is not

evident in PD.1-3 Paralleling these differences, typical clinical phe-

notypes help to distinguish these disorders. However, classic pre-

sentations are consistent only in advanced disease, and misdiag-

nosis is frequent in patients with early symptoms.4,5 The diagnosis

of CBD is particularly problematic6; for this reason, the term

“corticobasal syndrome” is applied in lieu of CBD to convey the

fact that disorders including Alzheimer disease, certain variants of

frontotemporal lobar degeneration, and prion disease can present

similarly.

Various observations on MR imaging have been reported to

differentiate PD, PSP, and CBD. Alterations in the shape or vol-

ume of several subcortical brain regions correlate with gross in-

spection of the brain in pathologically confirmed cases.7 How-

ever, such changes are subject to observer bias and are reliably

found only in late disease. Unbiased approaches by using voxel-

based morphometry and automated segmentation have also been

applied with some success.8-13 DTI studies have revealed in-

creased diffusivity within the superior cerebellar peduncles in

Received July 24, 2013; accepted after revision October 2.

From the Departments of Radiology and Biomedical Imaging (C.P.H., A.C.A., W.P.D.)
and Neurology (C.W.C., W.P.D., M.J.A.), University of California, San Francisco, San
Francisco, California.

This work was supported by the UCSF Department of Radiology and Biomedical
Imaging. C.P.H. was supported in part by the GE-AUR Radiology Research Aca-
demic Fellowship.

Please address correspondence to Christopher P. Hess, MD, PhD, University of
California, San Francisco, 505 Parnassus Ave, Room L-358, Box 0628, San Francisco,
CA 94143-0628; e-mail: Christopher.Hess@ucsf.edu

Indicates article with supplemental on-line table.

http://dx.doi.org/10.3174/ajnr.A3832

AJNR Am J Neuroradiol 35:897–903 May 2014 www.ajnr.org 897



PSP,14-16 along with more widespread changes within supraten-

torial white matter.17,18 A number of groups have also described

alterations in deep gray matter diffusion. For example, measure-

ments of ADC are elevated within the putamen in up to 90% of

patients with atypical parkinsonism but not significantly different

from controls in patients with PD.16,19

The shared anatomic involvement of the basal ganglia and

other brain regions in these disorders likely contributes to their

frequent clinical overlap. Few studies have focused specifically on

the thalamus, which, through the nigrostriatal system and

thalamocortical circuits, plays a major role in cognition and sen-

sorimotor integration. Alterations in thalamic volume have not

been shown in prior studies of CBS, but significantly lower tha-

lamic volume has been observed in PSP compared with both pa-

tients with PD20 and controls.10,20 Diminished volume by itself

does not provide insight into how separate nuclear groups within

the thalamus are selectively affected, however. One study sug-

gested that thalamic shape differs between subjects with PD and

healthy elders, though these changes were challenging to interpret

because there was multifocal involvement over the entire surface

of the thalamus without a corresponding difference in volume.21

Using DTI, Erbetta et al22 measured higher ADC within the ante-

rior and lateral thalami in PSP and CBS compared with controls,

but their analysis was based on relatively imprecise atlas-based

estimates of nuclear boundaries.22

We hypothesized that regional thalamic morphology and

tissue microstructure, measured with volumetric T1-weighted

MR imaging and DTI, respectively, would be different in pa-

tients with PSP and CBS compared with patients with PD and

controls. Using fully automated analysis of 3T T1 and DTI

data, we evaluated thalamic shape and diffusion within motor

and nonmotor thalamic nuclear groups and compared these

measurements in patients with CBS, PSP, and PD and in

healthy control subjects.

MATERIALS AND METHODS
Subject Recruitment
The University of California, San Francisco Committee on Hu-

man Research approved this study. Subjects with PD (n � 9), PSP

(n � 5), or CBS (n � 6) were prospectively recruited from the

UCSF Parkinson’s Disease and Movement Disorders Clinic. Two

movement disorder specialists (M.J.A., C.W.C.) independently

assigned a diagnosis to all patients based on history, neurologic

examination, and prior response to levodopa therapy. Patients

were included only if there was agreement between the 2 clini-

cians. Data abstracted during patient interviews included the ini-

tial symptom and laterality (if present) at disease onset, age at

diagnosis, response to levodopa therapy, and the presence or ab-

sence of cognitive symptoms. Patients with PSP met the criteria

for clinically probable PSP23 and patients with PD met the criteria

for probable PD,24 except for one who had not been previously

treated with dopaminergic medication and therefore met the cri-

teria for possible PD. Patients diagnosed with CBS also met ac-

cepted criteria.25 Twelve healthy control subjects without any his-

tory of neurologic illness and normal neurologic examination

findings were also recruited and imaged for comparison with

patients.

Data Acquisition
After providing written consent, subjects were imaged on a 3T

Signa HDx 14.x scanner (GE Healthcare, Milwaukee, Wisconsin)

with an 8-channel head coil. To delineate thalamic boundaries,

3D T1 inversion recovery spoiled gradient-echo images were ac-

quired in the sagittal plane with 1-mm isotropic voxel resolution

and TR/TE/TI � 7.2/2.3/400 ms, flip angle � 15°, matrix size �

256 � 192, slab thickness � 1.0 mm, FOV � 256 � 192 mm (scan

time 5 minutes 54 seconds). In the same session, DTI was per-

formed at 2-mm isotropic resolution by using a single-shot axial

echo-planar acquisition with TR/TE � 17 seconds/68.4 ms,

FOV � 256 � 256 mm, matrix � 128 � 128 zero-filled to 256 �

256 (scan time 8 minutes 47 seconds). Diffusion-weighting of

b � 1000 s/mm2 was applied along 30 noncollinear directions. A

single b � 0 s/mm2 image was acquired, and array spatial sensi-

tivity encoding technique parallel imaging was used with R � 2 to

reduce susceptibility artifacts. Axial T2 FLAIR images were also

acquired and visually inspected to exclude significant white mat-

ter disease and lesions within the thalami such as lacunar infarc-

tions that might interfere with volumetric analysis, tractography,

or ADC quantitation. Although some subjects in each group had

a few punctate foci of nonspecific white matter T2 signal, no ab-

normality was evident within the thalami of any subject.

Thalamic Morphology
Before morphometric analysis, T1-weighted images were cor-

rected for multichannel coil-related nonuniformities in intensity

by using vendor software on the scanner. Six-parameter rigid-

body registration to the isotropic 1-mm T1-weighted version of

the Montreal Neurological Institute International Consortium

for Brain Mapping 152 atlas was used to obtain gross alignment of

coordinate axes among subjects. Standard space masking to re-

move neck and eye tissue was then performed and followed by

skull stripping by using the Brain Extraction Tool, included in the

FSL software package (http://www.fmrib.ox.ac.uk/fsl).26

Shape analysis relied on automated thalamic parcellation

within each hemisphere by using the FIRST subcortical segmen-

tation tool in FSL.27 Thalamic volumes were calculated from the

resulting binary masks. Estimated total intracranial volume was

computed for each subject by using in-house software implementing

the atlas-based method developed by Buckner et al.28 Differences in

thalamic morphology between groups were assessed by using the

heat kernel smoothing approach for structure modeling developed

by Kim et al.29 This technique allows robust, point-by-point evalua-

tion of the displacement vector fields that map the study-specific

normal template for each structure of interest onto the estimated

boundaries of the same structure in each subject’s brain.

Two steps were implemented to calculate surface deformation

data: 1) normal template construction for each thalamus, and 2)

estimation of deformation fields between the normal template

and individual subject surfaces. In the first step, the group-aver-

age brain volume was derived from the images of healthy controls

by using the nonlinear iterative template construction tool in the

Advanced Normalization Tools software package (http://software.

incf.org/software/advanced-normalization-tools).30 The defor-

mation fields warping each normal brain to the template were

then applied to the binary subcortical masks from FIRST, and the
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masks were averaged in template space to obtain mean thalamic

volumes. Isosurfaces were constructed from these volumes by us-

ing the marching cubes algorithm in Matlab (MathWorks,

Natick, Massachusetts).

In the second step, the deformation field for warping the tem-

plate to each subject’s T1-weighted images was calculated by using

the diffeometric shape and averaging technique with cross-corre-

lation as the similarity metric in Advanced Normalization Tools.

Because the field is defined on voxels, deformation fields were

interpolated onto the mesh vertices for the surfaces obtained in

the first step. For each subject, the length of the displacement

vector at each point on the surface mesh was computed. Finally,

the resulting displacement lengths were smoothed by using the

Laplace-Beltrami eigenfunctions.29

Thalamic Diffusion
DTI data were skull-stripped and corrected for motion and eddy

current artifacts by using FSL, and ADC maps were calculated by

using in-house code implementing standard diffusion reconstruc-

tion. To account for the possibility of slight misregistration between

the diffusion and T1-weighted data, we aligned each T1 volume with

the corresponding b�0 diffusion volume by using linear registration

in FSL with mutual information as the registration metric.

Thalamic nuclear groups corresponding to the conglomerate

ventral anterior, VLa, and VLp nuclei were delineated by using the

probabilistic tractography technique described by Behrens et al31

and implemented in FMRIB Diffusion toolbox in FSL (http://

www.fmrib.ox.ac.uk/fsl/fdt/index.html). Regions corresponding

to primary motor, premotor, and supplementary motor area cor-

tices were delineated as a single region of motor thalamic projec-

tions distinct from the remainder of the cortex within each hemi-

sphere on the standard International Consortium for Brain

Mapping 152 template. By first registering the template brain to

each subject’s T1-weighted scan, cortical ROIs were defined in

each subject and used as classification targets for seed-based trac-

tography. The resulting segmentations were used to construct

motor and nonmotor masks for calculation of ADC for the entire,

motor, and nonmotor thalami on each side of the brain.

Statistical Analysis
Differences in sex among groups were evaluated by using �2 tests

for equivalence. One-way analysis of variance was used to com-

pare age at the time of MR imaging, disease duration (defined as

the time between approximate initial symptom onset and MR

imaging), and estimated total intracranial volume. Thalamic vol-

umes were assessed for asymmetry across hemispheres in subjects

with PD and CBS by using paired t tests and were subsequently

compared across groups by using multivariate analysis of covari-

ance with age, sex, and estimated total intracranial volume as

covariates. Kruskal-Wallis nonparametric tests were used to iden-

tify intergroup differences in mean thalamic ADC, with the sig-

nificance threshold at P � .05, followed by post hoc 1-way

ANOVA with unequal variances between groups in which differ-

ences were found. For all pair-wise comparisons, differences were

considered significant at a false discovery rate of q � 0.05.

The above statistical tests were performed by using R (http://

www.r-project.org/).32 The SurfStat toolbox (http://www.math.

mcgill.ca/keith/surfstat/),33 a platform-designed surface mesh

and volume data analysis, was used for group comparisons of

thalamic shape. This package permits multivariate shape analysis

with linear mixed-effects models, including multiple-compari-

sons correction by using random field theory.

RESULTS
Subjects
Baseline characteristics for the 4 study groups are summarized in

the Table and On-line Table, respectively. There were 4 female

and 8 male controls, ranging from 61.6 to 80.6 years of age. Patient

age, sex, and estimated total intracranial volume were not signif-

icantly different between groups. Disease duration was longer in

the PD group than in both the CBS and PSP groups (P � .026).

Thalamic Volume and Shape
There was no difference in right or left thalamic volume between

healthy controls and patients with PD (Fig 1A). However, both

volumes were smaller in the PSP and CBS groups compared with

the healthy control and PD groups. Comparisons within groups

after ordering volumes by size revealed no interhemispheric

asymmetry in thalamic volume within any group. This included

PD and CBS groups, in which asymmetric symptom onset was

noted in all patients.

Using multivariate analysis with age and estimated total intra-

cranial volume as covariates, while correcting for multiple com-

parisons, the study was not adequately powered to detect changes

in thalamic shape specific to each group. However, on the basis of

the statistical equivalence of the volumes in the CBS and PSP

groups and on previously noted neuropathologic overlap between

the disorders, these 2 groups were pooled for shape analysis. Figure

1B illustrates the results of this comparison for the 3 groups (healthy

control, PD, and CBS�PSP). There were no differences in shape on

the medial aspect of the thalamus. However, differences were present

bilaterally for the group with atypical parkinsonism in both the ven-

tral anterior and ventral lateral thalamus, corresponding to the loca-

tion of the thalamic motor nuclei (Fig 2). The lateral surface of the

conglomerate motor nuclei was involved when considering all voxels

with a trend (P � .25) toward significance.

Baseline characteristics for study participants
NC PD PSP CBD P Value

No. 12 9 5 6
Age (yr) 68.6 � 5.5 66.3 � 7.9 69.2 � 3.0 70.5 � 4.8 .67
Sex (F/M) 4:8 2:7 3:2 5:1 .09
Disease duration (yr) N/A 8.6 � 4.2 3.8 � 1.4 5.5 � 1.4 .03a

Side of main symptoms N/A 5 left; 4 right N/A 3 left; 3 right .24
eTIV (L) 1.59 � 0.18 1.53 � 0.10 1.43 � 0.27 1.58 � 0.32 .24

Note:—NC indicates healthy control; L, liters; NA, not applicable; eTIV, estimated total intracranial volume.
a Statistically significant (P � .05).
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Thalamic Mean Diffusivity
Mean ADC values within the right and left thalami are shown in

Fig 3A. Because there was no interhemispheric asymmetry in

ADC values in any group, ADCs for the left and right thalami were

averaged in each patient. Group differences were detected in

mean ADC (P � .037) across the 4 groups (healthy control, PD,

CBS, PSP), and post hoc between-group ANOVAs revealed dif-

ferences in ADC between the PSP and healthy control groups

(P � .033) and between the PSP and PD groups (P � .0081).

Pair-wise comparisons between other groups showed no addi-

tional differences.

For analysis of ADC within thalamic nuclei, the CBS and PSP

groups were combined, in analogy with the pooling of subjects

used for volumetric analysis. No interhemispheric asymmetry in

ADC was observed, so values were averaged for these regions in all

3 groups (healthy control, PD, and CBS�PSP).

There was no difference in ADC within non-

motor thalamic regions (P � .31), but the ADC

values differed within the motor thalamic re-

gions (P � .001, Fig 3B). Post hoc pair-wise

ANOVAs showed that motor thalamic ADC in

the CBS�PSP group was significantly greater

than the motor thalamic ADC in both the

healthy control and PD groups (P � .001).

DISCUSSION
Our results show that patients diagnosed with

the atypical parkinsonian disorders CBS and

PSP exhibit not only global differences in tha-

lamic volume but also localized alterations in

shape and ADC within thalamic motor nuclear

regions (ventral anterior, VLa, and VLp) com-

pared with patients with PD and controls.

These changes are spatially concordant, sup-

porting the concept of disproportionate motor

thalamus involvement in these 2 disorders.

Furthermore, similar changes were not found

in patients with PD; this finding suggests that

the differences may be specific to tau neurode-

generation. These results provide imaging evi-

dence for alterations in thalamic substructure

in atypical parkinsonism and corroborate ex-

isting histopathologic data showing motor

thalamus degeneration in postmortem-con-

firmed cases of these disorders.1-3,6

In contrast to most prior studies that in-

cluded the thalamus, we used fully automated

analysis of images from a single 3T MR imaging

scanner instead of manual region-of-interest

analysis of 1.5T T1 and diffusion data. Because

the analysis was performed in the native mea-

surement space for each subject, the methods

are inherently more sensitive than voxel-based

morphometry; registration of subjects to a

common template and spatial smoothing to

reduce misregistration errors in voxel-based

morphometry can obscure group differences

within small structures like the thalamus. This

limitation may account for the absence of regional thalamic

changes in prior studies using voxel-based morphometry.

Our work differs in several respects from the related work of

Saini et al,13 who applied a different technique for shape analysis

in a number of subcortical structures in PSP, including the thal-

amus. First, nonlinear registration in this work provided more

precise estimates for deformation at each surface point, thereby

allowing vertex-wise comparison without multivariate Gaussian

assumptions. Second, the random field technique for multiple

comparisons provides a smoother and more robust approach (on

the mesh surface) than the false discovery rate method. Finally,

changes in morphology were studied together with changes in

diffusivity, helping to confirm the veracity of spatially concordant

changes in both thalamic tissue microstructure and shape.

FIG 1. A, Boxplots of left (white) and right (gray) thalamic volumes in milliliters in healthy
controls and patients with PD, CBS, and PSP. Vertical lines illustrate the range in calculated
volume for each group, and upper and lower box boundaries correspond to 75th and 25th
percentiles for volumes, respectively. Dark horizontal lines represent median values. B–E, Sta-
tistical maps of shape difference displayed on the average left (B and D) and right (C and E)
thalami. Note relatively the symmetric shape difference in the lateral thalamus, with relative
sparing of the medial thalamus. Only white met statistical significance. Yellow indicates areas
with trends toward significance (P � .25), seen clustered more extensively around regions in
the expected location of the ventral anterior and ventral lateral thalamic nuclei. A similar
pattern of difference in shape is observed when the atypical group (CBD�PSP) is compared
with the healthy control group (B and C) and patients with PD (D and E).
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In this study, the most striking differences in thalamic shape and

ADC were evident in the PSP group, and a more intermediate differ-

ence was found in the CBS group (Figs 1 and 3). This intermediate

effect suggests greater disease heterogeneity in the CBS group because

patients with CBS due to Alzheimer disease or other pathologies may

exhibit different degrees of thalamic injury than those with tau pa-

thology. Pathologic confirmation of diagnosis was lacking in our

study, however, making it difficult to discriminate among the disor-

ders with absolute certainty. Although it was necessary to combine

patients with CBS and PSP into a single group to improve statistical

power, we justify this approach on the basis of the pathologic overlap

between PSP and many cases of CBS, especially with respect to tau

deposition within the thalamus.1

Neuropathologic studies have shown thalamic atrophy in both

CBS and PSP.2,3 Although thalamic involvement has also been

described in the caudal intralaminar nuclei in PD,34 the central

location of these nuclei makes their selective atrophy difficult to

detect by using surface morphometry as applied in this study. In

the absence of longitudinal data and pathology, is it impossible to

distinguish whether the differences that we observed in the motor

thalamus reflect primary neurodegeneration in this region or sec-

ondary “downstream” degeneration related to abnormalities aris-

ing in the basal ganglia or cortical gray

matter and secondarily involving the

thalamus.

Selective involvement of thalamic mo-

tor nuclei in CBS and PSP is consistent

with disruption of normal thalamocorti-

cal motor connectivity. The primary mo-

tor cortex receives thalamic input from

the VLp nucleus, and the ventral anterior

and VLa regions are more broadly con-

nected to the premotor cortex and sup-

plementary motor areas. The anatomic

interruption of these pathways has been

associated with dystonia, alien hand syn-

drome, apraxia, and other clinical fea-

tures evident in both CBS and PSP.35 The

observation of involvement of frontopa-

rietal white matter by using hypothesis-

free whole-brain analysis of ADC in pa-

tients with PSP18 further corroborates the

idea that PSP preferentially affects these

pathways. Along similar lines, Whitwell

et al36 used fMRI, DTI, and voxel-based

morphometry to support their hypothesis

that PSP causes disruption of the long,

polysynaptic dentatorubrothalamic tract.

The results of our work support this con-

cept and further suggest that the overlap-

ping phenotypes of CBS and PSP might

reflect selective involvement of different

segments of this pathway, with both dis-

orders involving the motor thalamus, but

with cerebellar disconnection predomi-

nating in PSP and cortical disconnection

predominating in CBS.

FIG 2. Correspondence between thalamic surface templates and DTI
estimates of the location of thalamic nuclei, as viewed from a level
superior to the thalami. The right and left thalamic motor nuclear
groups, parcellated from the nonmotor regions of the thalamus by
using probabilistic DTI tractography, are depicted in red. The con-
tours of the thalami, shaded gray, were delineated automatically from
the T1-weighted anatomic images. A indicates anterior; P, posterior.

FIG 3. A, Boxplots of left (white) and right (gray) thalamic ADC in mm2/s (�10�3) in control, PD,
CBS, and PSP groups. Nonparametric tests of intergroup equivalence demonstrate significant
differences in thalamic ADC in the PSP group compared with both healthy controls and patients
with PD (see text). B, Boxplots of mean ADC in mm2/s (�10�3) within nonmotor (white) and
motor (gray) thalamic nuclei in healthy controls and patients with PD and atypical PD
(CBS�PSP).
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The present work has several limitations. First, the number of

subjects was small, necessitating the combination of the PSP and CBS

groups for our statistical analyses. There was a difference in disease

duration between groups, and this could be relevant if the observed

higher values of ADC in PSP or CBS later normalize in the disease

course. Third, the boundary estimates for the thalamic nuclei derived

by using probabilistic tractography are inherently imprecise, and as

such, the derived ADC values may have been subject to partial vol-

ume effects between nuclear groups. Finally, we used clinical criteria

for diagnosis and did not have pathologic confirmation.

CONCLUSIONS
Reduced size and increased ADC are disproportionately found in

the motor thalamus in the atypical parkinsonian disorders PSP

and CBS, consistent with selective neurodegeneration in these

regions. The absence of similar changes in PD suggests that these

differences may be specific to tau-related neurodegeneration.
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COMMENTARY

The Thalamus: A Small but Precious Window on �-Related
Neurodegeneration?

Progressive supranuclear palsy (PSP) and corticobasal degen-

eration (CBD) are pathologically distinct causes of progres-

sive atypical parkinsonism, poorly responsive or not responsive to

levodopa.1 Both diseases are characterized by hyperphosphory-

lated � aggregates in the brain, accompanied by neuronal loss and

gliosis in a characteristic distribution.1 The large majority of pa-

tients with PSP present with Richardson syndrome, also known as

PSP syndrome,2 characterized by postural instability, leading to

backward falls within the first year of symptom onset; axial rigid-

ity; progressive vertical ophthalmoplegia; dementia; and person-

ality changes. CBD pathology can cause multiple different neuro-

logic syndromes, including corticobasal syndrome, PSP syndrome,

frontotemporal dementia, or primary progressive aphasia. Cortico-

basal syndrome includes a mixed movement disorder (eg, levodopa-

unresponsive rigidity associated with apraxia, dystonia, myoclonus,

and alien limb) and impaired cognition.3 An early and accurate di-

agnosis of tauopathies in vivo is becoming increasingly important

with the advent of clinical trials of drugs aimed at modifying the

underlying � pathology. However, outside specialized centers and

especially in the early stage of the diseases, differential diagnosis

among atypical parkinsonian syndromes and with Parkinson disease

(PD) is challenging because of the similarity of symptoms and lack of

preclinical markers of the disease.

The thalamus is a major conduit for the bidirectional flow of

neuronal signals between cortical and subcortical regions and

links different cortical regions via transthalamic pathways. It

comprises numerous nuclei, which receive a specific set of afferent

connections and project primarily within the confines of specific

cortical areas. Thalamic degeneration is known to occur in PSP

and CBD, though the topographic distribution of thalamic lesions

differs between the 2 pathologies.4-6 A recent [18F]2-(1-{6-[2-

[fluorine-18]fluoroethyl)(methyl)amino]-2-naphthyl}-ethylidene)-

malononitrile positron-emission tomography study showed the

presence of � fibrillar aggregates in the thalamus of patients with

PSP syndrome.7 Thalamic damage occurs also in patients with

PD; however, it is less severe and is likely to occur later in the

course of the disease compared with PSP and CBD.5,8 Thus, mea-

sures of thalamic involvement may be useful in the differential

diagnosis of these neurodegenerative conditions.

It is technically very difficult to assess accurately the thalamic

subnuclei in vivo by using imaging technology. Previous studies

of PD and atypical parkinsonisms demonstrated thalamic abnor-

malities by using region-of-interest or voxelwise approaches.9-13

MR imaging– based analysis of the shape of the subcortical struc-

tures provides useful pieces of information about the location and

pattern of structural abnormalities associated with these patho-

logic conditions. Using such an approach, several studies reported

regional thalamic damage in patients with schizophrenia, obses-

sive-compulsive disorders, Alzheimer disease, and Tourette syn-

drome.14-16 However, only a few MR imaging studies so far have

used this approach in patients with parkinsonian syndromes and

have focused their attention on the differences between disease

groups and healthy controls, and not among different patient

groups.17,18

Against this background, the preliminary study by Hess et al19

published in the present issue of the American Journal of Neuro-

radiology has investigated thalamic degeneration in a small sample

of patients with PSP syndrome, corticobasal syndrome, and PD by

using an approach that combines shape analysis and diffusion

tensor imaging. The aim of the study19 was to evaluate whether

the regional patterns of thalamic atrophy and microstructural

damage differ in patients with atypical parkinsonian syndromes

compared with those with idiopathic PD. By contrasting the vol-

umes of the thalamus among different patient groups, the authors

demonstrated that this structure undergoes more atrophy in pa-

tients with PSP syndrome and corticobasal syndrome than in

those with PD. Shape analysis also provided insight into the to-

pography of thalamic tissue loss, which was driven by a dimin-

ished size of the ventral anterior and ventral lateral portions of the

structure. The DTI-based analysis showed that mean apparent

diffusion coefficient values were higher in patients with PSP syn-

drome compared with those with PD and control groups, and

shape analysis revealed that microstructural abnormalities were

greater within the motor regions of the thalamus in both PSP

syndrome and corticobasal syndrome groups relative to PD and

controls.

Overall this article provides new evidence for thalamic damage

occurring in atypical parkinsonisms, highlighting the preferential
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involvement of lateral (motor) nuclei that are, instead, relatively

spared in patients with PD. The selective involvement of thalamic

motor nuclei and, as a consequence, of motor thalamocortical

circuits in PSP syndrome and corticobasal syndrome may be in-

terpreted as a regionally specific vulnerability to �-related neuro-

degeneration. Therefore, in the near future, structural and diffu-

sion tensor MR imaging is likely to provide useful markers to

distinguish patients with atypical parkinsonisms not only from

healthy individuals but also from patients with PD, which is the

actual clinical dilemma.

The study by Hess et al19 is hampered by a number of limita-

tions, as acknowledged by the authors. The small number of sub-

jects and the inclusion of cases not pathologically confirmed limit

the generalizability of their findings and transferability to clinical

practice. In addition, thalamic networks are involved in motor

behavior, but they are also related to emotional, motivational,

associative, and cognitive abilities. As a consequence, future stud-

ies should explore the relationship between regional thalamic

damage and cognitive and behavioral findings in subjects with

PSP syndrome and corticobasal syndrome.

Although the approach of this study requires further work to

assess its consistency and reproducibility, the results reported by

Hess et al19 provide a solid justification to use a combination of

shape analysis and structural and/or functional connectivity to

study the pattern of thalamic degeneration in larger populations

with pathologically proved PSP syndrome and corticobasal syn-

drome. Such studies could enable researchers to improve knowl-

edge on these pathologic processes and overhaul the way we ap-

proach drug discovery for these devastating conditions.
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ORIGINAL RESEARCH
BRAIN

Clinical Application of 3D Arterial Spin-Labeled Brain Perfusion
Imaging for Alzheimer Disease: Comparison with Brain

Perfusion SPECT
H. Takahashi, K. Ishii, C. Hosokawa, T. Hyodo, N. Kashiwagi, M. Matsuki, R. Ashikaga, and T. Murakami

ABSTRACT

BACKGROUND AND PURPOSE: Alzheimer disease is the most common neurodegenerative disorder with dementia, and a practical and
economic biomarker for diagnosis of Alzheimer disease is needed. Three-dimensional arterial spin-labeling, with its high signal-to-noise
ratio, enables measurement of cerebral blood flow precisely without any extrinsic tracers. We evaluated the performance of 3D arterial
spin-labeling compared with SPECT, and demonstrated the 3D arterial spin-labeled imaging characteristics in the diagnosis of Alzheimer
disease.

MATERIALS AND METHODS: This study included 68 patients with clinically suspected Alzheimer disease who underwent both 3D arterial
spin-labeling and SPECT imaging. Two readers independently assessed both images. Kendall W coefficients of concordance (K) were
computed, and receiver operating characteristic analyses were performed for each reader. The differences between the images in regional
perfusion distribution were evaluated by means of statistical parametric mapping, and the incidence of hypoperfusion of the cerebral
watershed area, referred to as “borderzone sign” in the 3D arterial spin-labeled images, was determined.

RESULTS: Readers showed K � 0.82/0.73 for SPECT/3D arterial spin-labeled imaging, and the respective areas under the receiver operating
characteristic curve were 0.82/0.69 for reader 1 and 0.80/0.69 for reader 2. Statistical parametric mapping showed that the perisylvian and medial
parieto-occipital perfusion in the arterial spin-labeled images was significantly higher than that in the SPECT images. Borderzone sign was
observed on 3D arterial spin-labeling in 70% of patients misdiagnosed with Alzheimer disease.

CONCLUSIONS: The diagnostic performance of 3D arterial spin-labeling and SPECT for Alzheimer disease was almost equivalent. Three-
dimensional arterial spin-labeled imaging was more influenced by hemodynamic factors than was SPECT imaging.

ABBREVIATIONS: AD � Alzheimer disease; ASL � arterial spin-labeling; ROC � receiver operating characteristic; HMPAO � hexamethylpropyleneamine oxime

Alzheimer disease (AD) is the most common neurodegenera-

tive disorder with dementia and is becoming a social problem

in most developed countries. A practical and economic bio-

marker for diagnosis of AD is needed. CBF is commonly accepted

as a physiologic correlate of brain function.1 AD is associated with

regional decreases in CBF, so the ability of CBF to differentiate

between individuals affected by AD and healthy individuals has

been evaluated with the use of SPECT.2

Arterial spin-labeling (ASL) enables measurement of CBF

without any extrinsic tracers by use of magnetically labeled arte-

rial blood water as a diffusible tracer. ASL MR imaging has 2

major modalities: pulsed ASL3 and continuous ASL.4 The contin-

uous ASL technique uses continuous adiabatic inversion, whereas

pulsed ASL uses a single inversion pulse. The recently developed

pulsed-continuous ASL imaging protocol based on 3D stack-of-

spirals readouts5 is an intermediate method between the conven-

tional pulsed ASL and continuous ASL methods, in that pulsed-

continuous offers a longer tag bolus than does pulsed ASL and a

higher labeling efficiency than does the amplitude-modulated

continuous ASL.6,7 Each section acquired with 2D ASL experi-

ences a slightly different inflow time; thus, it is difficult to estimate

a precise transit time when multiple sections are acquired. The use

of 3D acquisition techniques overcomes many of these limita-

tions, allowing both whole-brain coverage and simultaneous ac-

quisition to ensure a unified mean transit time. The SNR of 3D

acquisitions can be greater than that of 2D multisection methods.

Although ASL has inherently low SNR, mainly because of the

relatively small amount of labeled spins in the tissue, pulsed-con-

tinuous can provide a better balance between labeling efficiency
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and SNR than conventional ASL methods. This can improve the

accuracy of quantified CBF estimates. Many AD studies by use of

ASL have been reported, which indicates that ASL MR imaging is

an indispensable technique for studying AD.8-12 CBF measured

with ASL MR imaging can detect regional hypoperfusion in the

AD precuneus and bilateral parietal cortex and discriminate indi-

viduals with AD from normal subjects. Recent research with the

use of pulsed-continuous reported that 3D ASL can evaluate the

severity of cognitive impairment as measured by the correlation

of CBF with cognition.13

SPECT is now commonly used for CBF assessment in the di-

agnosis of AD, so we considered that it was important to evaluate

the differences in CBF distribution in perfusion images obtained

with both SPECT and ASL by use of similarly behaved diffusible

tracers and to demonstrate the characteristics of ASL in compar-

ison with SPECT. To the best of our knowledge, the evaluation of

brain perfusion imaging by use of both ASL and SPECT in the

same subjects with clinically suspected AD to discriminate the AD

group from the non-AD group has not been reported. We used

whole-brain 3D ASL MR imaging with pulsed-continuous label-

ing for CBF measurement in the diagnosis of AD because of its

high SNR and the possibilities for improving image quality.

In this study, we evaluated the detectability of reduced re-

gional cerebral perfusion in AD by use of 3D ASL compared with

brain perfusion SPECT and demonstrated the characteristics of

perfusion images obtained by means of 3D ASL.

MATERIALS AND METHODS
Our institutional review board approved this study. The require-

ment for participant informed consent was waived because of the

retrospective nature of the study.

Patients
We retrospectively selected 68 consecutive patients with clinically

suspected AD from the period between May 2011 and December

2012. Patients included 21 men and 47 women (age range: 53–93

years; mean, 77 years). All patients received the Japanese version

of the Mini-Mental State Examination,14 and their scores ranged

from 6 –29 points (mean, 21 points). MR examinations were per-

formed as part of the patients’ routine clinical care. All patients

underwent brain perfusion imaging both with 3D ASL on a 1.5T

clinical MR scanner and with technetium Tc99m-hexamethyl-

propylene amine oxime (HMPAO) SPECT within a 1-month pe-

riod. Structural MR imaging was performed in addition to brain

perfusion imaging to confirm that there was no other structural

abnormality that could explain the patient’s symptoms. Patients

had no history of cerebrovascular disease, brain tumor, head

trauma, or other causes of dementia. Thirty-six patients were di-

agnosed with AD and 32 patients were diagnosed as non-AD by

experienced neurologists and psychiatrists, by use of the criteria of

the National Institute of Neurologic and Communicative Disor-

ders and Stroke in concert with the Alzheimer Disease and Related

Disorders Association,15 and the Diagnostic and Statistical Man-

ual of Mental Disorders, 4th edition.16 Four patients with mild

cognitive impairment who later converted to AD were included in

the AD group. Among patients diagnosed as non-AD, 5 patients

had dementia with Lewy bodies, 3 patients had vascular dementia,

and 24 were cognitively normal. The diagnosis of dementia with

Lewy bodies was based on the criteria of the DLB Consortium.17

Vascular dementia was diagnosed according to the criteria of the

National Institute of Neurologic Disorders and Stroke–Associa-

tion Internationale pour la Recherche et l’Enseignement en Neuro-

science.18 A summary of the demographic characteristics and neuro-

psychological test results for the patients is shown in Table 1.

MR Imaging
All MR imaging was performed with a 1.5T unit (Signa; GE

Healthcare, Milwaukee, Wisconsin) and an 8-channel head array

receiving coil. Pulsed-continuous imaging (3D fast spin-echo ac-

quisition with background suppression, a labeling period of 1450

ms, postlabeling delay of 1525 ms, echo time of 10.47 ms, repeti-

tion time of 4546 ms, spiral readout of 8 arms � 512 samples,

30 � 4.0-mm axial sections, 3.2 � 3.2-mm in-plane resolution,

reconstructed pixel size of 1.7 � 1.7 mm, acquisition time of 4

minutes, 30 seconds) was performed with the labeling plane at the

level of the foramen magnum. Labeled and reference images were

then subtracted to obtain perfusion-weighted imaging data. In

addition to ASL imaging, all patients underwent axial diffusion-

weighted (repetition time of 6000 ms, echo time of 70 ms, b factor

of 1000 ms/mm2, 3 directions) and axial T2-weighted fast spin-

echo (repetition time of 4717 ms, echo time of 85 ms) imaging to

confirm that there was no other structural abnormality. All of

these examinations were performed with a 5-mm section thick-

ness, 1.5-mm skip, and 24-cm field of view. In addition, high-

resolution 3D T1-weighted whole-brain images (repetition time

of 8.3 ms, echo time of 3.8 ms, inversion time of 240 ms, 8° flip

angle, matrix of 256 � 256, 176 sections, voxel size of 1.0 � 0.9 �

0.9 mm, imaging time of 4 minutes, 50 seconds) were obtained by

use of the magnetization-prepared rapid acquistion of gradient

echo (spoiled gradient-echo) sequence for anatomic information.

The images were obtained in sagittal planes and were recon-

structed into 1-mm-thick consecutive transverse images.

SPECT
Patients were directed to lie down for 20 minutes in the supine

position with their eyes closed in a dim, quiet room. SPECT was

performed by use of a double-head gamma camera (Forte; ADAC

Laboratories, Milpitas, California) equipped with a Vertex gen-

eral purpose collimator (VXGP; ADAC Laboratories) and con-

verging collimators with a focal length of 65 cm. The acquisition

began 7 minutes after the injection of 740 MBq of HMPAO, and

projection data were obtained at 25 seconds/step � 32 views, re-

sulting in a total acquisition time of approximately 20 minutes. A

Butterworth filter (cutoff: 0.25, order: 8) was used for filtered

back-projection reconstruction of the SPECT image, yielding a

Table 1: Demographic characteristics of the subjects
Patients with AD Patients with Non-AD

Numbers 36 32
Age, y Mean, 78 (range: 55–93) Mean, 72 (range: 53–92)
Sex: male:female 9:27 12:20
MMSE scores Mean, 19 (range: 6–26) Mean, 23 (range: 13–29)
Included patients AD � 32; MCI due

to AD � 4
DLB � 5; VaD � 3;

CN � 24

Note:—MMSE indicates Mini-Mental State Examination; DLB, dementia with Lewy
bodies; VaD, vascular dementia; CN, cognitively normal.
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reconstructed pixel size of 2.5 mm within the transverse plane and

a section thickness of 3.6 mm; attenuation correction was per-

formed by use of the Chang method (JETStream Workspace 3.0.

Philips Healthcare, Best, The Netherlands). No scatter compen-

sation was available on the SPECT system.

Image Analysis
The ASL and SPECT data were evaluated with visual inspection

and 3D stereotactic surface projection z score maps. The normal

control data base for 3D stereotactic surface projection of ASL

perfusion images was constructed with the newly prepared ASL

images of 30 cognitively normal subjects: 11 men and 19 women

(age range: 64 – 84 years; mean age, 73 years) who underwent

brain MR imaging because of indefinite complaints and who had

no structural abnormalities such as cerebrovascular disease, brain

tumor, head trauma, or neurodegenerative disorder. The preset

normal data base for HMPAO SPECT in the iSSP program (Nihon

Medi-Physics, Tokyo, Japan) was used for this study. Two read-

ers (C.H., K.I.) other than the study coordinator independently

reviewed the SPECT images and 3D ASL images. These 2 readers

were radiologists with 22 and 25 years of experience in nuclear

medicine and were blinded to the results of the examination for

AD. In both SPECT images and 3D ASL images, they assessed

focal hypoperfusion in areas over the bilateral precunei and pos-

terior cingulate gyri. They recorded their confidence levels re-

garding the presence of focal hypoperfusion as an indicator of AD

by use of the following 5-point rating system: 1, definitely absent;

2, probably absent; 3, presence equivocal; 4, probably present; 5,

definitely present. Kendall W coefficients of concordance (K)

were computed to compare the assessment of the level of confi-

dence of the 2 readers. Kendall W coefficients (K) of 0.5– 0.8 were

considered to indicate good agreement, and coefficients higher

than 0.8 were considered to indicate excellent agreement. A value

of P � .05 was considered to indicate a significant difference.

Receiver operating characteristic (ROC) analysis to compare the

diagnostic performance was performed with the aid of R software

(Version 2.12.1; http://www.r-project.org/).19 The area under

the ROC curve was calculated to compare the diagnostic perfor-

mance for both the 3D ASL images and SPECT images for each of

the 2 readers. A confidence level of 4 or 5

was considered a positive finding for the

calculation of sensitivity and specificity

of AD diagnosis, but the readers were

not informed of this. The area under the

ROC curve, sensitivity, and specificity

were statistically compared between the

readers by use of the bootstrap test for 2

correlated ROC curves. In addition, a

paired t test was performed to evaluate

the differences in regional perfusion

distribution between the 2 imaging

methods, by use of voxel-based analysis

with statistical parametric mapping.

Both 3D ASL and SPECT image prepro-

cessing were implemented by use of

SPM 8 software (Wellcome Department

of Imaging Neuroscience, London,

United Kingdom) and code written in

Matlab (MathWorks, Natick, Massachusetts). For each subject,

images were preprocessed as follows: 1) individual 3D ASL images

were coregistered with individual SPECT images; 2) the SPECT

images were spatially normalized to the Montreal Neurological

Institute space by the SPM program; 3) the 3D ASL images were

then spatially normalized to the Montreal Neurological Institute

space by using the individual parameter obtained from SPECT

normalization; 4) the spatially normalized images were smoothed

by use of an isotropic Gaussian kernel with a 12-mm full width for

3D ASL and 8 mm for SPECT images at half maximum to reduce

the noise and residual anatomic differences among the brains and

to match the spatial resolution of 3D ASL and SPECT images; and

5) a paired t test was performed by using both preprocessed 3D

ASL and SPECT images. To control for family-wise errors result-

ing from multiple comparisons, the initial significance threshold

was set at P � .001.

In a recent report, hypoperfusion of the watershed area on 3D

ASL imaging in many healthy subjects was referred to as the “bor-

derzone sign.”20 We considered that this sign might have an effect

on the performance of AD diagnosis; therefore we evaluated the

frequency of this sign in the diagnostic discrepancy group. The

patients with a discrepancy between clinical diagnosis and 3D ASL

results and with a diagnostic discrepancy for reader 1 by use of

SPECT–3D ASL were assessed. The borderzone sign was evalu-

ated on the simple criterion that the signal defect of the watershed

area in the 3D ASL images was positive by consensus between the

2 readers (C.H., K.I.).

RESULTS
The 2 readers showed excellent agreement for the diagnosis of AD on

the SPECT images (K � 0.82, P � .00087) and good agreement for

that on the 3D ASL images (K � 0.73, P � .0083). The ROC curves

for 3D ASL and SPECT images obtained by each reader are shown in

Fig 1A, -B. For reader 1, the area under the ROC curve distinguishing

AD from non-AD was 0.82 for SPECT images alone and 0.69 for 3D

ASL images alone. A bootstrap test for the 2 correlated ROC curves

showed that there was no significant difference (P � .08) between the

2 images. For reader 2, the area under the ROC curve distinguishing

FIG 1. A, Average ROC curves for SPECT and 3D ASL for reader 1. B, Average ROC curves for SPECT
and 3D ASL for reader 2. Smoothed curves were adjusted by calculation with a bootstrap test.
Area under the ROC curve of 3D ASL was not significantly different (P � .05) from that of
SPECT.
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AD from non-AD was 0.80 for SPECT images alone and 0.69 for 3D

ASL images alone. A bootstrap test for the 2 correlated ROC curves

showed that there was no significant difference (P � .20) between the

2 images.

SPM analysis showed that in the 3D ASL image, the perisylvian

and medial parieto-occipital perfusion was significantly higher

than in the SPECT image (P � .001) (Fig 2A). In contrast, the area

of hypoperfusion was barely detected in the 3D ASL image in

comparison with the SPECT image (P � .001) (Fig 2B).

The results for the frequency of the borderzone sign and the

discrepancy between clinical diagnosis and 3D ASL diagnosis are

described in Table 2. The borderzone sign was observed in 6 of 17

patients (35%) with AD correctly diagnosed by 3D ASL and in 7 of

10 patients (70%) with non-AD incorrectly diagnosed by 3D ASL.

The results for the frequency of the borderzone sign and the diag-

nostic discrepancy between SPECT and 3D ASL are described in

Table 3. Diagnostic discrepancy between SPECT and 3D ASL was

observed for 28 of 68 patients (41%). In the 9 patients without

AD, 1 patient had dementia with Lewy bodies, 1 patient had vas-

cular dementia, and 7 were cognitively normal. More detailed

analysis of these results was not performed because the small

number of patients precluded statistical analysis. In the patients

with SPECT–3D ASL diagnostic discrepancy, the borderzone sign

was observed in 2 of 5 patients (40%) with AD correctly diagnosed

by 3D ASL and in 4 of 5 patients (80%) with non-AD incorrectly

diagnosed by 3D ASL. Representative images of the borderzone

sign in patients with diagnostic discrepancy are shown in Fig 3.

DISCUSSION
CBF assessment by SPECT is established as an indispensable clin-

ical tool in the diagnosis of AD.21,22 HMPAO SPECT and FDG-

PET showed hypoperfusion and decreased metabolism in the

temporoparietal and posterior cingulate gyrus in AD, which indi-

cates a direct coupling in AD between these 2 effects.23 In addi-

tion, a recent study to compare 3D ASL MR imaging with FDG-

PET in the same subjects showed similar degrees of functional

deficits in the affected areas,24 which indicates that 3D ASL MR

imaging may be a more easily accessible alternative perfusion

technique than SPECT in the diagnosis of AD.

Voxelwise comparison of the ASL images can be useful to help

discriminate patients with AD from healthy subjects.12 A more re-

cent study indicated that CBF maps obtained with 3D ASL can be a

marker for disease severity ranging from mild cognitive impairment

to advanced AD.13 Although many recent ASL perfusion studies

were performed on 3T MR imaging, it has been shown in other stud-

ies that ASL with 1.5T MR imaging could detect regional hypoperfu-

sion, mainly in the temporoparietal association cortex and the pos-

terior cingulate gyrus.8,10,25 Another study suggested that CBF

mapping by ASL may perform better than MR morphologic analysis

by using voxel-based morphometry in discriminating patients with

AD from healthy control subjects and that the combination of the 2

methods was more effective than either method alone.26 This result

may support our proposal for the combination of structural MR

imaging and ASL MR perfusion imaging. Three-dimensional ASL

acquisition in our study required 4.5 minutes, which is short enough

to be included in a clinical protocol.

FIG 2. SPM analysis revealed that the perfusion images of 3D ASL were delineated by areas of higher CBF (red-to-yellow areas) in the middle
cerebral artery region and in the posterior cerebral artery region than those observed on SPECT images (A), whereas small areas of higher CBF
(red-to-yellow areas) were scattered in the SPECT perfusion images compared with those on 3D ASL (B).

Table 2: Clinical diagnosis and 3D ASL diagnosis
3D ASL

Correct Incorrect
Patients with AD, n � 36 17 19

Borderzone sign (�: �) (6: 11) (6: 13)
Patients with non-AD, n � 32 22 10

Borderzone sign (�: �) (5: 17) (7: 3)

Table 3: Clinical diagnosis, SPECT diagnosis, and 3D ASL diagnosis
SPECT/3D ASL SPECT/3D ASL

Correct/Incorrect Incorrect/Correct
Patients with AD, n � 19 14 5

Borderzone sign (�: �) (4: 10) (2: 3)
Patients with non-AD, n � 9 5 4

Borderzone sign (�: �) (4: 1) (0: 4)
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In our study, interobserver agreement for both SPECT and 3D

ASL revealed a statistically significant difference (SPECT: K �

0.82, P � .00087; and 3D ASL: K � 0.73, P � .0083), which may

indicate that there were differences between the 2 readers in the

accuracy of AD diagnosis. However, interobserver agreement was

excellent for the SPECT images and good for the ASL images. In

addition, the result of each reader’s ROC analysis showed no sig-

nificant difference between the image types, so we concluded that

the diagnostic performance of 3D ASL on a 1.5T MR scanner is

slightly but not significantly inferior to that of SPECT in the dif-

ferential diagnosis of AD and non-AD.

Our results identified regional variability in the reliability of

perfusion assessment by ASL. SPM analysis of 3D ASL and SPECT

revealed some regional differences in perfusion distribution. In

most of the participants, the distribution of perfusion was almost

symmetric in the 2 hemispheres. Three-dimensional ASL perfu-

sion images showed higher signal intensities than SPECT images

in the MCA region and in the posterior cerebral artery region. We

consider that this was because the MCA and posterior cerebral

artery have high flow rates and because perfusion images of 3D

ASL are influenced more than SPECT by hemodynamics, so the

3D ASL images can identify hypoperfusion of the watershed area.

This is associated with aging and is related to a combination of

increased arterial transit time and reduced CBF. Diagnostic dis-

crepancies between 3D ASL and SPECT images were observed for

28 patients. We suggest that the misdiagnosis of cases of non-AD

as AD by 3D ASL may result from this effect and that the border-

zone sign has major effects on AD diagnosis as a false-positive

finding because of its high incidence (70% and 80%) in these cases

(Tables 2 and 3). Zaharchuk et al20 reported that about half of the

patients with normal imaging findings on bolus perfusion-

weighted imaging performed by use of gadolinium enhancement

had abnormal ASL findings, most commonly the borderzone

sign. The patients included in that study were also older (mean

age, 71 � 11 years). These findings suggest that perfusion imaging

with 3D ASL is influenced more than SPECT by hemodynamic

factors such as arterial transit time, especially in older people. We

used a postlabeling delay of 1525 ms, which in previous reports

has been suggested to be too short for quantitative CBF mea-

surements in older patients, in whom arterial transit time

could potentially be longer.27 Our patients with suspected AD

were all older (mean, 77 � 8 years). The reason for the use of a

postlabeling delay of 1525 ms is that a longer postlabeling delay

causes a decrease in SNR because of T1 relaxation, so there is a

trade-off between a longer postlabeling delay and decreased

SNR.

SPM analysis revealed the same perfusion of the frontal brain

regions on 3D ASL images as on SPECT images, so we believe that

the effect of the difference of perfusion distribution between 3D

ASL images and SPECT images is of minor importance in evalu-

ation of the function of frontal brain regions (eg, the diagnosis of

frontotemporal lobar degeneration). We judged that the result

shown in Fig 2B of hypoperfusion on 3D ASL was within the limits

of statistical error, because hypoperfusion on the 3D ASL image

was visible as small scattered areas and its distribution was not

related to cerebral hemodynamics.

Given these limitations, this study can be regarded as a pilot

investigation to identify the most suitable ASL images for evalu-

ating CBF distribution, which must be more rigorously examined

in future studies. There are 2 factors important in obtaining an

accurate CBF map: arterial arrival time and postlabeling delay.

In addition, our results indicate that a high magnetic field will

be valuable because of its high label efficiency and slower label

decay.

CONCLUSIONS
Perfusion imaging with 3D ASL was influenced to a greater extent

than SPECT by hemodynamic factors such as arterial transit time.

Statistical analysis revealed that 3D ASL MR imaging can be an

alternative perfusion imaging method to SPECT in the diagnosis

of AD and indicates that 3D ASL is an appropriate method for

diagnosing AD and will allow a “one-stop shop” MR routine

examination.

FIG 3. Three-dimensional ASL images frequently show the borderzone sign (watershed area), which indicates bilateral signal deficiency in the
middle cerebral artery–anterior cerebral artery and middle cerebral artery–posterior cerebral artery borderzones, with a high signal intensity in
the surrounding cortex.
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Subcortical Deep Gray Matter Pathology in Patients with
Multiple Sclerosis Is Associated with White Matter Lesion

Burden and Atrophy but Not with Cortical Atrophy:
A Diffusion Tensor MRI Study

R. Cappellani, N. Bergsland, B. Weinstock-Guttman, C. Kennedy, E. Carl, D.P. Ramasamy, J. Hagemeier, M.G. Dwyer, F. Patti,
and R. Zivadinov

ABSTRACT

BACKGROUND AND PURPOSE: The association between subcortical deep gray matter, white matter, and cortical pathology is not well
understood in MS. The aim of this study was to use DTI to investigate the subcortical deep gray matter alterations and their relationship
with lesion burden, white matter, and cortical atrophy in patients with MS and healthy control patients.

MATERIALS AND METHODS: A total of 210 patients with relapsing-remitting MS, 75 patients with progressive MS, and 110
healthy control patients were included in the study. DTI metrics in whole brain, normal-appearing white matter, normal-appear-
ing gray matter, and subcortical deep gray matter structures were compared. The association between DTI metrics of the subcor-
tical deep gray matter structures with lesion burden, normalized white matter volume, and normalized cortical volume was
investigated.

RESULTS: DTI measures were significantly different in whole brain, normal-appearing white matter, and normal-appearing gray matter
among the groups (P � .01). Significant differences in DTI diffusivity of total subcortical deep gray matter, caudate, thalamus, and
hippocampus (P � .001) were found. DTI diffusivity of total subcortical deep gray matter was significantly associated with normalized white
matter volume (P � .001) and normalized cortical volume (P � .033) in healthy control patients. In both relapsing and progressive MS
groups, the DTI subcortical deep gray matter measures were associated with the lesion burden and with normalized white matter volume
(P � .001), but not with normalized cortical volume.

CONCLUSIONS: These findings suggest that subcortical deep gray matter abnormalities are associated with white matter lesion burden
and atrophy, whereas cortical atrophy is not associated with microstructural alterations of subcortical deep gray matter structures in
patients with MS.

ABBREVIATIONS: AD � axial diffusivity; FA � fractional anisotropy; HC � healthy control; MD � mean diffusivity; PMS � progressive MS; RD � radial
diffusivity; RRMS � relapsing-remitting MS; SDGM � subcortical deep gray matter

Although in the past MS has been considered an inflammatory

demyelinating disease affecting primarily the white matter of

the central nervous system, currently, a substantial number of

studies have established that gray matter is also involved in differ-

ent stages of the disease.1-5 Cortical and subcortical deep gray

matter (SDGM) atrophy occurs also in the early stages of MS, and

disability progression is significantly influenced by the neuronal

loss of the gray matter.6-8

Atrophy of the SDGM structures is associated with disabil-

ity progression and cognitive dysfunctions and can also predict

the conversion to clinically definite MS.9-12 An increasing body

of evidence suggests that the atrophy of cortical and SDGM

structures is associated with white matter lesion burden,13 but

the underlying pathophysiologic processes remain poorly

understood. Secondary Wallerian degeneration is certainly im-

plicated in neuronal damage of gray matter structures; how-

ever, it seems unlikely to be the sole cause of gray matter

pathology.4,14

DTI is an advanced MR imaging technique that has been used

in a number of in vivo and ex vivo studies.15,16 DTI measures are
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able to identify alterations outside the focal lesions in the so-called

normal-appearing white matter and normal-appearing gray mat-

ter that remain largely undetected with conventional MR imaging

in patients with MS.17

There is a growing interest in studying the DTI alterations of

the SDGM in the different stages of the MS disease process. Pre-

vious studies suggested that SDGM DTI abnormalities are also

present in patients with clinically isolated syndrome18,19 and are

associated with disability progression as well as cognitive dysfunc-

tions in patients with MS.20-23

Although different studies have investigated the associations

between white matter lesions, brain atrophy, and DTI alteration

in patients with MS,24-26 the same relationships were not exten-

sively investigated in healthy people whose pathophysiologic al-

teration of the brain cannot be attributable to the inflammatory

process in the central nervous system. Therefore, in the current

study, we aimed to investigate volumetric and DTI global, tissue-

specific, and regional brain differences in a large cohort of healthy

control (HC) patients, patients with relapsing-remitting MS

(RRMS), and patients with progressive MS (PMS). We hypothe-

sized that microstructural abnormalities of SDGM structures de-

tected by DTI techniques are associated with lesion burden, and

with white matter and gray matter volume alterations in patients

with MS. Another aim was to explore the same associations in the

HC group.

MATERIALS AND METHODS
Patients
A total of 285 patients with MS according to the McDonald crite-

ria27 and 110 HC patients were recruited and underwent scanning

by use of the same MR imaging protocol. They were classified as

having RRMS, secondary-progressive MS, and primary-progres-

sive MS. Participants were excluded if they had contraindications

to MR imaging, had any pre-existing medical conditions known

to be associated with brain pathology, had relapse (patients with

MS), or were treated with steroids within the month preceding

study entry. All patients underwent neurologic examination, and

an Expanded Disability Status Scale assessment was obtained by

an examiner blinded to their MR imaging characteristics. All HC

patients also underwent both neurologic and clinical examina-

tions. Moreover, we collected previous medical history, demo-

graphic, and physical data to evaluate the vascular risk factors.

The internal Institutional Review Board approved the study pro-

tocol, and written informed consent was obtained from all

participants.

MR Imaging Acquisition
All patients were examined on a 3T Signa Excite HD 12.0 Twin

Speed 8-channel scanner (GE Healthcare, Milwaukee, Wiscon-

sin) by use of an 8-channel head and neck coil. MR imaging se-

quences included multiplanar dual FSE proton attenuation and

T2WI, FLAIR, 3D T1WI by use of a fast-spoiled gradient echo

with magnetization-prepared inversion recovery pulse and spin-

echo T1WI both with and without a single dose of an intravenous

bolus of 0.1 mMol/kg of gadolinium with diethylene triamine

pentaacetic acid. Pulse sequence characteristics for 3T MR imag-

ing were as follows: All scans were acquired with a 256 � 256

matrix and a 25.6-cm FOV for an in-plane resolution of 1 � 1

mm2 with a phase FOV of 75% and 1 average. Sequence specific

parameters were as follows: for the proton attenuation/T2:

3-mm-thick sections with no gap; TE1, 12 ms; TE2, 95 ms; TR,

3000 ms; echo-train length, 14; flip angle, 90°; for the FLAIR

scans: 3-mm thick sections with no gap; TE, 120 ms; TI, 2100 ms;

TR, 8500 ms; flip angle, 90°; for 3D T1WI: 1-mm thick sections

with no gap; TE, 2.8 ms; TI, 900 ms; TR, 5.9 ms; flip angle, 10°; and

for spin-echo T1WI: 3-mm-thick sections with no gap; TE, 16 ms;

TR, 600 ms; flip angle, 90°.

An echo-planar DTI sequence was acquired as part of the MR

imaging protocol. The sequence was acquired with 3-mm-thick

sections with no gap, a 96 � 96 matrix, a 32-cm FOV, and a 75%

phase FOV, resulting in a voxel size of 3.33 mm � 3.33 mm � 3.00

mm. The sequence used a TE of 81.8 ms, TR of 8200 ms, 1 average,

and an array spatial sensitivity encoding technique (parallel im-

aging) factor of 2. DTI parameters were 15 noncollinear direc-

tions with a b-value of 800 s/mm2.

MR Imaging Analysis
Initial DTI processing was performed by use of the FMRIB Diffu-

sion Toolbox (FSL; http://www.fmrib.ox.ac.uk/fsl).28,29 In brief,

raw diffusion tensor images were eddy corrected to minimize gra-

dient-related geometric distortions. Then, “dtifit” was used to fit a

tensor model at each voxel, and scalar maps of fractional anisot-

ropy (FA), mean diffusivity (MD), radial diffusivity (RD), and

axial diffusivity (AD) were created. Subsequently, these maps

were coregistered and resampled into the high-resolution 3D

T1WI space by use of the B0 image as a reference. In this space,

tissue segmentation and parcellation data were overlaid, and

summary measures for each DTI metric were calculated on a re-

gion-by-region basis. The FSL registration tool FLIRT (http://

www.fmrib.ox.ac.uk/) was used with nearest-neighbor interpola-

tion to bring the FIRST (version 1.2; http://fsl.fmrib.ox.ac.uk/fsl/

fslwiki/FIRST) masks and DWI data into a common space.

The SIENAX Cross-Sectional Software Tool (version 2.6;

http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/SIENA) was used to estimate

normalized gray matter volume, normalized white matter vol-

ume, normalized brain parenchymal volume, normalized lateral

ventricular volume, and normalized cortical volume. Before seg-

mentation, the 3D T1WI was modified by use of an in-house

developed inpainting tool to avoid the impact of T1 hypointensi-

ties.2 To segment SDGM structures, the FIRST tool on 3D T1WI

was used. Specifically, the thalamus, caudate, putamen, globus

pallidus, hippocampus, amygdala, and accumbens nucleus were

identified in this way.

T2-weighted hyperintense and T1-weighted hypointense pre-

contrast and postcontrast lesion volume were assessed by use of a

semiautomated edge detection contouring/thresholding tech-

nique.2 T2 lesions were delineated on FLAIR images and were

confirmed on proton attenuation and T2 images. T1-hypointense

lesions were delineated on T1-spin-echo images, and T1-Gd le-

sions were delineated on postcontrast T1-spin-echo images.

Statistical Analysis
Analyses were conducted by PASW Statistics, version 18.0 (IBM,

Armonk, New York). Distributions of volume and DTI data were
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tested for normality by use of the Shapiro-Wilk test. Demo-

graphic, clinical, and MR imaging differences between the groups

were tested by use of the �2 test, the Student t test, and the Mann-

Whitney U test in pair-wise comparisons, and ANOVA and the

Kruskal-Wallis test for 3-way analyses, where appropriate.

We also performed linear regression analysis to evaluate the

relationships between DTI variables and MR imaging metrics. In

each analysis, DTI variables were the dependent variable. The

analyses were age and sex adjusted in the HC group, and age, sex,

disability level, and disease duration adjusted in the MS groups.

All P values were corrected for multiple comparisons by use of

Benjamini-Hochberg correction. Nominal P values � .05 were

regarded as significant, by 2-tailed testing.30

RESULTS
Demographic, Clinical, and Conventional MR Imaging
Characteristics
Demographic, clinical, and conventional MR imaging character-

istics of HC patients and patients with MS are shown in Table 1.

Patients did not significantly differ from the HC group in sex, age,

or cardiovascular risk factors. The mean age of the patients with

MS was 46.9 years (standard deviation, 8.2), 206 (72.3%) were

women, the mean disease duration was 14.4 years (standard

deviation, 9.1), and median Expanded

Disability Status Scale score was 3.0. Of

the 285 patients with MS in the study, 225

were receiving disease-modifying treat-

ment, which included interferon-beta

(n � 94), glatiramer acetate (n � 59), na-

talizumab (n � 44), intravenous immu-

noglobulin (n � 4), and combination

therapy (n � 24).

Demographic, clinical, and MR imag-

ing characteristics were also compared

between 210 patients with RRMS and 75

patients with progressive MS. The pro-

gressive MS group consisted of 58 patients

with secondary-progressive MS and 17

with primary-progressive MS. As ex-

pected, the mean age, disease duration,

Expanded Disability Status Scale score,

and MR imaging measures were signifi-

cantly different between the RRMS and

PMS groups.

As expected, patients with MS showed

significantly increased T2 lesion volume

compared with HC patients (P � .001, Table 1). Patients with

PMS showed significantly increased T2 lesion volume (P � .001)

and T1 lesion volume (P � .037) compared with those in the

RRMS group, whereas the RRMS group presented with signifi-

cantly increased T1 gadolinium lesion volume (P � .046).

Brain Volume Differences among Study Groups
Table 2 shows the differences between HC patients and patients

with MS in global, tissue-specific, and regional brain volume

structures. Global and tissue-specific brain volumetric assessment

showed a significant decrease of normalized gray matter volume,

normalized brain parenchymal volume, normalized cortical vol-

ume, and a significant increase of normalized lateral ventricular

volume (all P � .001) in the MS group. These patients also showed

decreased total SDGM, caudate, globus pallidus, thalamus (all

P � .001), putamen and hippocampus (both P � .001), and nu-

cleus accumbens (P � .042). This is referenced in On-line Tables

1 and 2.

Differences in DTI Measures among the Study Groups
DTI differences are shown in Table 3. DTI FA, MD, AD, and RD

differences in global and tissue-specific brain structures were in-

Table 1: Demographic, clinical, and conventional MRI characteristics of healthy control patients and patients with MS
HC (n = 110) MS (n = 285) RRMS (n = 210) PMS (n = 75) P Value

Age (y), mean (SD) median 47.0 (12.9) 50 46.9 (8.2) 48 0.965 46.1 (8.5) 46 49.2 (6.5) 50 .006*
Sex, female, n (%) 76 (69.1) 206 (72.3) 0.329 149 (70.9) 57 (78) .496
Disease duration (y), mean (SD) median NA 14.4 (9.1) 13 13.2 (8.8) 12 17.9 (9.2) 18 �.001*
EDSS, mean (SD) median NA 3.4 (1.9) 3.0 2.6 (1.5) 2.5 5.4 (1.5) 6.0 �.001*
T2-LV, mean (SD) median 0.3 (1.2) 0 13.5 (16.1) 7.3 �.001* 11.0 (13.5) 6.7 20.4 (20.4) 13.2 .001*
T1-LV, mean (SD) median 0 3.3 (6.5) 1.0 NA 2.7 (6.1) 0.8 5.1 (7.2) 1.7 .037*
T1-Gd-LV mean (SD) median NA 0.05 (0.02) 0 NA 0.06 (0.4) 0 0.01 (0.02) 0 .046*

Note:—EDSS indicates Expanded Disability Status Scale; LV, lesion volume; NA, not available; SD, standard deviation.
Statistical analysis among groups was performed with the Student t test, test, the Mann-Whitney U test and the �2 test. All P values were corrected for multiple comparisons
with use of Benjamini-Hochberg correction.
The volumes are expressed in milliliters.
* indicates significant P values (P � .05) after correction.

Table 2: Structural brain volume measures in patients with MS and healthy control
patients

HC
(n = 110)

MS
(n = 285) P Value

Global and tissue-specific brain structures
NGMV, mean (SD) median 762.4 (53.0) 759.8 726.4 (66.0) 729 �.001*
NWMV, mean (SD) median 757.1 (41.2) 757.6 749.2 (73.1) 740.1 .054
NBPV, mean (SD) median 1519.5 (82.7) 1515.6 1475.7 (93.5) 1474.4 �.001*
NLVV, mean (SD) median 33.0 (12.6) 28.8 49.4 (22.4) 43.9 �.001*
NCV, mean (SD) median 622.0 (45.6) 621.2 587.8 (55.1) 590.8 �.001*

Subcortical deep gray matter structures
Total SDGM, mean (SD) median 44.9 (5.4) 45.3 42.0 (5.4) 42.2 �.001*
Caudate, mean (SD) median 6.7 (1.1) 6.7 6.2 (1.0) 6.2 �.001*
Putamen, mean (SD) median 9.4 (1.4) 9.5 8.9 (1.3) 8.9 .001*
Globus pallidus, mean (SD) median 3.5 (0.5) 3.5 3.2 (0.5) 3.2 �.001*
Thalamus, mean (SD) median 14.9 (1.76) 14.9 13.8 (2.0) 13.9 �.001*
Hippocampus, mean (SD) median 7.1 (0.9) 7.1 6.8 (0.9) 6.8 .001*
Amygdala, mean (SD) median 2.4 (0.4) 2.4 2.4 (0.4) 2.4 .355
Nucleus accumbens, mean (SD) median 0.8 (0.2) 0.8 0.7 (0.2) 0.7 .042*

Note:—NBPV indicates normalized brain parenchymal volume; NCV, normalized cortical volume; NGMV, normalized
gray matter volume; NLVV, normalized lateral ventricular volume; NWMV, normalized white matter volume.
Statistical analysis between groups was performed with use of the Mann-Whitney test for nonparametric data and
the Student t test for parametric data. All P values were corrected for multiple comparisons using Benjamini-
Hochberg correction.
The volumes are expressed in milliliters.
* indicates significant P values (P � .05) after correction.
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vestigated among the HC, RRMS, and PMS groups. Significant

differences were found in FA, MD, and RD in the global brain

measures (P � .01), particularly in the normal-appearing brain

tissue FA (P � .001), normal-appearing white matter FA (P �

.001), normal-appearing brain tissue RD (P � .001), and normal-

appearing white matter RD (P � .001). Only the normal-appear-

ing gray matter AD was significantly different (P � .011) among

the groups.

The DTI MD, AD, and RD measures for total SDGM, caudate,

thalamus, and hippocampus were significantly increased (P �

.001) in patients with MS. FA was significantly decreased only in

the thalamus (P � .002) and hippocampus (P � .047), and it was

increased in the putamen (P � .025) and nucleus accumbens (P �

.006).

Linear Regression between SDGM DTI and MR Imaging
Measures
Linear regression analysis included only DTI variables of SDGM

regions, which were significantly different among the 3 study

groups from the ANOVA analyses. Associations of these signifi-

cant SDGM DTI measures were then used to find associations

with lesion volume, normalized white matter volume, and nor-

malized cortical volume. The associations between SDGM DTI

measures and MR imaging metrics in HCs are described in Table

3 and Figs 1–3. Significant associations were identified between

the MD, AD, and RD of SDGM structures but not FA, and a

decrease in normalized white matter volume (P � .001) and nor-

malized cortical volume (P � .033) with the exception of hip-

pocampus. No significant associations were detected between

DTI measures and T2 lesion volume.

Linear regression analysis in the RRMS and PMS groups is

shown in Tables 4 and 5 as well as Figs 1–3, respectively. Increased

MD, AD, and RD variables were strongly associated with de-

creased normalized white matter volume in the RRMS and PMS

groups (all P � .001), but no significance was detected for the

normalized cortical volume. The FA showed fewer significant re-

sults. T1 lesion volume and T2 lesion volume were associated with

most of the examined SDGM structure DTI measures.

DISCUSSION
Understanding the pathophysiology of gray matter degeneration

and the relationship between focal lesions and distant tissue alter-

ations in the gray matter is important to determine the right treat-

ment strategies that can prevent clinical progression in patients

with MS. It has been shown that development of gray matter

pathology is associated with the progression of physical and

cognitive disability in both cross-sectional and longitudinal

studies.1-4,8-12,20,31

In this study, we used DTI on 3T MR imaging to investigate

structural brain changes in a large cohort of HC patients and

patients with MS. Then, we focused on the SDGM structures to

FIG 1. Linear regression analysis between MD of total SDGM and T2 lesion volume in HC patients (� � 0.154, P � .135), patients with RRMS (� �
0.206, P � .015), and in patients with PMS (� � 0.449, P � .001).

Table 3: Linear regression analysis including diffusion tensor
imaging measures, T2 lesion burden, and white matter and
cortical volumes in the healthy control group

T2-LV NWMV NCV
FA, Total SDGM 0.024 �0.103 �0.136

�, P value .864 .493 .451
Caudate 0.049 0.114 �0.102
�, P value .674 .360 .553
Thalamus 0.057 0.090 0.121
�, P value .626 .481 .480
Hippocampusr �0.024 �0.152 �0.063
�, P value .862 .211 .728

MD, Total SDGM 0.154 �0.348* �0.318*
�, P value .135 .001* .033*
Caudate 0.010 �0.226* �0.337*
�, P value .936 .033* .015*
Thalamus 0.159 �0.325* �0.376*
�, P value .099 .001* .006*
Hippocampus 0.165 �0.250* �0.130
�, P value .141 .037* .466

AD, Total SDGM 0.152 �0.336* �0.321*
�, P value .140 .002* .033*
Caudate 0.024 �0.224* �0.371*
�, P value .847 .034* .008*
Thalamus 0.157 �0.313* �0.369*
�, P value .100 .002* .006*
Hippocampus 0.149 �0.253* �0.134
�, P value .190 .034* .451

RD, Total SDGM 0.157 �0.349* �0.315*
�, P value .130 .001* .036*
Caudate 0.007 �0.206 �0.318
�, P value .958 .051 .237
Thalamus 0.141 �0.329* �0.377*
�, P value .141 �.001* .006*
Hippocampus 0.174 �0.244* �0.126
�, P value .122 .042* .483

Note:—NCV indicates normalized cortical volume; NWMV, normalized white matter
volume; T2-LV, T2 lesion volume.
Regression analysis was adjusted for the effects of age and sex. All P values were
corrected for multiple comparisons using Benjamini-Hochberg correction.
* indicates significant P values (P � .05) after correction.
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investigate the association between their DTI alterations and le-

sion burden, white matter, and cortical atrophy among the study

groups. To better evaluate the microstructural damage of SDGM

structures, we studied the diffusivity in the axial and radial direc-

tions to detect differences that may be underestimated by the MD

measures. The findings confirmed that brain gray matter is not

spared by the MS pathologic process.3 We found widespread DTI

alterations in the global and tissue-specific brain structures

among patients in the RRMS and PMS groups. In agreement with

previous studies, the FA, MD, and RD were found to be signifi-

cantly different in the normal-appearing brain tissue, normal-

appearing white matter, and normal-appearing gray matter.32-34

In line with another study,35 the AD was significantly different in

the normal-appearing gray matter but not in the normal-appear-

ing white matter or the normal-appearing brain tissue. In accor-

dance with a prior study, normal-appearing white matter MD was

increased and was dominated by increased RD with no significant

change in AD among the 3 groups.36 Also, in alignment with the

results from previous studies,21,23 we detected a significant in-

crease of MD, AD, and RD in the total SDGM, caudate, thalamus,

and hippocampus in patients with RRMS and particularly in pa-

tients with PMS. FA was significantly decreased in the thalamus

and hippocampus of patients with MS as reported previously21,37

and significantly increased in the putamen and nucleus accum-

bens. Despite the extensive investigation of DTI abnormalities in

the thalamus and other SDGM structures, FA has limitations in

the study of gray matter structures; therefore, anisotropic findings

remain conflicting.38-40 Our present study supports results from

previous studies, which point toward the thalamus as one of the

most affected SDGM structures.21,37

A significant issue to be clarified is related to the pathophysi-

ology of the SDGM involvement and its associations with inflam-

matory and degenerative pathology. The inflammatory process

seems to be an important contributor to the atrophy of gray mat-

ter, and previous studies have already established the spatial and

temporal relationship between T2 lesion burden and gray matter

volume loss.13,26 The main objective of this study was to further

investigate this issue, which included a large cohort of HC patients

and patients with MS. To the best of our knowledge, this has not

been previously studied in the HC patients. Our results suggest

that lesion burden is related to SDGM diffusivity in patients with

MS and particularly in the progressive type, where we found mod-

est associations. However, at best, these associations explained

25%–30% of the variance. In support of this, other studies showed

that an increase in thalamic DTI diffusivity and in myo-Inositol

also correlated with T2 lesion volume in patients with MS.23 On

the contrary, we did not detect a significant correlation among

SDGM DTI measures and lesion burden in the HC group, as

expected. These results support the hypothesis that the structural

damage of white matter connections could lead to trans-synaptic

axonal degeneration and retrograde degeneration of neurons

with alteration of the microstructural architecture of SDGM

structures.

To better understand the differences in SDGM DTI abnormal-

ities between patients with MS and HC patients, we investigated

the relationship between white matter and cortical atrophy, to

FIG 2. Linear regression analysis between MD of total SDGM and normalized white matter volume in HC patients (� � �0.348, P � .001),
patients with RRMS (� � �0.415, P � .001), and patients with PMS (� � �0.551, P � .001).

FIG 3. Linear regression analysis between MD of total SDGM and normalized cortical volume in HC patients (� � �0.318, P � .033), patients with
RRMS (� � 0.003; P � .979), and patients with PMS (� � �0.009; P � .964).
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evaluate if the DTI alterations are also associated with atrophy in

these structures. Some studies have recently demonstrated that

thalamic DTI alterations are related to aging in HC patients.41,42

Linear regression analysis in the present study, adjusted for age

and sex, demonstrated significant associations among increased

diffusivity of the SDGM structures and white matter and cortical

atrophy in the HC group. Indeed, these are important findings

that have not been previously reported in healthy patients. These

findings suggest that neuronal and axonal loss leading to white

matter and cortical atrophy is modestly related to microstructural

changes of the SDGM in HC patients. In contrast, we found

SDGM DTI diffusivity associations with white matter atrophy in

MS groups but not with cortical atrophy. DTI alterations of the

SDGM structures seem to be more influenced by degeneration of

the white matter network exemplified by accumulation of le-

sion burden, but not by the neuronal loss of the cortical gray

matter. A previous study also did not detect a relationship

between normal-appearing gray matter diffusivity changes and

gray matter volume.43 Taken together, these results suggest

that SDGM DTI alterations are not associated with gray matter

atrophy.

Although we detected uniformly consistent associations in re-

gression analyses for MD, AD, and RD measures, those for FA

measures were not particularly consistent in both groups.

A limitation of our current study concerns the absence of lon-

gitudinal investigations that could better explain the relationship

among accumulation of lesion burden, development of white

matter, and cortical and DTI alterations of the SDGM in patients

with MS and in healthy patients. In addition, we performed DTI

acquisition with larger voxel sizes that could lead to some poten-

tial bias of acquisition data of the normal-appearing gray matter

measures, especially in the cortical structures with a thickness � 3

mm. Moreover, we did not investigate clinical correlation with

DTI measures, as these were considered out of the current

scope of our study. However, our present study confirmed that

SDGM DTI alterations were present in different MS clinical

phenotypes of the disease and were more pronounced in pa-

tients with PMS.

CONCLUSIONS
DTI alterations of the SDGM in patients with MS are related to

white matter lesion burden and atrophy but not to cortical atro-

phy. On the contrary, there was an association of SDGM DTI

metrics with white matter and cortical atrophy in the HC group.

Table 4: Linear regression analysis including diffusion tensor
imaging measures, T2 lesion burden, white matter, and cortical
volumes in relapsing-remitting MS

T1-LV T2-LV NWMV NCV
FA, Total SDGM �0.180 �0.094 0.096 0.221*

�, P value .052 .331 .273 .013*
Caudate �0.118 0.056 0.291* �0.147
�, P value 0.230 0.583 0.001* 0.120
Thalamus �0.130 0.068 0.101 0.176
�, P value .177 .496 .250 .054
Hippocampus �0.242* �0.295* 0.084 0.376*
�, P value .010* .001* .360 �.001*

MD, Total SDGM 0.270* 0.206* �0.415* 0.003
�, P value .002* .015* �.001* .979
Caudate 0.282* 0.142 �0.471* 0.050
�, P value .002* .115 �.001* .605
Thalamus 0.268* 0.125 �0.370* �0.058
�, P value .003* .167 �.001* .553
Hippocampus 0.227* 0.304* �0.230* �0.063
�, P value .014* �.001* .006* .526

AD, Total SDGM 0.225* 0.179* �0.389* 0.050
�, P value .010* .037* �.001* .591
Caudate 0.280* 0.156 �0.458* 0.043
�, P value .002* .076 �.001* .653
Thalamus 0.246* 0.131 �0.361* �0.018
�, P value .006* .139 �.001* .867
Hippocampus 0.175 0.240* �0.226* 0.026
�, P value .058 .006* .006* .807

RD, Total SDGM 0.296* 0.222* �0.428* �0.028
�, P value �.001* .008* �.001* .785
Caudate 0.282* 0.133 �0.476* 0.053
�, P value .002* .140 �.001* .583
Thalamus 0.280* 0.120 �0.372* �0.081
�, P value .002* .190 �.001* .408
Hippocampus 0.252* 0.334* �0.227* �0.113
�, P value .006* �.001* .006* .230

Note:—NCV indicates normalized cortical volume; NWMV, normalized white matter
volume; T1-LV, T1 lesion volume; T2-LV, T2 lesion volume.
Regression analysis was adjusted for the effects of age, sex, disability level, and
disease duration. All P values were corrected for multiple comparisons using Benja-
mini-Hochberg correction.
* indicates significant P values (P � .05) after correction.

Table 5: Linear regression analysis including diffusion tensor
imaging measures, T2 lesion burden, white matter, and cortical
volumes in progressive MS

T1-LV T2-LV NWMV NCV
FA, Total SDGM �0.152 �0.091 0.005 �0.179

�, P value .361 .581 .978 .237
Caudate 0.103 0.160 0.377* �0.352*
�, P value .551 .327 .008* .014*
Thalamus 0.029 0.026 0.053 �0.089
�, P value .883 .888 .756 .582
Hippocampus �0.363* �0.396* �0.002 0.211
�, P value .011* .003* .984 .131

MD, Total SDGM 0.289* 0.449* �0.551* �0.009
�, P value .038* �.001* �.001* .964
Caudate 0.223 0.335* �0.543* 0.065
�, P value .133 .016* �.001* .672
Thalamus 0.198 0.346* �0.387* �0.087
�, P value .174 .010* .003* .559
Hippocampus 0.404* 0.569* �0.529* �0.096
�, P value .006* �.001* �.001* .553

AD, Total SDGM 0.268* 0.434* �0.546* �0.028
�, P value .050* �.001* �.001* .866
Caudate 0.240 0.366* �0.523* 0.033
�, P value .097 .008* �.001* .850
Thalamus 0.214 0.374* �0.403* �0.109
�, P value .128 .006* .001* .464
Hippocampus 0.342* 0.516* �0.566* �0.051
�, P value .023* �.001* �.001* .765

RD, Total SDGM 0.30* 0.455* �0.549* 0.003
�, P value .036* �.001* �.001* .985
Caudate 0.213 0.317* �0.539* 0.082
�, P value .158 .025* �.001* .592
Thalamus 0.187 0.328* �0.375* �0.076
�, P value .208 .017* .003* .611
Hippocampus 0.426* 0.582* �0.496* �0.117
�, P value �.001* �.001* �.001* .469

Note:—NCV indicates normalized cortical volume; NWMV, normalized white matter
volume; T1-LV, T1 lesion volume; T2-LV, T2 lesion volume.
Regression analysis was adjusted for the effects of age, sex, disability level, and
disease duration. All P values were corrected for multiple comparisons using Benja-
mini-Hochberg correction.
* indicates significant P values (P � .05) after correction.
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Further longitudinal and postmortem studies need to shed light

on the pathogenesis of SDGM and cortical degeneration in pa-

tients with MS.
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Can Diffusion Tensor Imaging Noninvasively Detect IDH1 Gene
Mutations in Astrogliomas? A Retrospective Study of 112 Cases

W.L. Tan, W.Y. Huang, B. Yin, J. Xiong, J.S. Wu, and D.Y. Geng

ABSTRACT

BACKGROUND AND PURPOSE: IDH1 mutational status probably plays an important role in the predictive response for patients with
astroglioma. This study explores whether DTI metrics are able to noninvasively detect IDH1 status in astrogliomas.

MATERIALS AND METHODS: The DTI data of 112 patients with pathologically proven astroglioma (including 25, 12, and 10 cases with IDH1
mutation and 11, 11, and 43 cases without mutation in grades II, III, and IV, respectively) were retrospectively reviewed. The maximal fractional
anisotropy, minimal ADC, ratio of maximal fractional anisotropy, and ratio of minimal ADC in the tumor body were measured. In the same World
Health Organization grading, the imaging parameters of patients with and without IDH1 R132H mutation were compared by means of optimal
metrics for detecting mutations. Receiver operating characteristic curve analysis was performed.

RESULTS: The maximal fractional anisotropy and ratio of maximal fractional anisotropy values had statistical significance between
patients with IDH1 R132H mutation and those without mutation in astrogliomas of grades II and III. The areas under the curve for maximal
fractional anisotropy and ratio of maximal fractional anisotropy were both 0.92 in grade II and 0.80 and 0.82 in grade III. The minimal ADC
value and ratio of minimal ADC value also demonstrated statistical significance between patients with mutation and those without
mutation in all astroglioma grades. The areas under the curve for minimal ADC were 0.94 (II), 0.76 (III), and 0.66 (IV), and the areas under the
curve for ratio of minimal ADC were 0.93 (II), 0.83 (III), and 0.70 (IV).

CONCLUSIONS: Fractional anisotropy and ADC from DTI can noninvasively detect IDH1 R132H mutation in astrogliomas.

ABBREVIATIONS: IDH1 � isocitrate dehydrogenase 1; FA � fractional anisotropy; rmFA � ratio of maximal fractional anisotropy; rmADC � ratio of minimal ADC;
AUC � area under the curve; WHO � World Health Organization

Mutations in isocitrate dehydrogenase 1 (IDH1) exist in a large

percentage of gliomas.1,2 The value of detecting IDH1 mu-

tational status has been reported in diagnostic and prognostic

studies, and it might also be useful as a predictive indicator. IDH1

mutations are not found in nonneoplastic conditions thus far.3-5

Mutations in the IDH1 gene were associated with improved out-

comes in patients with anaplastic astrocytomas and glioblas-

tomas.2 Furthermore, Juratli et al6 suggested that early radiation

therapy appeared to be beneficial only in patients with low-grade

astrocytoma with IDH mutations. SongTao et al7 reported that

IDH mutations were correlated with a higher rate of objective

response to temozolomide.

Thus far, the reference standard for testing the status of IDH1

is gene sequencing. Immunohistochemical analysis by use of the

mouse monoclonal IDH1 R132H antibody is commonly applied

in clinical examinations with high sensitivity.8 However, both se-

quencing and immunohistochemical examinations require tu-

moral tissues, and neither method can offer preoperative detec-

tion of IDH1 gene status. Some patients will not or cannot

undergo operations (such as patients with brain stem gliomas or

with poor physical condition). Therefore, we need a noninvasive

method to detect IDH1 mutational status before surgery or bi-

opsy. Metellus et al9 reported morphologic changes in IDH1

mutant gliomas but lack of a quantitative indicator. Glioma-asso-

ciated IDH1 mutations result in overproduction of the oncome-

tabolite R(–)-2-hydroxyglutarate.10,11 Although the concentra-

tion of 2-hydroxyglutarate in serum cannot be used to judge the

status of IDH1 mutations, these mutations are associated with the

accumulation of R(–)-2-hydroxyglutarate within the tumor.12,13

Pope et al14 suggested that MR spectroscopy could detect 2-hy-
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droxyglutarate in patients with IDH1-mutant glioma and provide

a noninvasive measurement of 2-hydroxyglutarate in gliomas.

However, the measurement of 2-hydroxyglutarate through MR

spectroscopy is performed by special software and is inconvenient

for clinical application.

DTI has been used to detect the genetic characteristics of glio-

mas.15 In the current study, we explore whether the metrics de-

termined from DTI can help to detect IDH1 gene status of astro-

gliomas noninvasively.

MATERIALS AND METHODS
Clinical Data and Groupings
A total of 112 patients with pathologically proven astroglioma and

preoperatively performed DTI were retrospectively reviewed from

January 2011 to June 2012 in our hospital. Clinical data, including

age and sex, were collected. According to the 2007 World Health

Organization (WHO) classification of tumors of the central nervous

system,16 there were 36 cases of grade II astrocytoma, 23 cases of

grade III anaplastic astrocytoma, 46 cases of grade IV primary glio-

blastoma, and 7 cases of grade IV secondary glioblastoma.

IDH1 R132H immunohistochemical results were also re-

viewed. IDH1 R132H protein expression was determined in

paraffin-embedded tumor specimens after surgery by use of

anti-mIDH1R132H antibody (internal clone H09; Dianova,

Hamburg, Germany). The expression of IDH1 R132H was deter-

mined by use of the methods of Takano et al.17 Cases with �10%

positive cells were rated positive, and cases with �10% positive

cells were rated negative. There were 25 (69.44%), 12 (52.17%),

and 10 (18.87%) cases showing positive results in grades II, III,

and IV, respectively. Six of 10 cases of grade IV glioblastoma with

positive results were primary glioblastomas.

All of the patients were divided into 6 groups according to

immunochemical results and WHO grades as follows: 1) group 1:

grade II with IDH1 R132H mutation; 2) group 2: grade II without

IDH1 R132H mutation; 3) group 3: grade III with IDH1 R132H

mutation; 4) group 4: grade III without IDH1 R132H mutation; 5)

group 5: grade IV with IDH1 R132H mutation; and 6) group 6:

grade IV without IDH1 R132H mutation.

This study was approved by the local research ethics commit-

tee. Patient informed consent was waived for this retrospective

study.

MR Technique
MR scanning was performed with the use of a 3T scanner

(MAGNETOM Verio; Siemens, Erlangen, Germany), with an

8-channel head coil. All of the patients underwent preoperative

DTI. Parameters were as follows: TR � 7600 ms; TE � 91 ms;

FOV � 23.0 cm � 23.0 cm; acquisition matrix of 128 � 128;

section thickness � 3 mm; no intersection separation; b � 0/1000

seconds/mm2; number of excitations � 2; bandwidth � 1502

Hz/Px. Twenty directions were acquired. A single-shot echo-pla-

nar imaging diffusion tensor sequence was used. Other sequences

including T2WI (TR � 4000 ms, TE � 96 ms, number of excita-

tions � 1, echo trains per section � 8, bandwidth � 221 Hz/Px),

and T1WI and postcontrast T1WI (TR � 2000 ms, TE � 17 ms,

number of excitations � 1, echo trains per section � 17, band-

width � 260 Hz/Px). Parallel imaging was used in all the se-

quences mentioned above with acceleration factor � 2.

Image Analysis
According to the DTI data, the workstation automatically gener-

ated the fractional anisotropy (FA) and ADC mapping. All of the

FA and ADC maps were retrospectively interpreted by 2 experi-

enced neuroradiologists (W. Tan and W. Huang, with 10 and 6

years of brain MR imaging experience, respectively) who did not

know the pathologic results. The maximal FA was measured by

manually placing ROIs in the most solid and highest signal-inten-

sity part of the tumoral regions on the FA mapping by visual

inspection. The size of every ROI was between 15–20 pixels. The

mean value of small ROIs drawn to encompass the voxels with

maximal FA values was recorded. Each neuroradiologist drew 3

ROIs to obtain the maximal FA, according to the gray-scale map.

The maximal FA value among these values was chosen as the

result. An average of the results of 2 neuroradiologists was used as

the patient’s maximal FA. If the value for one reader varied by

�20% from the second reader,18 a third reader, a neuroradiolo-

gist with 22 years of experience (D. Geng), would measure the

maximal FA value. The average of Dr Geng’s result and the result

closer to her result from the other 2 neuroradiologists was used as

the patient’s maximal FA, and 22 (19.6%) patients required the

third reader method. Cystic and hemorrhage areas were excluded

according to T2WI and enhanced T1WI, when the ROI was

drawn. The minimal ADC was obtained by the same method, and

17 (15.2%) patients required the third reader method.

The FA and ADC values were also measured in the peritu-

moral regions. The peritumoral area is defined as a region con-

taining nonenhanced and higher signal intensity outside the tu-

moral solid area on T2WI and ADC images. If there was not

different signal noticed from T2WI and ADC mapping, especially

in grade II tumors, the ROI was manually drawn in the peritu-

moral area adjoining to the tumoral area (�1 cm). Forty-five

(40.18%) and 36 (32.14%) patients required the third reader

method in the measurement of peritumoral FA and ADC, respec-

tively. Because of regional variation of the FA and ADC absolute

values,19 the contralateral normal posterior limb of the internal

capsule was measured as the control to normalize FA and ADC

values. The ratio of maximal FA (rmFA), ratio of peritumoral FA

or ratio of minimal ADC (rmADC), and ratio of peritumoral

ADC were equal to the maximal FA, peritumoral FA or minimal

ADC, and peritumoral ADC divided by the contralateral FA or

contralateral ADC.

Statistics
All of the statistical analyses were performed with the use of the

Statistical Package for the Social Sciences software (version 13.0;

IBM, Armonk, New York). The Kolmogorov-Smirnov test was

performed on the age and imaging data to analyze whether they

were normally distributed. Statistical significance was set at the

P � .05 level. The interobserver intraclass correlations were cal-

culated for the maximal FA, minimal ADC, peritumoral FA, peri-

tumoral ADC, contralateral FA, and contralateral ADC, respec-

tively. Receiver operating characteristic curves of the parameters

with statistical significance were obtained to seek the cutoff value
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for distinguishing between groups with and without IDH1 R132H

mutation. The sensitivity and specificity of these parameters were

calculated. Sex differences were tested by means of the �2 test.

RESULTS
The age and imaging data were normally distributed. The age and

imaging parameters in the different groups are shown as mean �

standard deviation. Sex was shown as the ratio of men to women.

The interobserver intraclass correlations were 0.73, 0.84, 0.65,

0.70, 0.87, and 0.86 for the maximal FA, minimal ADC, peritu-

moral FA, peritumoral ADC, contralateral FA, and contralateral

ADC, respectively.

Group 1 and Group 2
One case in group 2 was recurrent glioma. The differences in age

and sex between groups 1 and 2 were not statistically significant

(Table 1). The maximal FA (0.25 � 0.16) and rmFA (0.35 � 0.22)

values in group 2 were higher than those (0.14 � 0.07 and

FIG 1. Bar graph of maximal fractional anisotropy (FA) (A), ratio of maximal FA (rmFA) (B), minimal ADC (C), and ratio of minimal ADC (rmADC) (D) in
different groups. P values with statistical significance are shown. Maximal FA and rmFA could differentiate group 1 from group 2 and group 3 from group
4. Minimal ADC (unit: �10–3 mm2/s) and rmADC showed statistical significance in groups 1 and 2, in groups 3 and 4, and in groups 5 and 6.

Table 1: Results of clinical and imaging data
Group 1 Group 2 Group 3 Group 4 Group 5 Group 6

No. of patient cases 25 11 12 11 10 43
Sex, M/F 15/10 5/6 9/3 7/4 8/2 27/16
Age, y 39.68 � 7.22 42.45 � 18.38 41.92 � 8.71 42.64 � 17.90 41.70 � 11.39 54.42 � 12.63
Edema FA 0.26 � 0.12 0.28 � 0.14 0.18 � 0.09 0.24 � 0.11 0.18 � 0.06 0.20 � 0.09
Ratio of edema FA 0.37 � 0.17 0.40 � 0.20 0.24 � 0.12 0.34 � 0.16 0.25 � 0.07 0.27 � 0.13
Contralateral FA 0.72 � 0.03 0.72 � 0.03 0.74 � 0.04 0.72 � 0.04 0.70 � 0.05 0.73 � 0.04
Edema ADC (�10–3 mm2/s) 1.15 � 0.37 1.13 � 0.27 1.35 � 0.31 1.33 � 0.42 1.57 � 0.22 1.53 � 0.33
Ratio of edema ADC 1.63 � 0.56 1.58 � 0.46 1.93 � 0.50 1.84 � 0.62 2.12 � 0.30 2.11 � 0.47
Contralateral ADC 0.71 � 0.03 0.72 � 0.04 0.71 � 0.05 0.74 � 0.04 0.74 � 0.04 0.73 � 0.03
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0.20 � 0.09) in group 1 (both P � .004) (Fig 1). In receiver oper-

ating characteristic curve analysis, when the cutoffs were, respec-

tively, 0.18 and 0.25 (Table 2), the maximal FA and rmFA had the

same sensitivity (90.90%), specificity

(96%), and area under the curve (AUC)

(0.92) (Table 2 and Fig 2). Regarding

minimal ADC and rmADC, the values

(1.02 � 0.29 � 10�3 mm2/s and 1.42 �

0.43) in group 2 were lower than those

(1.39 � 0.34 � 10�3 mm2/s and 1.95 �

0.43) in group 1 (both P � .001) (Figs 1

and 3). When the cutoff values were, re-

spectively, 1.07 � 10�3 mm2/s and 1.47

(Fig 2), the sensitivity of both parameters

was 100%, and specificities and AUC

were, respectively, 90.90%, 81.80%, and

0.94, 0.93 (Table 2).

Group 3 and Group 4
Two cases in group 4 were recurrent gli-

oma. The differences in age and sex be-

tween groups 3 and 4 were not statistically

significant. The maximal FA value

(0.32 � 0.13) and rmFA (0.45 � 0.18) in

group 4 were higher than those (0.17 �

0.10 and 0.23 � 0.13) in group 3 (P � .004

and 0.003, respectively) (Figs 1 and 4).

When the cutoffs were, respectively, 0.27

and 0.37, the AUC of the rmFA (0.82) was

larger than that of maximal FA (0.80) (Fig

2). Regarding minimal ADC value and

rmADC value, the values (0.86 � 0.21 �

10�3 mm2/s and 1.19 � 0.30) in group 4

were lower than those (1.08 � 0.15 �

10�3 mm2/s and 1.53 � 0.23) in group 3

(P � .011 and P � .006, respectively) (Figs

1 and 4). The cutoffs for minimal ADC

and rmADC were 0.99 � 10�3 mm2/s and

1.31 (Table 2), respectively. The AUC of

rmADC (0.83) was larger than that of

minimal ADC (0.76) (Fig 2).

Group 5 and Group 6
In group 5 and group 6, the differences in

age and sex were statistically significant.

In group 5, the patients were younger

than those in group 6, and male subjects

were more common in group 5 (8 male to

2 female subjects). There was no statistical

significance for maximal FA value or

rmFA (Figs 1 and 5). Regarding minimal

ADC value and rmADC value, the values

(0.74 � 0.11 � 10�3 mm2/s and 0.99 �

0.13) in group 5 were lower than those

(0.85 � 0.20 � 10�3 mm2/s and 1.17 �

0.26) in group 6 (P � .018 and P � .004,

respectively) (Figs 1 and 5). The cutoffs

for minimal ADC and rmADC were 0.81 � 10�3 mm2/s and 1.10

with the AUC equal to 0.66 and 0.70, respectively (Table 2 and

Fig 2).

FIG 2. Receiver operating characteristic curves with statistical significance are shown. The area
under the curve (AUC) showed a decreasing trend in imaging parameters from grade II to grade IV.
Minimal ADC showed the largest AUC in group 1 and group 2, and the second largest parameter was
the ratio of minimal ADC (rmADC). In groups 3, 4, 5, and 6, the largest AUC was rmADC.

Table 2: Cutoff value, sensitivity, specificity, and AUC of imaging parameters in the
differentiation of astroglioma with and without IDH1 R132H mutations

Cutoff Value Sensitivity Specificity AUC
Maximal FA

Groups 1 and 2 0.18 90.90% 96.00% 0.92
Groups 3 and 4 0.27 81.80% 83.30% 0.80

Ratio of maximal FA
Groups 1 and 2 0.25 90.90% 96.00% 0.92
Groups 3 and 4 0.37 81.80% 83.30% 0.82

Minimal ADC (�10–3 mm2/s)
Groups 1 and 2 1.07 100.00% 90.90% 0.94
Groups 3 and 4 0.99 75.00% 81.80% 0.76
Groups 5 and 6 0.81 53.50% 90.00% 0.66

Ratio of minimal ADC
Groups 1 and 2 1.47 100.00% 81.80% 0.93
Groups 3 and 4 1.31 91.70% 81.80% 0.83
Groups 5 and 6 1.10 53.50% 90.00% 0.70
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Other imaging parameters, including peritumoral FA, ratio

of peritumoral FA, contralateral FA, peritumoral ADC, ratio of

peritumoral ADC, and contralateral ADC, had no statistical

differences between 2 groups with the same WHO grades.

DISCUSSION
Several studies have suggested that gene expression might be a

better predictor of key outcomes than histologic classification.20

Thus, noninvasively detecting the genetic characteristics before

surgery is important for predicting the outcome and choosing the

best therapy. In the current study, we suggested that DTI could be

a useful tool for detecting IDH1 R132H mutation in astrogliomas,

and, on the basis of receiver operating characteristic curve analy-

sis, we believe that rmADC is the best metric for detecting IDH1

R132H mutation in astrogliomas.

Diffusion imaging is a method that provides direct insight into

the microscopic physical properties of tissues21; it has the ability

to detect the genetic characteristics of gliomas. Jenkinson et al22

reported that tumors with intact 1p/19q had higher maximum

ADC value on DWI. Khayal et al15 reported that ADC determined

from DTI showed promising value for distinguishing oligoastro-

cytomas with codeletions in chromosomes 1p and 19q from those

with intact 1p/19q chromosomes.

In the present study, we investigated the possibility that ADC

and FA from DTI might be used to distinguish astrogliomas with

IDH1 R132H mutation from those without mutation. In grade II

tumors, minimal ADC had the largest AUC, and the second was

rmADC. In grade III and grade IV tumors, rmADC had the largest

AUC in the ROC analysis. Thus, we believe that rmADC is the best

metric for detecting IDH1 R132H mutation, regardless of the

grades. In IDH1 R132H–mutant astrogliomas, maximal FA and

rmFA showed an increasing trend from grade II to grade IV, and

the minimal ADC and rmADC presented a decreasing tendency.

However, this tendency was not so distinct in IDH1 wild-type

astrogliomas.

The role of IDH1 R132H mutation in tumorigenic processes of

glioma remains unclear. The FA and ADC values are largely af-

fected by cellularity and/or vascularity.21-24 Zhao et al25 showed

that IDH1 appears to function as a tumor suppressor that when

mutationally inactivated, contributes to tumorigenesis partially

through induction of the HIF-1 pathway. HIF-1� promotes an-

giogenesis. This may be one of the reasons for higher FA values

FIG 3. A–C, A 43-year-old man with a grade II astrocytoma and IDH1 R132H antibody examination expressed positively. D–F, A 28-year-old
woman with a grade II astrocytoma and IDH1 R132H expressed negatively. In A, the fractional anisotropy gray-scale mapping shows a homoge-
neous low signal; in D, a heterogeneous image is shown with a dotted high signal. The signal of ADC mapping in B was higher than that in E. C
shows diffuse positivity on immunochemistry; F shows negativity on immunochemistry.
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and lower ADC values in the wild-type group than the mutation

group in grade II and III tumors. According to our results, we

suggest that future studies should be performed to observe the

differences in cellularity and angiogenesis between astrogliomas

with and without IDH1 R132H mutation.

Furthermore, it is unusual that neither maximal FA nor rmFA

demonstrated statistically significant differences in grade IV tu-

mors because they were in grade II and grade III astrogliomas. The

minimal ADC and rmADC values in group 5 were less than those

in group 6. The sensitivity and specificity of minimal ADC and

rmADC were less in grade IV glioblastoma. These phenomena

might have 2 reasons. One is that the tumorigenesis in glioblas-

toma multiforme is a complicated polygene-related process.

Many studies have reported that secondary glioblastomas had dif-

ferent subsets of genetic abnormalities from primary glioblas-

tomas.3 Even in primary glioblastoma, there are different genes

taking part in tumorigenesis. In the present study, grade IV tu-

mors mostly consisted of both primary and secondary glioblas-

tomas, and IDH1 R132H was the only analyzed genetic mutation

type. Moreover, IDH mutations are considered as early events in

astrocytoma tumorigenesis.26 Therefore, we suggest that the prev-

alence and role of IDH1 mutations in different grades of astroglio-

mas result in these phenomena. The small sample size in group 5

might be another reason for these findings.

In some studies, mean FA and ADC have been measured to

grade gliomas. However, it is well known that diffuse infiltrating

astrocytomas have different grades within the same tumor.27 If

the diffusion tensor metrics are calculated from whole tumor,

there is a theoretic possibility of missing the small foci of high-

grade tumors within otherwise low-grade tumors.28 If mean FA

and ADC were measured in any focal area within tumors, they

could not represent the cellular attenuation or the arrangement of

cells for the entire tumors. Such a mistake would therefore be

magnified. In the present study, maximal FA and minimal ADC

were used as diffusion tensor metrics. This method avoided the

aforementioned error. In addition, maximal FA and minimal

ADC could better reflect the difference between the IDH1-

R132H–mutant and nonmutant groups. This also explains why

the maximal FA value in the current study was a little greater than

the mean FA values reported in the literature.23,29-31

Currently, immunohistochemical analysis and gene sequenc-

ing are the main available methods for detecting IDH mutations

FIG 4. A–C, A 35-year-old woman with a grade III anaplastic astrocytoma and IDH1 R132H antibody examination expressed positively. D–F, A
17-year-old young man with grade III anaplastic astrocytoma and IDH1 R132H antibody examination expressed negatively. In A, fractional
anisotropy gray-scale mapping showed a heterogeneous low signal with some iso- and hyper-signals; in D, a high signal was seen, except for the
middle necrosis area. The signal of ADC mapping in B is higher than that in E. C and F, Immunochemistry results are shown.
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in gliomas. Gene sequencing is considered the reference standard

for detecting all types of IDH mutations.32 A monoclonal anti-

body, H09, has been developed for detecting the most common

mutation, IDH1 R132H. The sensitivity and specificity of this an-

tibody for detecting IDH1 R132H reportedly approached 100%.33

The accuracy of gene sequencing could be affected by highly con-

taminated tumor samples or by the quantity of tumor cell in the

sample. Capper et al33 reported that IDH1 sequencing missed 8 of

112 cases of IDH1 R132H mutation in the first round of sequenc-

ing. The predominant amino acid sequence alteration in IDH1 mu-

tation was R132H, accounting for 92.7% of the detected mutations in

1010 cases of WHO grade II and III gliomas, whereas IDH2 muta-

tions were much less common.34 Hartmann et al34 reported that

astrocytoma grades II and III carried only 0.9% IDH2 mutations.

Because of the high accuracy of monoclonal antibody H09 and the

lower frequency of other IDH1 mutation types and IDH2 mutations

in glioma, we chose immunochemical examination as the reference

standard for detecting IDH1 R132H mutation.

There were some important limitations to our study. Our

study classified astrogliomas from grade II to grade IV, according

to pathologic results. The data show some overlap between group

2 and group 3 and between group 4 and group 5. Therefore, im-

aging techniques with high accuracy to grade astrogliomas must

be combined with this technique in the future. Although the pa-

tients with brain stem or thalamic astrogliomas would benefit

most from IDH1 status by avoiding biopsy, all the cases included

in the current study were lobar tumors. Therefore, the results in

this study should be applied carefully to particular location astro-

gliomas. Because this was a retrospective study, there was no pre-

cise point-to-point biopsy guided by maximal FA and minimal

ADC information. Thus, the correlation of maximal FA and min-

imal ADC with histopathologic change could not be assessed,

which is especially important for the evaluation of grades III and

IV tumors because these tumors display more heterogeneity. Fu-

ture prospective studies with point-to-point biopsy design will be

necessary to verify our findings of optimal parameters for accu-

rate preoperative detection of IDH1 R132H mutation.

CONCLUSIONS
We demonstrate that DTI metrics, including maximal FA, rmFA,

minimal ADC, and rmADC from the tumor body have potential

ability to distinguish astrogliomas with IDH1 R132H mutation

FIG 5. A–C, A 33-year-old woman with a grade IV primary glioblastoma and IDH1 R132H antibody examination expressed positively. D–F, A
48-year-old man with a grade IV primary glioblastoma and IDH1 R132H antibody examination expressed negatively. In A and D, fractional
anisotropy mappings show heterogeneous images with scattered high signals. The signal of ADC mapping in B is lower than that in E. Immuno-
histochemistry results of these patients are shown.
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from those without mutation in grade II and grade III tumors.

Minimal ADC and rmADC in grade IV tumors are helpful to

differentiate glioblastomas with IDH1 R132H mutation from

those without mutation. The rmADC is the best metric for the

noninvasive detection of such mutation across different tumor

grades. Nonetheless, these results are preliminary, and further

investigation with histologic validation will be necessary to prove

the difference between astrogliomas with IDH1 R132H mutation

and those without mutation.
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Diagnostic Utility of Diffusion Tensor Imaging in Differentiating
Glioblastomas from Brain Metastases

S. Wang, S.J. Kim, H. Poptani, J.H. Woo, S. Mohan, R. Jin, M.R. Voluck, D.M. O’Rourke, R.L. Wolf, E.R. Melhem, and S. Kim

ABSTRACT

BACKGROUND AND PURPOSE: Differentiation of glioblastomas and solitary brain metastases is an important clinical problem because
the treatment strategy can differ significantly. The purpose of this study was to investigate the potential added value of DTI metrics in
differentiating glioblastomas from brain metastases.

MATERIALS AND METHODS: One hundred twenty-eight patients with glioblastomas and 93 with brain metastases were retrospectively
identified. Fractional anisotropy and mean diffusivity values were measured from the enhancing and peritumoral regions of the tumor.
Two experienced neuroradiologists independently rated all cases by using conventional MR imaging and DTI. The diagnostic performances
of the 2 raters and a DTI-based model were assessed individually and combined.

RESULTS: The fractional anisotropy values from the enhancing region of glioblastomas were significantly higher than those of brain
metastases (P � .01). There was no difference in mean diffusivity between the 2 tumor types. A classification model based on fractional
anisotropy and mean diffusivity from the enhancing regions differentiated glioblastomas from brain metastases with an area under the
receiver operating characteristic curve of 0.86, close to those obtained by 2 neuroradiologists using routine clinical images and DTI
parameter maps (area under the curve � 0.90 and 0.85). The areas under the curve of the 2 radiologists were further improved to 0.96 and
0.93 by the addition of the DTI classification model.

CONCLUSIONS: Classification models based on fractional anisotropy and mean diffusivity from the enhancing regions of the tumor can
improve diagnostic performance in differentiating glioblastomas from brain metastases.

ABBREVIATIONS: AUC � area under the curve; ER � enhancing region; FA � fractional anisotropy; IPR � immediate peritumoral region; LRM � logistic regression
model; MD � mean diffusivity

Differentiation of glioblastomas and solitary brain metastases

is an important clinical problem because the treatment strat-

egy can significantly differ depending on the tumor type.1,2 In

some cases, clinical history and/or multiplicity of enhancing brain

lesions makes the diagnosis of brain metastases relatively straight-

forward. However, a solitary brain metastasis on MR imaging can

have a nonspecific appearance. Similarly confounding the issue is

the fact that glioblastomas can also occasionally present as multi-

ple enhancing lesions. Moreover, although a glioblastoma typi-

cally presents as a solitary mass, a solitary brain metastasis may be

the first manifestation of disease in approximately 30% of patients

with systemic cancer.3 Hence, accurate distinction between glio-

blastomas and brain metastases can be challenging, often necessi-

tating an invasive surgical biopsy for a definitive diagnosis.

DTI has been used to differentiate glioblastomas from brain

metastases, but with conflicting results. Some reports have sug-

gested that mean diffusivity (MD)4-6 is helpful for the differenti-

ation, while others indicated the limited use of MD in the differ-

entiation of neoplasms.7-9 Wang et al10 and Reiche et al11

reported lower fractional anisotropy (FA) from the enhancing

regions (ERs) of glioblastomas compared with brain metastases.

In contrast, another study reported that glioblastomas have

higher FA in the enhancing regions than metastases.12 The poten-

tial reasons for these conflicting results may include differ-
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ences in analysis methods, particularly in defining the region of

interest, as well as the relatively small size of cohorts used in

individual studies (n � 24 – 66).4,5,7,10,13 Hence, a primary ob-

jective of this study was to investigate the DTI characteristics of

glioblastomas and brain metastases in a substantially larger

cohort of patients, in order to determine whether they may

have diagnostic utility.

Restricted water diffusion in solid tumors has been re-

ported by many groups.7,14-17 It is generally assumed that a

solid tumor does not have any microstructural orientation by

itself and its growth induces structural disorder in the tissue,

which leads to decreased FA.18 However, although the associ-

ation between FA and tumor cellularity has been studied, the

relationship remains unclear because both positive12,14,19 and

negative16 correlations have been reported. Our previous

study12 showing higher FA in glioblastomas than in brain me-

tastases also found a negative linear trend between FA and MD

in glioblastomas, which was not seen in metastases, perhaps

indicating a tumor-dependent relationship between these 2

parameters. While promising results with DTI have been pub-

lished in the diagnosis of brain tumors, to date, its clinical

value in improving the diagnostic accuracy of radiologists has

not been evaluated.

Hence, the objectives of the present study were to investigate

the potential of DTI in differentiation of glioblastomas from sol-

itary brain metastases in a relatively large cohort of 221 patients

and to compare its diagnostic accuracy in comparison with that of

2 experienced neuroradiologists.

MATERIALS AND METHODS
Patients
Patients with solitary enhancing lesions (n � 221), based on con-

trast-enhanced T1-weighted images, were retrospectively re-

cruited from our institutional data base between June 2006 and

February 2012. Patients with nonenhancing or multiple enhanc-

ing tumors or a clinical history of any prior therapy to the brain

were not included. The study was approved by the institutional

review board and was compliant with the Health Insurance Por-

tability and Accountability Act.

Histopathologic diagnosis of the tumor was available for all

patients through surgical resection or biopsy. The final diagnoses

included 128 glioblastomas (78 men, 50 women; age, 60.5 � 12.3

years; range, 24 –90 years) and 93 brain metastases (46 men, 47

women; age, 58.8 � 11.6 years; range, 44 – 88 years). Of the 93

metastases, the primary sites for cancer included lung (n � 56),

breast (n � 16), skin (n � 8), colon (n � 3), renal (n � 2), neck

(n � 1), arm (n � 1), parotid (n � 1), esophagus (n � 2), thyroid

(n � 1), peritoneum (n � 1), and endometrium (n � 1).

Data Acquisition
MR imaging studies were performed on a Tim Trio 3T whole-

body scanner (Siemens, Erlangen, Germany) by using a 12-chan-

nel phased-array head coil. Routine MR imaging pulse sequences

included axial T1-weighted 3D MPRAGE (TR/TE/TI � 1760/3.1/

950 ms, matrix size � 192 � 256, section thickness � 1 mm) and

axial FLAIR (TR/TE/TI � 9420/141/2500 ms, section thickness �

3 mm). DTI data were acquired by using a single-shot spin-echo

EPI sequence with parallel imaging by using generalized autocali-

brating partially parallel acquisition and an acceleration factor of

2. The DTI data from 55 patients (40 glioblastomas, 15 metasta-

ses) were acquired by using 12 diffusion-weighting directions

(TR/TE � 4900/83 ms, NEX � 6); and in the remaining 166

patients, DTI data were acquired with 30 directions (TR/TE �

5000/86 ms, NEX � 3). Other sequence parameters were as

follows: FOV � 22 � 22 cm2, b�0, 1000 s/mm2, section thick-

ness � 3 mm, total scanning time � 8 minutes. All our 12- and

30-direction DTI data were acquired by using the same imag-

ing parameters with the same scanning times at the same scan-

ner. On the basis of previous studies,20-22 we assume that there

is no significant difference in mean or median MD and FA

values from the 12- and 30-direction DTI datasets, particularly

when FA is mostly �0.3 as in the solid tumors included in this

study21 and we combined the data from all the patients in this

study.

Image Processing
The diffusion-weighted images were coregistered to the non-dif-

fusion-weighted (b�0) images by using the methods described in

another work.12 The corrected raw images were combined to es-

timate rotationally invariant DTI parameter maps, including FA

and MD, by using in-house software.12,23,24

The DTI parameter maps and FLAIR images were then coreg-

istered to contrast-enhanced T1-weighted images. A semiauto-

matic segmentation approach was used to subdivide each lesion

into 3 regions: enhancing region, immediate peritumoral region

(IPR), and distant peritumoral region by using contrast-en-

hanced T1 and FLAIR images.12 ER was the region with enhance-

ment higher than the mean �3 SDs of the signal intensity from

the WM. IPR was chosen as a 4-mm-wide band around the en-

hancing region. The remaining region of FLAIR abnormality,

outside of the IPR, was the distant peritumoral region.12,23,25 The

median FA and MD values were measured from the 3 regions.

Data analysis tools, including image coregistration and segmen-

tation, were implemented by using IDL (Exelis Visual Informa-

tion Solutions, Boulder, Colorado).

Data Analysis
A Mann-Whitney U test was used for the difference in the median

MD and FA values between glioblastomas and brain metastases

from the 3 regions. A P value � .05 was considered significant.

Linear regression analysis was used to investigate the association

between 2 continuous measures, FA and MD. A multivariate lo-

gistic regression analysis was used to determine the best classifi-

cation model of DTI parameters, namely the logistic regression

model (LRM). Bootstrapping validation was applied to estimate

the accuracy of the LRM. Specifically, 70% of the full dataset was

randomly selected with replacement and was used as an indepen-

dent validation set; this process was repeated 500 times.26 Means

and SDs of the area under the receiver operating characteristic

curves (AUCs) were computed. The cutoff lines for separating

glioblastomas from metastases were determined by maximizing

the sum of specificity and sensitivity (ie, Youden index).

Two neuroradiologists with 10 and 9 years of experience inde-

pendently reviewed the cases on the basis of contrast-enhanced

AJNR Am J Neuroradiol 35:928 –34 May 2014 www.ajnr.org 929



T1, FLAIR, DWI, FA, and MD maps. The radiologists were asked

to rate their level of confidence for each case, whether the tumor

was metastasis or glioblastoma. A rating was classified into 5 scales

based on the following 5 confidence levels: level 1, 90% metastasis;

level 2, 70% metastasis; level 3, 50%; level 4, 70% glioblastoma;

and level 5, 90% glioblastoma. The diagnostic performances of

the 2 raters and LRM were evaluated by using the receiver oper-

ating characteristic analysis curves. The AUCs were compared by

using the method of DeLong et al.27 The weighted � was used to

assess the interobserver agreement between the 2 raters and

LRM. All data analysis was conducted by using the Statistical

Package for the Social Sciences for Windows, Version 15.0

(IBM, Armonk, New York). R software (Version 2.15.0; http://

www.r-project.org) was used for the bootstrapping validation.

RESULTS
Comparison of Imaging Parameters
Representative MR images of patients with glioblastoma and me-

tastasis are shown in Fig 1. The MD maps in both cases showed

similar levels of restricted diffusion in the enhancing parts. In

contrast, the FA maps showed that the glioblastoma had higher

FA than the brain metastasis. The high FA rim extended to the

immediate peritumoral regions in glioblastomas. Similar obser-

vation was made with most cases as summarized by the box-

plots shown in Fig 2A, -B. The median FA value of glioblas-

tomas from the ER and IPR was significantly higher than that

of brain metastases (P � .01). There was no significant differ-

ence in the median values of MD from all the regions. None of

the parameters showed significant differences from the distant

peritumoral regions.

Diffusion Tensor Logistic
Regression Model
FA from the ER and IPR and MD from

the ER were evaluated for their diagnos-

tic performance by using receiver oper-

ating characteristic analysis (Table). The

single best predictor for the discrimina-

tion is FA from the ER with a sensitivity

of 0.80, a specificity of 0.76, and an AUC

of 0.84. The logistic regression analysis

indicated that the best model included

FA and MD from the ER as follows:

1) f�MD, FA�

�
1

1 � exp	� ��0 � �1MD � �2FA�

,

where �0 � �7.79, �1 � 2.14, and �2 �

43.30. This model was validated by using

the bootstrapping procedure described

above (repeated 500 times) with a mean

AUC of 0.86 and SD of 0.03.

The scatterplots of FA and MD from

the ER in Fig 2C demonstrate how LRM

can have a higher AUC than FA alone,

though MD itself is a poor predictor

(AUC � 0.50). The cutoff line of LRM

shown in Fig 2C was slanted and posi-

tioned between the linear regression

lines for glioblastomas and brain metastases, shown separately in

Fig 2D, -E, respectively. The linear negative regression between FA

and MD in the glioblastoma group was significant (R2 � 0.26, P �

.05).

Comparison between Diffusion Tensor and Raters
The results of diagnostic reading by 2 expert neuroradiologists by

using the 5-point rating scale and LRM output are presented as

scatterplots in Fig 3A, -B. If one assumes that the LRM output is

equivalent to the reader confidence level, confidence level 1 of the

raters (90% metastasis) corresponds to 0 – 0.2 of the LRM output;

confidence level 2, to 0.2– 0.4 of the LRM output; and so forth.

The weighted � values between the 2 raters, rater 1 and LRM, and

rater 2 and LRM, were 0.63, 0.40. 0.43, respectively, indicating

moderate agreement. The receiver operating characteristic analy-

sis curves in Fig 3C demonstrate that the diagnostic performances

of the 2 raters and LRM are similar; the AUC values were 0.90,

0.85, and 0.86, for rater 1, rater 2, and LRM, respectively. There

was a significant difference between the AUCs of rater 1 and rater

2 (P � .03).

Figure 3A, -B indicates that approximately half of the cases had

low confidence levels (levels 2– 4 for the raters and 0.2– 0.8 for the

LRM): 43% for rater 1, 56% for rater 2, and 50% for the LRM. Fig

3D shows the receiver operating characteristic analysis curves

only for the cases with confidence levels between 2 and 4 by both

raters (n � 72). The AUC of the LRM (0.87) for these challenging

cases was higher than those of rater 1 (0.70) and rater 2 (0.64),

suggesting that the LRM can be helpful in improving the classifi-

cation of the cases with low rater confidence levels.

FIG 1. Comparison of imaging features between glioblastomas (A–C) and brain metastases (D–F).
Both show ring enhancement and extensive edema on axial contrast-enhanced T1-weighted
images (A and D) and restricted diffusion of the enhancing part on MD maps (B and E). However,
for the FA map, the glioblastoma case demonstrates high FA values from the enhancing region.
The high FA starts from the enhancing region and extends to the immediate peritumoral region,
making an FA rim.
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FIG 2. Boxplot of FA and MD from the enhancing region in glioblastomas (white) and brain metastases (gray) (A and B). The outliers are
represented by circles. Asterisks indicate significant differences (P � .01). A scatterplot of FA and MD from the enhancing region of glioblastomas
(blue square) and brain metastases (purple circle) (C) is shown. The green line represents the cutoff line of MD; the blue line, the cutoff line of
FA; and the red line, the cutoff line of the combined model of FA and MD, which can successfully separate the glioblastomas and brain
metastases. FA and MD regression lines for glioblastomas (D), FA and MD regression lines for brain metastases (E), and the dotted line indicate
95% confidence intervals. There is a negative correlation of FA and MD in glioblastomas (R � 0.51, P � .05).

Diagnostic performance of 2 raters and the logistic regression model of DTI parameters for all the cases
Sensitivity Specificity PPV NPV AUC Cutoff Value

FAER 0.80 0.76 0.80 0.73 0.84 0.13
MDER (10�3 mm2/s) 0.73 0.34 0.60 0.47 0.51 1.21
FAIPR 0.65 0.68 0.73 0.58 0.69 0.17
LRM 0.84 0.77 0.83 0.78 0.86 0.50
Rater 1 0.70 0.93 0.75 0.94 0.90 4.5
LRM � rater 1 0.93 0.88 0.92 0.90 0.96 0.54
Rater 2 0.76 0.85 0.94 0.54 0.85 2.5
LRM � rater 2 0.85 0.85 0.88 0.81 0.93 0.54

Note:—PPV indicates positive predictive value; NPV, negative predictive value.
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DTI and Rater Combined Classifier
Figure 4 illustrates the improvement in the diagnostic accuracy of

each rater by combining with the LRM. A logistic regression

model was generated by using LRM output and rater 1:

2) f�Rater1, LRM� �
1

1 � exp	 � ��0 � �1Rater 1 � �2LRM�


where �0 � �9.54, �1 � 1.70, and �2 � 6.25. The scatterplot in

Fig 4A demonstrates that most of the glioblastomas are above the

diagonal line and most of the brain metastases are below the di-

agonal line. LRM plus rater 1 had an AUC of 0.96 compared with

0.9 by rater 1 alone. We tested the model by using rater 2. Figure

4B, -D shows that the combined model with LRM plus rater 1 can

also improve the results of rater 2. The AUC was 0.93, compared

with 0.85 by rater 2 alone. The combined model significantly im-

proved the AUC of both rater 1 (P � .001) and rater 2 (P � .001).

This model can be applied to all raters.

A summary of diagnostic performance of individual readers

and combined schemes of DTI parameters, including sensitivity,

specificity, positive predictive value, negative predictive value,

and AUC, is shown in the Table.

DISCUSSION
In this study, the diagnostic perfor-

mance of DTI based on FA and MD was

compared with those of 2 experienced

neuroradiologists. Our results demon-

strated that the diagnostic accuracy of

the classifier was as good as those of ex-

perienced neuroradiologists and that

LRM could be used to further improve

the diagnostic performance of the read-

ers. Our previous studies in a smaller

sample population (n � 63) have shown

that FA and MD from the enhancing

part are very useful for differentiating

glioblastomas from brain metasta-

ses.12,23 Results from the present study

with a substantially larger sample size

(n � 221) confirmed that FA and MD

from the enhancing part can be used to

generate a robust model for the classifi-

cation between glioblastomas and brain

metastases.

Our study demonstrated that FA

from the enhancing regions of glioblas-

tomas was significantly higher than that

of brain metastases. Toh et al28,29 re-

ported similar findings and interpreted

them as the influence of gliosis sur-

rounding the glioblastomas. We specu-

late that the high FA in glioblastomas

may be due to the orientation of over-

produced extracellular matrix.30,31 The

extracellular space and matrix play an

important role in tumor growth and in-

filtration. Glioblastoma cells produce

large amounts of tumor-specific extra-

cellular matrix components, which serve as a substrate for adhe-

sion and subsequent migration of the cells through the enlarged

extracellular space.30 These molecules accumulate and are ori-

ented in extracellular matrix,32 resulting in high anisotropy. Our

previous study in meningiomas demonstrated high FA and planar

anisotropy coefficient in fibroblastic meningiomas compared

with other subtypes.26 These findings can be explained by the

presence of a large amount of collagen in fibroblastic sub-

types.25,33 It has been reported that the structure and orientation

of extracellular matrix affect the anisotropy, but not the mean

diffusivity34; these results are consistent with ours. On the other

hand, in brain metastases, neoplasm cells grow into the brain

parenchyma in an expansive, noninfiltrating pattern. In contrast

to glioblastoma, degradation of the extracellular matrix begins the

process of metastasis.35,36

We did not observe a significant difference in MD values from

the enhancing region between glioblastomas and metastases, in-

dicating a limited sensitivity and specificity of this parameter in

tumor differentiation. However, MD was still an important pa-

rameter for LRM because FA in glioblastomas varied depending

on MD, but did not in metastases. If one assumes that MD reflects

FIG 3. Scatterplot of 2 raters and the logistic regression model for glioblastomas (blue square)
and brain metastases (purple circles) (A and B). Approximately half of cases were with low confi-
dence levels (levels 2– 4 for the raters and 0.2– 0.8 for the LRM). PGBM represents the probability,
predicted by the model, for glioblastoma (GBM). Receiver operative characteristic curve analysis
from 2 raters and the LRM for the whole cases (C) and challenging cases for the raters with
confidence level of 2– 4 (D) are shown. The performance of the LRM is close to that of both raters.
For challenging cases, the performance of the LRM remains at about the same level as those for
all cases.
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cellularity, our findings from in vivo data substantiate previous

reports on the positive correlation between FA and tumor cellu-

larity.12,14,19 Furthermore, our study shows, for the first time, that

such association between FA and MD is found only in glioblas-

tomas, but not in brain metastases. The underlying mechanism

for such discrepancy between these 2 types of tumors is not fully

understood, but it may help in improving the diagnostic accuracy

as demonstrated in this study.

In this study, the AUC values are similar between the raters

(0.90 and 0.85) and LRM (0.86). This result indicates that the 2

raters and LRM had differences in their confidence levels for in-

dividual cases, but overall the performance of LRM was close to

that of both raters. Furthermore, with the use of the DTI classifi-

cation model, the diagnostic performance of each radiologist im-

proved noticeably, with high sensitivity, specificity, positive pre-

dictive values, and negative predictive values. The AUC increased

from 0.90 to 0.96 for rater 1 and from 0.85 to 0.93 for rater 2. The

model is easy to use in clinical practice. Specifically, the readers

first interpreted the case on the basis of the 5-scale confidence

levels. Then they put the FA and MD values from the enhancing

part into equation 1 and calculated the probability. Finally they

used equation 2 to get the final interpretation. Alternatively, on

the basis of the promising results of the current study, the LRM

output can be provided to the radiologists as complementary

information to consider when reading

the case. A future study is warranted to

test whether the availability of the LRM

output can improve the diagnostic per-

formance of radiologists with different

levels of experience. We also evaluated

challenging cases for the readers with

lower confidence levels. The AUC re-

mained at about the same level as that in

all the cases. This finding was in accor-

dance with several previous stud-

ies5,12,17 and indicates that the model is

very helpful for readers, even for experi-

enced radiologists.

A potential limitation of our study is

its retrospective design. To further vali-

date our results, a prospective study with

similar or larger cohort size is war-

ranted. Water diffusivity is affected by

many factors including cellularity, ex-

tracellular volume, viscosity, and mem-

brane permeability. The mean diffusiv-

ity and directionality changes measured

by DTI are the sum of all the microstruc-

tural changes. Hence, a thorough patho-

logic investigation would be necessary to

elucidate the underlying tissue structure

responsible for higher FA in glioblas-

tomas and the association with MD. In

this retrospective study, image-guided

biopsy was not available. Future study

with pathologic validation is required.

Furthermore, we may further improve

the DTI-based model by using histogram analysis of FA and MD

values in voxels. Future study is warranted to fully use the vast

voxelwise information collected through DTI for better diagnosis.

CONCLUSIONS
The classification model based on FA and MD from the enhanc-

ing region is a robust one for differentiating glioblastomas from

brain metastases. The model performed as well as experienced

neuroradiologists. The diagnostic performance of radiologists in

differentiating glioblastomas from brain metastases can be im-

proved by adding a DTI classification model.
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Bioactive versus Bare Platinum Coils in the Treatment of
Intracranial Aneurysms: The MAPS (Matrix and Platinum

Science) Trial
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ABSTRACT

BACKGROUND AND PURPOSE: The ability of polymer-modified coils to promote stable aneurysm occlusion after endovascular treatment is
not well-documented. Angiographic aneurysm recurrence is widely used as a surrogate for treatment failure, but studies documenting the
correlation of angiographic recurrence with clinical failure are limited. This trial compares the effectiveness of Matrix2 polyglycolic/polylactic acid
biopolymer–modified coils with bare metal coils and correlates the angiographic findings with clinical failure (ie, target aneurysm recurrence), a
composite end point that includes any incident of posttreatment aneurysm rupture, retreatment, or unexplained death.

MATERIALS AND METHODS: This was a multicenter randomized noninferiority trial with blinded end point adjudication. We enrolled 626
patients, divided between Matrix2 and bare metal coil groups. The primary outcome was target aneurysm recurrence at 12 � 3 months.

RESULTS: At 455 days, at least 1 target aneurysm recurrence event had occurred in 14.6% of patients treated with bare metal coils and 13.3%
of Matrix2 (P � .76, log-rank test) patients; 92.8% of target aneurysm recurrence events were re-interventions for aneurysms that had not
bled after treatment, and 5.8% of target aneurysm recurrence events resulted from hemorrhage or rehemorrhage, with or without
retreatment. Symptomatic re-intervention occurred in only 4 (0.6%) patients. At 455 days, 95.8% of patients with unruptured aneurysms
and 90.4% of those with ruptured aneurysms were independent (mRS � 2). Target aneurysm recurrence was associated with incomplete
initial angiographic aneurysm obliteration, presentation with rupture, and a larger aneurysmal dome and neck size.

CONCLUSIONS: Tested Matrix2 coils were not inferior to bare metal coils. Endovascular coiling of intracranial aneurysms was safe, and
the rate of technical success was high. Target aneurysm recurrence is a promising clinical outcome measure that correlates well with
established angiographic measurements.

ABBREVIATIONS: BMC � bare metal coil; HELPS � HydroCoil Endovascular Aneurysm Occlusion and Packing Study; ISAT � International Subarachnoid Aneurysm
Trial; MAPS � Matrix and Platinum Science; TAR � target aneurysm recurrence

Treatment of ruptured intracranial aneurysms with endovas-

cular coiling is widely accepted, but incomplete or imperma-

nent aneurysm occlusions are common.1,2 Although failure to

achieve durable angiographic occlusion is frequent, delayed hem-

orrhage after coiling is infrequent.3 Because large sample sizes are

required to detect treatment effects on infrequent events, many

trials use angiographic aneurysm residuals and/or recurrence as a

surrogate for the much less frequent outcome of clinical failure,

even though the correlation between angiographic failure and

clinical failure is not well-characterized. While hemorrhage after

treatment is the most concerning form of clinical failure, retreat-

ment is also a significant negative clinical event for the patient

Received June 5, 2013; accepted after revision October 2.

From the Department of Neurosurgery (C.G.M.), Barrow Neurological Institute, St. Jo-
seph’s Hospital and Medical Center, Phoenix, Arizona; Clinical and Translational Science
Institute (S.C.J.) and Department of Radiology (C.F.D.), University of California, San Fran-
cisco, San Francisco, California; Department of Neuroradiology (A.G.), Regional Neuro-
sciences Center, Royal Victoria Infirmary, Newcastle Upon Tyne, UK; Departments of
Neurological Surgery and Diagnostic Radiology (S.L.B.), Oregon Health and Science
University, Portland, Oregon; Therapeutic Neuroradiology Unit (J.C.V.S.), University
General Hospital of Alicante, Alicante, Spain; Department of Interventional Neuroradi-
ology (J.M.R.), Hospital Donostia, San Sebastián, Spain; Department of Neurosurgery
and Radiology (J.C.C.), Mount Sinai Medical Center, Miami Beach, Florida; Service de
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and, as such, requires consideration. From the patient’s perspec-

tive, it is the clinical, not the angiographic, outcome that is im-

portant, and it is, therefore, critical that the relationship between

imaging and clinical outcomes be better understood.

Several varieties of polymer-modified coils have been devel-

oped with the goal of achieving more durable aneurysm occlu-

sion. Matrix2 (Stryker, Kalamzoo, Michigan) is a platinum coil

modified with a polyglycolic/polylactic acid braid. Although mul-

tiple studies of this coil and of a previous iteration of this coil have

been conducted,4-19 this trial was initiated because no random-

ized trial had been conducted and the benefits of Matrix2 re-

mained unproven.

The goals of this study were to compare Matrix2 with its bare

metal counterpart the Guglielmi detachable coil (Stryker) and to

use this trial to validate a composite clinical outcome measure

created for the trial. The clinical outcome was designated as “tar-

get aneurysm recurrence” (TAR) and was defined as occurring

when a patient experienced any of the following conditions after

his or her initial aneurysm coiling:

1) Target aneurysm hemorrhage

2) Target aneurysm retreatment

3)Death from unknown cause.

MATERIALS AND METHODS
This randomized multicenter trial was conceived and designed by

the investigators, with advice provided by the sponsor. This study was

approved by all local institutional review boards. The study was con-

ducted in accordance with the relevant parts of the International

Conference on Harmonization Good Clinical Practice: Consolidated

Guideline; the Declaration of Helsinki, EN ISO14155 Clinical Inves-

tigations of Medical Devices for Human Subjects; and the applicable

regulations from the US Food and Drug Administration. Study cen-

ters were invited to participate; high-volume centers with broad geo-

graphic representation were selected for invitation.

Study Subjects
The study population included subjects 18 – 80 years of age with a

single untreated, intracranial saccular aneurysm (4 –20 mm; Hunt

and Hess scale score, I–III; mRS score, 0 –3), ruptured or unrup-

tured, for which both polymer-modified coils and bare metal coils

(BMCs) were treatment options and for which primary coiling

treatment was planned to be completed during a single procedure.

Twenty-six of the 43 investigational sites were located in the

United States. Due to the wide variability in the rate of patient

recruitment among centers, large-volume centers were closed to

enrollment after 60 patients were recruited to avoid having the

recruitment dominated by a small number of large-volume cen-

ters. On-line Table 1 details enrollment by participating centers.

Subjects were seen at the time of treatment and again 12 � 3

months after the procedure. Preprocedural neurologic scores

consisted of an independent assessment of the mRS score for all

subjects plus a Hunt and Hess scale assessment for subjects with

ruptured aneurysms. Long-term follow-up is to occur by tele-

phone annually to 5 years post-index procedure.

All enrolled Matrix and Platinum Science (MAPS) Trial sub-

ject data are included in the intent-to-treat analysis except for 4

excluded subjects. One subject did not have an aneurysm, and 3

subjects were excluded at the request of the local institutional

review board due to noncompliance with good clinical practice in

obtaining informed consent. Overall, 626 MAPS Trial subjects

were included in the intent-to-treat analyses.

Procedures
Patients were randomized in blocks of 2 and 4, stratified by target

aneurysm rupture status and hospital site, to ensure equal distribu-

tion of those elements between the trial arms. Patients randomized to

Matrix2 were to be treated with �75% total length of coils composed

of Matrix2 and the remainder, of BMCs, while those randomized to

BMCs were to be treated entirely with BMCs. To minimize con-

founding variables related to mechanical properties of different coil

types, we allowed no other coil types or coils by different manufac-

turers in the index procedure. The use of adjunctive devices, specifi-

cally the use of the Neuroform stent (Stryker Neurovascular, Fre-

mont, California), was at the operators’ discretion.

As defined above, the primary outcome measure was TAR.

Secondary outcome measures, all defined a priori, included an-

giographic assessment by site and core laboratory; assessments of

mRS scores at 12 � 3 months and direction of change from base-

line, whether it improved or worsened, performed in person by an

independent certified practitioner at a scheduled clinic visit; and

technical procedural success, defined as the successful delivery and

deployment of coils in the target aneurysm. Target aneurysm re-

intervention was defined as any further treatment of the aneurysm

with the retreatment decision being at the discretion of the operator.

All sites graded their own angiographic outcomes on the basis of

the modified 3-point Raymond scale postprocedurally and at follow-

up. All sites also recorded an assessment of perceived change from

baseline (same, better, worse) at follow-up. Digitized copies of the

angiograms were created for all cases and were stored at an indepen-

dent angiographic core laboratory located at the University of Cali-

fornia, San Francisco. The core laboratory assessed all treatment and

1-year follow-up angiograms blinded to the treatment technique.

Core laboratory evaluations were performed by using the same an-

giographic scales as the self-assessed outcomes.

An independent steering committee was responsible for over-

all oversight of the science and execution of the trial. Patient safety

data were reviewed at regular intervals by an independent Data-

Monitoring Committee. An independent Clinical Events Com-

mittee was responsible for reviewing and adjudicating all deaths

and neurologic events. Monitoring and source document verifi-

cation were performed by an external monitoring clinical re-

search organization, Geelen and Geelen. On-site monitoring and

source document verification of Case Report Forms against orig-

inal patient records were completed for �40% of patients at the

completion of the 1-year follow-up.

Statistical Methods
This study used a noninferiority design to evaluate whether

Matrix2 coils are noninferior to BMCs, with a clinically accept-

able noninferiority margin set at 10%, at a 1-sided significance level

of � � .05. Noninferiority was used to establish the baseline estimate

from which future superiority studies could be conducted. Based on

a literature review, the estimated 1-year TAR rate for aneurysms

treated with BMCs was 20%. Powering to noninferiority required
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250 patients in each arm, with 87% power if the Matrix2 was equiv-

alent to the BMC. Assuming 20% lost to follow-up increased the

sample size to 315 patients in each arm.

The primary end point (TAR) rate was calculated by using

Kaplan-Meier estimates in each group at the end of a window of

12 � 3 months (455 days). Time to event was based on the real

time to rupture/rerupture, retreatment, or unknown cause of

death, whichever happened first for each subject. Subjects who

had not experienced an event were censored at their last clinical

visit or 455 days, whichever came earlier. Noninferiority was to be

claimed if the upper limit of the 1-sided 95% confidence interval

of the treatment difference was less than the prespecified 10%

noninferiority margin. After showing noninferiority, a test for

superiority was also to be conducted. Superiority was to be

claimed if the upper limit of the 2-sided 95% confidence interval

of the treatment difference was �0.

The protocol prespecified additional subgroup analyses of

TAR, modified Raymond scale, changes in mRS score from base-

line to the 12-month assessment, and univariate and multivariate

regression models to analyze TAR.

Logistic regression models were fitted to find baseline predic-

tors for TAR, including baseline clinical and angiographic find-

ings. The stepwise method was used with P � .1 entry and exit

criteria for model selection.

A Student t test was used for distributions of continuous vari-

ables between the groups. Either the �2 or Fisher exact test was

used to analyze binary variables according to standard statistical

practice. For ordinal variables, such as the modified Raymond

Scale, recanalization, and mRS scores, the Wilcoxon rank sum test

was used to test the distribution between the groups. The differences

between the groups were presented with the 95% confidence interval

estimated by the normal approximation. For the binary outcomes,

the relative risks as well as the 95% confidence intervals were also

presented.

All statistical analyses were performed by using SAS, Version

9.2 (SAS Institute, Cary, North Carolina).

RESULTS
Between March 29, 2007, and October

20, 2009, six hundred twenty-six pa-

tients were enrolled in the MAPS trial

(Fig 1). Thirty-three subjects received

nonstudy coils, received no coils, or expe-

rienced a violation of the prespecified ratio

of coil length. Nine subjects received ex-

cluded stents in addition to the ran-

domized coil type. All 626 enrolled

subjects were included in this intent-

to-treat analysis.

Baseline Characteristics
Baseline demographics were relatively

evenly distributed between the 2 groups

(Table 1). More patients had diabetes

(P � .0401) and a worse neurologic sta-

tus at baseline in the Matrix2 arm than in

the BMC arm. BMC patients with unrup-

tured aneurysms had worse mRS scores (P � .0457), and BMC pa-

tients with ruptured aneurysms had poorer Hunt and Hess scale

scores (P � .0136). Approximately 87% (543/626) of aneurysms

treated were located in the anterior circulation; the most common

location was the anterior communicating artery (On-line Table 2).

There were no differences among aneurysm locations based on treat-

ment group (On-line Table 2). Of the 228 (36%) subjects who pre-

sented with acutely ruptured aneurysms, 218 (96%) were treated

within 14 days of rupture. Of the 626 subjects enrolled in the study,

509 (81%) had wide-neck aneurysms based on study site measure-

ments. The use of stents in wide-neck aneurysms was evenly distrib-

uted in both arms.

Procedural Outcomes
The procedural success rate was high in both treatment arms

(97.5% [307/315] for BMCs versus 96.8% [301/311] for Matrix2).

The inability to access the target aneurysm was the most common

reason for technical failure. The rate of device malfunction was

low in both groups (3.9% [12/308] for BMCs versus 3.9% [12/

309] for Matrix2; On-line Table 3). The periprocedural complica-

tion rates (15.0% [47/313] for BMCs versus 14.8% [46/311] for

Matrix2) were consistent with other reports.13 On average, 6.9

coils were implanted per patient in the BMC arm compared with

5.5 coils in the Matrix2 arm. The packing attenuation of Matrix2

(26.4%) was significantly greater (P � .0013) compared with that

of BMCs (23.3%). Although the protocol allowed up to 25% of

coil length in the Matrix2 arm to be BMCs, 71.1% (221/311) of

patients in the Matrix2 arm received 100% Matrix2.

Primary End Point
The Kaplan-Meier estimates of TAR at 455 days were 13.3% for

the Matrix2 treatment group and 14.6% for BMC group (Fig 2).

Noninferiority was shown with the upper limit (3.9%) of a

1-sided 95% confidence interval of the difference that was less

than the prespecified 10% margin. However, the difference in

TAR rates was not large enough to demonstrate superiority: The

upper limit (4.9%) of a 2-sided 95% confidence interval of the

FIG 1. Subject flow through 455 days.
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difference was �0. A Kaplan-Meier curve of per protocol analysis

is shown in On-line Fig 1. Overall, 93% (64/69) of TARs resulted

from re-intervention of aneurysms that had not bled after treat-

ment. Symptomatic re-intervention occurred in 4 of 626 patients

(0.6%, Table 2), 3 of whom had aneurysmal hemorrhage. One

TAR event occurred due to an unexplained death. Subgroup anal-

ysis of the primary end point is given in On-line Table 4.

Secondary End Points
The immediate postprocedural angiographic assessment was sim-

ilar between the 2 coil groups (P � .9894, Table 3). There was no

difference in angiographic outcomes at 12 months between the 2

groups (P � .8297). There was no significant difference in the 2

groups with respect to changes in the immediate post-index treat-

ment and 12-month neurologic assessments compared with the

preprocedural assessments.

The immediate postprocedural independent neurologic as-

sessment demonstrated that 91% (524/579) of the subjects had

the same or better mRS scores compared with their pretreatment

neurologic assessment. The results were similar for both treat-

ment groups (P � .4220). There also was no difference between

the treatment groups with respect to worsening mRS scores from

before the procedure to the 12-month follow-up (11.7% [33/

281]for BMCs versus 9.9% [28/284] for Matrix2, P � .4705).

Principal Safety Outcomes
The Clinical Events Committee–adjudi-

cated principal safety outcomes up to

455 days including all deaths, strokes,

and ruptures/reruptures are presented

in On-line Table 5. During the study,

there were 837 safety events reported:

279 (33%) as serious adverse events and

558 (67%) as nonserious adverse events.

Four (0.6%, 4/626) aneurysms, 2 in each

arm, ruptured or reruptured within 455

days of the index treatment. Twenty-

four deaths were reported post-index

treatment through 455 days. No unan-

ticipated adverse device events were

identified during the study. No cases of

hydrocephalus were associated with un-

ruptured aneurysms in either arm.

For all causes of death at 30 days, 3

patients died in the BMC arm and 12 in

the Matrix2 arm (P � .0174, On-line Ta-

ble 5). At 30 days, there was 1 neurologic

death in the BMC arm and 11 in the Ma-

trix2 arm (P � .0033). By 12 months, 9

patients (5 with ruptured aneurysms,

56%) in the BMC arm had died com-

pared with 15 (11 presented ruptured,

73%) in the Matrix2 arm (P � .2002). At

12 months, there was 1 neurologic death

in the BMC arm versus 13 in the Matrix2

arm (P � .0011). There was no signifi-

cant difference in the nonneurologic

deaths at any time point.

All neurologic deaths were inde-

pendently reviewed by the Clinical Events Committee. Deaths

of known cause, unrelated to the target aneurysm or to poten-

tial neurologic etiologies (eg, pancreatic cancer, colon cancer,

liver failure), were counted as non-neurologic and were not

further evaluated. Neurologic deaths were adjudicated as re-

lated or not to the underlying disease, the procedure, and/or

the study device, with the probability of the relationship being

noted.

Of the 13 neurologic deaths in the Matrix2 group, 7 were

ruled the result of the presenting hemorrhage, unrelated to

either the procedure or the device. One death of unknown

cause was automatically adjudicated as a TAR event, with un-

known deaths being conservatively defined in the protocol as

neurologic in cause and related to the study device. Two addi-

tional deaths occurred in patients with ruptured aneurysms for

whom it was adjudicated that the procedure and or device may

have played a role in addition to the effects of the presenting

hemorrhage, and 3 procedural complications in patients with

unruptured aneurysms (1 procedure-related ischemic stroke

and 2 procedural hemorrhages) led to deaths. By contrast, of

the 9 deaths occurring in the bare coil group, only 1 was neu-

rologic in nature and was adjudicated as related to the proce-

dure and study device.

FIG 2. Kaplan-Meier curve showing freedom from TAR to 455 days in the intent-to-treat popu-
lation (n � 626).

Table 1: Summary of subject baseline characteristicsa

Variable BMC (n = 315) Matrix2 (n = 311)
Male 104 (33.0%) 82 (26.4%)
Age (yr) 54.4 � 13.2 55.7 � 11.6
Ethnicity and race

Caucasian/white 259 (82.2%) 249 (80.1%)
Black or African American 13 (4.1%) 12 (3.9%)
Asian 11 (3.5%) 13 (4.2%)
Hispanic or Latino 13 (4.1%) 16 (5.1%)
Other 19 (6.0%) 21 (6.8%)

Current use of illicit drugs and/or alcohol abuse 25 (8.4%) 25 (8.6%)
Hypertension 143 (45.5%) 153 (49.5%)
Coronary disease 29 (9.4%) 44 (14.5%)
Hyperlipidemia/hypercholesterolemia 70 (22.5%) 85 (28.0%)
Intracranial atherosclerosis 7 (2.3%) 4 (1.3%)
Current smoking 124 (42.6%) 117 (41.6%)
Diabetes 19 (6.1%) 33 (10.7%)
Prior stroke or TIA 35 (11.2%) 31 (10.2%)

a Values are presented as mean � SD for continuous variables and No. (%) for categoric variables. The denominator
used for rates (%) can be smaller than the number of subjects in each group due to missing values.
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Based on the Clinical Events Committee adjudication, there

were no statistically significant differences in neurologic deaths

related to the study device, index procedure, or both. At both 30

days and 12 months, significantly more neurologic deaths in the

Matrix2 arm were adjudicated as unrelated to the study device and

index procedure (P � .0147 and P � .0072, respectively).

There were 14 site-reported intraprocedural perforations: 8

(2.5%, 8/315) in the BMC arm and 6 (1.9%, 6/311) in the

Matrix2 arm (P � .6056). None of the perforations resulted in

death.

Subgroup Analysis of the Primary End Point (TAR)
There were no significant differences between the groups based

on aneurysm location, dome size, neck width, dome-to-neck ra-

tio, rupture status, flow orientation, or use of adjunctive devices.

Association between Primary and Secondary End Points
The angiographic characteristics at treatment were assessed as

predictors of TAR (Table 4). Incomplete aneurysm obliteration

immediately after treatment tended to be associated with a greater

likelihood of TAR at 455 days. Multivariate modeling of 12-

month TAR predictors (Table 5) in-

cluded the rupture status of the aneu-

rysm, the dome and neck size of the

aneurysm, and the initial quality of the

aneurysm occlusion (Raymond 3 versus

Raymond 1). Among patients whose an-

eurysms were more completely oc-

cluded at the time of initial treatment

(Raymond 1 or 2), TAR rates were lower

in the Matrix2-treated patients (2.7%,

4/147) than in the BMC-treated patients

(9.6%, 15/157) (P � .01). However, for

patients with residual dome filling after

initial treatment (Raymond 3), the TAR

rate for the Matrix2-treated patients

tended to be higher (24.2%, 22/91) than

that observed in the BMC-treated pa-

tients (16.1%, 15/93) (P � .17).

DISCUSSION
The MAPS Trial has shown Matrix2 to

be noninferior to BMCs. The composite

end point of TAR—aneurysm hemor-

Table 2: Number of TAR events at 455 days

Subjects BMC (No.) (%)
Matrix2

(No.) (%)
All Subjects

(No.) (%)
Overall 315 311 626

Subjects who met primary end point 35 (11.1) 34 (10.9) 69 (11.0)
Re-intervention only 33 (10.5) 31 (10.0) 64 (10.2)
Ruptures or reruptures 2 (0.6) 2 (0.6) 4 (0.6)a

Unknown causes of death 0 1 (0.3) 1 (0.2)
Symptomatic TAR 3 (1.0) 4 (1.3) 7 (1.1)
Symptomatic retreatment 2 (0.6) 2 (0.6) 4 (0.6)

Unruptured 196 202 398
Subjects who met primary end point 18 (9.2) 19 (9.4) 37 (9.3)
Re-intervention only 18 (9.2) 18 (8.9) 36 (9.0)
Ruptures or reruptures 0 1 (0.5) 1 (0.3)b

Unknown causes of death 0 0 0
Symptomatic TAR 1 (0.5) 2 (1.0) 3 (0.8)
Symptomatic retreatment 1 (0.5) 2 (1.0) 3 (0.8)

Ruptured 119 109 228
Subjects who met primary end point 17 (14.3) 15 (13.8) 32 (14.0)
Re-intervention only 15 (12.6) 13 (11.9) 28 (12.3)
Ruptures or reruptures 2 (1.7) 1 (0.9) 3 (1.3)c

Unknown causes of death 0 1 (0.9) 1 (0.4)
Symptomatic TAR 2 (1.7) 2 (1.8) 4 (1.8)
Symptomatic retreatment 1 (0.8) 0 1 (0.4)

a Three patients (2 BMC, 1 Matrix2) with a rupture/rerupture also had a subsequent re-intervention.
b One patient (Matrix2) with a rupture also had a subsequent re-intervention.
c Two patients (BMC) with a rerupture also had a subsequent re-intervention.

Table 3: Secondary end pointsa

Assessment BMC (n = 315)
Matrix2

(n = 311)

Relative Risk
(95% CI) Difference (95% CI) P Value

Angiographic assessment by core laboratory
Modified Raymond Scale after procedure

1) Complete obliteration 89 (35.6%) 87 (36.6%) 0.97 (0.77–1.23) �1.0% (�9.5–7.6) .9894
2) Residual neck/dog ear 68 (27.2%) 60 (25.2%) 1.08 (0.80–1.45) 2.0% (�5.8–9.8)
3) Residual aneurysm 93 (37.2%) 91 (38.2%) 0.97 (0.77–1.22) �1.0% (�9.6–7.6)

Modified Raymond Scale at 455-day FU or re-intervention
1) Complete obliteration 99 (39.9%) 105 (44.3%) 0.90 (0.73–1.11) �4.4% (�13.2–4.4) .8297
2) Residual neck/dog ear 69 (27.8%) 48 (20.3%) 1.37 (1.00–1.90) 7.6% (0.0–15.1)
3) Residual aneurysm 80 (32.3%) 84 (35.4%) 0.91 (0.71–1.17) �3.2% (�11.6–5.2)

Aneurysm change
Better 81 (32.7%) 60 (25.4%) 1.28 (0.97–1.70) 7.2% (�0.8–15.3) .1225
Same 82 (33.1%) 85 (36.0%) 0.92 (0.72–1.17) �3.0% (�11.4–5.5)
Worse 85 (34.3%) 91 (38.6%) 0.89 (0.70–1.13) �4.3% (�12.9–4.3)

Neurologic assessment
Worseb mRS score

At post-index procedure 25 (8.5%) 30 (10.5%) 0.81 (0.49–1.35) �2.0% (�6.7–2.8) .4220
At 455 days follow-upc 33 (11.7%) 28 (9.9%) 1.19 (0.74–1.92) 1.9% (�3.2–7.0) .4705

Technical success
Technical procedure successd 307 (97.5%) 301 (96.8%) 1.01 (0.98–1.03) 0.7% (�1.9–3.3) .6130

Note:—FU indicates follow-up.
a Values are presented as mean � SD for continuous variables and No. (%) for categoric variables. The denominator used for rates (%) can be smaller than the number of subjects
in each group due to missing values.
b Compared with the pre-index procedure.
c All causes of deaths within 455 days were incorporated as a follow-up mRS score of 6.
d Technical success evaluated at the patient level.
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rhage after treatment, target aneurysm retreatment, and/or death

from unknown cause—was reached in 13.3% of the Matrix2-

treated patients and in 14.6% of the BMC-treated patients as Ka-

plan-Meier estimates at 455 days. While this study does not sug-

gest any benefit from Matrix2 at 1 year, the 5-year follow-up

results are not yet known.

Most of the TAR events were the result of asymptomatic target

aneurysm retreatment. The significant baseline predictors of TAR

included aneurysm size of �10 mm, neck size of �4 mm, pre-

treatment rupture status, and core laboratory adjudication of

modified Raymond Scale 3 residual aneurysm filling on the im-

mediate postprocedural angiogram. The immediate postproce-

dural Raymond Scale 3 versus 1 was a strong predictor of future

TAR for Matrix2-treated patients (OR, 8.9; 95% confidence inter-

val, 2.6 –31.1; P � .0006) and tended to be so for the BMC-treated

patients (OR, 2.3; 95% confidence interval, 0.9 –5.8; P � .0935) in

a univariate fashion. Aneurysm retreatment strongly correlated

with core laboratory adjudication of modified Raymond Scale 3

residual aneurysm filling at 455 days.

The primary end point of TAR is a practical, efficient, un-

equivocal end point that measures the clinical events that are im-

portant to patients. TAR can easily be applied in future trials and

correlates well with angiographic benchmarks already in common

use. Most TAR events were due to asymptomatic retreatments,

given that the other elements of TAR (ie, hemorrhage and unex-

plained death) are relatively uncommon. Even though the associ-

ation with angiographic aneurysm remnants and recurrent hem-

orrhage is not well-characterized,20 this poorly characterized

threat drives most retreatments. In fact, 63 of 67 (94%) retreat-

ments occurred in asymptomatic subjects. By contrast, not all

recurrences were retreated, again, not surprising, because the

clinically important event of retreatment is based on additional

factors beyond the angiographic findings. Retreatment cannot oc-

cur without residual aneurysm, but it is evident that treating phy-

sicians do not believe that all aneurysm residuals need to be

treated. It is also likely that the clinicians making these retreat-

ment decisions are selecting clinical and angiographic features

that they believe place one patient at higher risk for hemorrhage

than another.

The primary limitation of this study is that TAR most often

resulted from the retreatment of asymptomatic angiographic an-

eurysm remnants. This limitation natu-

rally raises the question of whether TAR

is a better outcome measure than core

laboratory angiographic measurements.

Additionally, although the core labora-

tory adjudicators were blinded to the

coil type, the treating physicians were

not. It can similarly be argued that the

decision to retreat an aneurysm based

on an asymptomatic angiographic re-

currence is arbitrary. Indeed, different practitioners may have

widely disparate thresholds for making the decision to retreat.

While many residuals or recurrences may be innocuous, it is cer-

tain that some are not. Still, compared with an asymptomatic

angiographic finding of residual aneurysm, retreatment is a much

more important event to the patient, as are the other components

of TAR. This relative importance of retreatment compared with

purely angiographic end points is no less true even if the urgency

of retreatment is uncertain and the risk is low. Additionally, while

different practice patterns may make it difficult to compare TAR

rates among trials, this difficulty does not diminish the applica-

bility of TAR within a trial comparing 2 treatment modalities.

With the 5-year follow-up that is ongoing in MAPS and additional

long-term follow-up from other trials such as International Sub-

arachnoid Aneurysm Trial (ISAT), whether an aggressive strategy

of retreatment is warranted may become more apparent.

The impact of differing thresholds for retreatment is exempli-

fied when MAPS is compared with the HydroCoil Endovascular

Aneurysm Occlusion and Packing Study (HELPS) trial. Although

the rates of major recurrence reported in the 2 “per protocol”

treatment arms of HELPS were 24% and 34%, respectively, the

retreatment rate was only 3% in both groups.21 It is not clear why

the retreatment rates in the 2 arms were the same despite a 10%

difference in the rate of major recurrence between the 2 groups.

How well TAR correlates with angiographic outcomes and re-

current SAH will become clearer with the ongoing long-term fol-

low-up occurring in MAPS and other trials. Although TAR cor-

related well with the angiographic occlusion scales, the core

laboratory adjudication of immediate post-procedural occlusion

correlated better with TAR at 455 days than did the local investi-

gators’ assessment. In 36% of cases, the local investigators re-

ported a better degree of occlusion than did the core laboratory.

The correlation of TAR with the Raymond Scale of occlusion

immediately after the procedure is a particularly useful finding.

This correlation is important because the Raymond Scale is easily

measured and is well-accepted. It is even more important, how-

ever, because unlike aneurysm size or rupture status, it is poten-

tially modifiable at the time of initial aneurysm treatment. In

other words, aggressive occlusion of the aneurysm at the first

treatment is important in preventing a recurrence and in reducing

Table 4: 455-Day TAR rate by the Modified Raymond Scale at immediate postprocedurea

Modified Raymond Scale BMC Matrix2 Relative Risk (95% CI) Difference (95% CI) P Value
1) Complete obliteration 7.9% (7/89) 3.4% (3/87) 2.28 (0.61–8.54) 4.4% (�2.4–11.2) .3297
2) Residual neck/dog ear 11.8% (8/68) 1.7% (1/60) 7.06 (0.91–54.81) 10.1% (1.8–18.4) .0358
3) Residual aneurysm 16.1% (15/93) 24.2% (22/91) 0.67 (0.37–1.20) �8.0% (�19.6–3.5) .1733

a Values are presented as % (x/N).

Table 5: 455-Day TAR predictors by logistic regression modelsa

Variable Coefficient
Standard

Error OR (95% CI) P Value
Rupture status (ruptured vs unruptured) 1.4 0.3 4.0 (2.1–7.9) �.0001
Core lab postproc Raymond Scale (2 vs 1) 0.3 0.5 1.4 (0.5–3.7) .4917
Core lab postproc Raymond Scale (3 vs 1) 1.6 0.4 5.0 (2.2–11.0) �.0001
Dome sizea (�10 vs �10 mm) 1.6 0.4 5.0 (2.2–11.5) .0001
Neck size (�4 vs �4 mm) 0.8 0.3 2.3 (1.2–4.4) .0140

Note:—postproc indicates postprocedural; AP, anteroposterior.
a Dome size is calculated as a minimum of the 2 widths (AP plane, lateral plane).
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the need for retreatment. Should long-term follow-up confirm a

significant link between Raymond 3 aneurysm residuals and fu-

ture hemorrhage, the clinical relevance of TAR will be enhanced.

The comparatively lower rate of TAR in the Matrix2-treated

patients with an immediate Raymond 1 or 2 category occlusion is

an interesting but inconclusive finding that requires replication.

For patients with immediate posttreatment aneurysm occlusion

scores of Raymond 1 or 2, the TAR rate was only 2.7%. For pa-

tients with Raymond occlusion scores of 3, the TAR rate for Ma-

trix2 was higher than that seen in the BMC patients. This finding

is biologically consistent with previous animal studies suggesting

that an initially mechanically stable occlusion must be achieved to

allow the biologic effect of clot stabilization to occur before the

external polymer is absorbed.

The increased incidence of deaths in the Matrix2 arm was

driven primarily by neurologic causes. It may be partially ex-

plained by differences in the comorbidities at the time of the index

procedure (increased incidence of coronary artery disease, diabe-

tes, and poor preprocedural neurologic status related to worse

mRS or Hunt and Hess scale scores at admission). The much

higher death rate in the Matrix2 patients was mostly the result of

deaths adjudicated as unrelated to the study device or index pro-

cedure. However, 5 of the 13 deaths were adjudicated as being

possibly related to the procedure and/or device, and 3 of these 5

deaths were in patients presenting with unruptured aneurysms.

An additional important finding of MAPS is that aneurysm

coiling has become a remarkably safe procedure. Because of the

sample size, a mix of patients with ruptured and unruptured an-

eurysms, prospective design, rigorous independent evaluations,

and consistency with the findings of the HELPS and Cerecyte Coil

Trials,21,22 important benchmarks with respect to the safety of

endovascular aneurysm treatment are now confidently estab-

lished. Regarding patients with ruptured aneurysms, at 455 days

only 20 of 208 (9.6%) were dead or disabled (mRS �2); this out-

come compares favorably with the 1-year ISAT outcome of 23.5%

by using the same outcome scale.1 Similarly, of the patients

treated for unruptured aneurysms, only 15 of 360 patients (4.2%)

were dead or disabled at 455 days. This finding compares favor-

ably with the International Study of Unruptured Intracranial An-

eurysms, which reported (after excluding non-treatment-related

deaths) a dead or disabled rate of 6.2% for the endovascular treat-

ment of unruptured aneurysms.23 Both of these favorable com-

parisons are no doubt the result of improvements in technol-

ogy and increased experience since these 2 landmark studies

were completed.

More contemporary, higher quality comparisons are available.

In HELPS,21 outcomes were adjudicated at 18 months. Poor out-

comes (mRS � 2) were seen in 24 of 214 patients (11.2%) avail-

able for follow-up who had originally presented without recent

hemorrhage and in 47 of 253 patients (18.6%) who had originally

presented with SAH. Most interesting, in the HELPS trial, only

3% of patients were retreated, though major angiographic recur-

rences were adjudicated in 27%–36% of the aneurysms at follow-

up. Similar excellent procedural safety results have recently been

reported in the Aneurysms Treated by Endovascular Approach

registry and the Cerecyte Coil Trial.22,24 The Aneurysms Treated

by Endovascular Approach study reported 1-month morbidity

and mortality rates of 1.7% and 1.6%, respectively. Likewise, the

Cerecyte Coil Trial reported exceptionally good clinical outcomes

in both treatment arms with only 2.7% of patients with unrup-

tured aneurysms experiencing procedure-related neurologic

deterioration.

Perhaps most reassuring in MAPS is that the posttreatment

hemorrhage rate at 455 days was very low: 1 of 398 patients

(0.25%) for unruptured aneurysms and 3 of 228 patients (1.32%)

for previously ruptured aneurysms. These outcomes compare fa-

vorably with those in the ISAT trial, in which the rehemorrhage

rate for aneurysms randomized to coiling after recent rupture was

28/1073 (2.6%) within the first year after coiling,1 and with those

in the Cerebral Aneurysm Rerupture After Treatment Trial, with

its 3% rate at 1 year.25

CONCLUSIONS
The MAPS Trial demonstrates that after 1 year of follow-up, Ma-

trix2 is not inferior to BMCs. Pending the results after 5 years of

follow-up, in the absence of a finding of superiority for either coil

type, cost and other factors may be important in choosing Matrix2

versus BMCs for clinical practice.

In addition, MAPS has shown TAR to be a practical clinical

outcome measure that relates well to widely used angiographic

assessments. Again, longer term follow-up should help clarify the

utility of TAR as an outcome measurement.

Finally, MAPS provides additional evidence that coiling of in-

tracranial aneurysms can be done with reliably excellent out-

comes as evidenced by a very high rate of technical success, low

treatment-related morbidity and mortality rates, and low post-

treatment hemorrhage rates. These findings suggest continued

improvement in the endovascular treatment of intracranial aneu-

rysms, compared with earlier trials.9 The broad geographic nature

of this multicenter trial and broad inclusion criteria suggest wide-

spread generalizability of the study results.
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ABSTRACT

BACKGROUND AND PURPOSE: Endovascular therapy has become an acceptable alternative to traditional clipping for the management
of intracranial aneurysms. However, a limited number of studies have examined outcomes and complications specific to embolization of
anterior communicating artery aneurysms.

MATERIALS AND METHODS: A systematic review of the literature was conducted with the use of multiple data bases to identify reports
on endovascular treatment of anterior communicating artery aneurysms between 1994 and 2012. Angiographic results, clinical outcomes,
and complication rates were pooled across studies by using random-effects meta-analysis with subgroup analysis of outcomes by rupture
status and time trend stratification.

RESULTS: Fourteen studies, consisting of 1552 treated anterior communicating artery aneurysms, were included in this meta-analysis. The
rate of immediate and long-term complete and near-complete angiographic occlusion was 88% (95% CI � 81–93%) and 85% (95% CI �

78 –90%), respectively. Intraprocedural rupture rate was 4% (95% CI � 3– 6%). The re-bleeding rate was 2% (95% CI � 1– 4%) and the
retreatment rate was 7% (95% CI � 5–12%). Morbidity or mortality caused by perioperative stroke occurred at a 3% (95% CI � 2– 6%) rate.
Overall procedure-related morbidity and mortality were 6% (95% CI � 4 – 8%) and 3% (95% CI � 2– 4%), respectively. Outcomes did not
differ between ruptured and unruptured aneurysms, nor did outcomes change over time, though these latter subanalyses were relatively
underpowered.

CONCLUSIONS: Endovascular therapy for anterior communicating artery aneurysms is associated with a high rate of complete angio-
graphic occlusion. However, the procedure-related permanent morbidity and mortality are not negligible for aneurysms in this location.

ABBREVIATION: AcomA � anterior communicating artery; ISAT � International Subarachnoid Aneurysm Trial; CARAT � Cerebral Aneurysm Rerupture After
Treatment

The anterior communicating artery (AcomA) is the most com-

mon location for intracranial aneurysms in most series, and

rupture of aneurysms in this location accounts for approximately

40% of aneurysmal subarachnoid hemorrhages in adults.1-5 An-

eurysms of the AcomA can be technically challenging from a sur-

gical perspective because of complex regional flow dynamics, fre-

quent anatomic variations, variable geometry, and the presence of

critical perforators.1,6-10 In the past 2 decades, the inherently less

invasive endovascular approach has emerged as a feasible and

acceptable treatment option for AcomA aneurysms.11-14 Contin-

ual advancements in endovascular technique and adjuvant de-

vices have led to an enlarging proportion of patients with AcomA

aneurysms who are successfully treated with coil emboliza-

tion.10,11,15,16 A limited number of case series have detailed the

clinical outcomes, angiographic results, and procedure-related

complications specific for endovascular treatment in this loca-

tion.10-13,15-24 We performed a systematic review of the pub-

lished literature to better define safety and efficacy profiles for

coil embolization of AcomA aneurysms beyond single-center

experiences.

MATERIALS AND METHODS
Systematic Literature Search
We performed a comprehensive review of the literature between

January 1994 to December 2012 through the use of the key words

“anterior communicating artery,” “intracranial aneurysm,” “en-
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dovascular,” “coil,” and “embolization” in the PubMed, Ovid

MEDLINE, Ovid EMBASE, Scopus, and Web of Science data

bases. Studies reporting on the endovascular treatment of AcomA

aneurysms were selected. All case reports, reviews, and articles not

published in English were excluded. The search strategy for the

electronic data bases was developed and conducted by a reference

librarian with expertise in systematic reviews.

Identified studies were reviewed for inclusion in the meta-

analysis on the basis of these criteria: 1) studies reporting on en-

dovascular treatment of consecutive series of AcomA intracranial

aneurysms comprising �20 patients, 2) studies providing rates of

aneurysmal occlusion and data on intra- and postoperative com-

plications, and 3) studies reporting the rupture status of treated

aneurysms. For multiple series from the same institution or au-

thors, only the most recent (usually larger) series was included to

avoid including the same patients in the analysis.

For each included study, information was extracted with re-

gard to aneurysm rupture status, immediate angiographic out-

comes, long-term angiographic outcomes, and retreatment rate.

Long-term angiographic outcomes were only included for those

studies with 6 months or more of angiographic follow-up. Com-

plete occlusion was defined as absence of angiographic filling in

aneurysm neck or sac, and near-complete occlusion was defined

as small residual neck filling without any filling of the sac. For

procedure-related complications, we extracted information re-

garding intraoperative rupture, vasospasm, perioperative throm-

boembolic complications resulting in morbidity and mortality,

re-hemorrhage, and procedure-related mortality and permanent

morbidity. Procedure-related mortality and morbidity were de-

fined as permanent morbidity and mortality resulting from intra-

operative rupture, cerebral ischemia, new neurologic deficits, an-

eurysmal re-bleeding, sepsis, and myocardial infarction during

the perioperative period.

Statistical Analysis
We estimated the cumulative incidence (event rate at the end of

study follow-up) and 95% CI for every outcome. Event rates were

pooled across studies by means of random-effects meta-analy-

sis.25 We considered outcomes of ruptured and unruptured

AcomA aneurysms separately, as well as a combined outcome. We

also performed subgroup analysis comparing outcomes of studies

published from the years 2007–2012 and those published before

2007. Interaction of covariates with the log of event rate was per-

formed as described by Altman.26 The I2 statistic was used to

evaluate the extent of heterogeneity across studies and represents

the proportion of heterogeneity in study results that is not attrib-

utable to chance or random error.27 Values of �25%, 25–50%,

and �50% are consistent with small, moderate, and substantial

heterogeneity, respectively. We conducted Begg and Mazumdar

rank correlation to evaluate publication bias. All statistical analy-

ses were performed with the use of Comprehensive Meta-Analysis

Version 2.0 (www.meta-analysis.com).

RESULTS
Study Selection
Data base search led to the retrieval of 488 articles, 14 of which

fulfilled the criteria for inclusion. These included 8 retrospective

consecutive series and 6 prospective studies. A summary of the

studies included in this meta-analysis is provided in Table 1. Five

of these studies included outcomes of patients with ruptured an-

eurysms only, whereas 9 studies included outcomes of patients

with both ruptured and unruptured AcomA aneurysms. Informa-

tion on angiographic outcomes, perioperative complications, and

procedure-related morbidity and mortality was not consistently

provided in every study. Furthermore, not all studies that in-

cluded both ruptured and unruptured AcomA aneurysms de-

scribed stratified outcomes with regard to rupture status. In total,

this meta-analysis included 1551 patients, with 1552 treated

AcomA aneurysms. In the 13 articles reporting numbers of pa-

tients presenting with ruptured or unruptured status, there was a

total of 1488 patients with AcomA aneurysms. These consisted of

1199 patients presenting with ruptured aneurysms and 289 pa-

tients presenting with unruptured aneurysms.

Study Outcomes

Immediate and Long-Term Angiographic Outcomes. The overall

rate of complete and near-complete occlusion (�95%) immedi-

ately after procedure was 88% (95% CI � 81–93%). At follow-up,

at least 6 months after the procedure, the complete and near-

complete occlusion was 85% (95% CI � 78 –90%). Occlusion

rates for ruptured and unruptured aneurysms were similar for

Table 1: Studies included in meta-analysis

Author (year) Study Design
No. of Patients with
AcomA Aneurysms

AcomA Aneurysms
Treated

Patients with Ruptured
AcomA Aneurysms

Patients with Unruptured
AcomA Aneurysms

Birknes et al (2006) Retrospective 123 123 113 10
Cherian et al (2001) Prospective 103 103 103 0
Choi et al (2011) Retrospective 45 45 45 0
Elias et al (2003) Prospective 30 30 30 0
Finitsis et al (2010) Prospective 280 281 239 42
Guglielmi et al (2009) Retrospective 306 306 236 70
Huang et al (2011) Retrospective 20 20 20 0
Johnson et al (2012) Retrospective 64 64 – –
Leclerc et al (2002) Prospective 20 20 20 0
Moret et al (1996) Prospective 36 36 30 6
Proust et al (2003) Prospective 37 37 36 1
Raslan et al (2011) Retrospective 44 44 43 1
Schuette et al (2011) Retrospective 347 347 277 70
Songsaeng et al (2010) Retrospective 96 96 7 89

Note:—Studies are from References 10 –13 and 15–24. AcomA indicates anterior communicating artery.
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both the immediate (P � .13) and long-term follow-up (P � .39).

The overall rate of retreatment as the result of re-bleeding, recan-

alization, or aneurysmal growth was 7% (95% CI � 5–12%).

Ruptured and unruptured aneurysms did not show significantly

different rates of retreatment after the procedure (P � .61). These

results are shown in On-line Table 1.

Procedure-Related-Complications. The intraprocedural rupture

rate in all aneurysms was 4% (95% CI � 3– 6%). The rupture rate

was not significantly different between ruptured and unruptured

aneurysms (P � .87). Vasospasm was reported at an overall rate of

13% (95% CI � 5–28%). The rate of vasospasm was 11% (95%

CI � 3–30%) in ruptured aneurysms and 1% (95% CI � 3–30%)

in unruptured aneurysms. Aneurysmal re-bleeding occurred in

2% of patients (95% CI � 1– 4%), with similar rates of postpro-

cedure bleeding in ruptured and unruptured aneurysms (P �

.50). These results are shown in Table 2. Outcome event rates

from overall and ruptured/unruptured aneurysms are compared

in On-line Table 2.

Morbidity and Mortality From Endovascular Treatment. Overall

procedure-related permanent morbidity and mortality was 6%

(95% CI � 4 – 8%) and 3% (95% CI � 2– 4%), respectively. Per-

manent morbidity was 7% (95% CI � 4 –12%) for ruptured an-

eurysms and 8% (95% CI � 3–20%) for unruptured aneurysms

(P � .90). Mortality as the result of the procedure was 4% (95%

CI � 3–7%) in ruptured aneurysms and 2% (95% CI � 1–9%) for

unruptured aneurysms (P � .40). Among ruptured aneurysms,

the rate of death attributed to the presenting SAH was 7% (95%

CI � 4 –13%). No difference was observed in the morbidity or

mortality rates as the result of perioperative stroke between rup-

tured and unruptured aneurysms (P � .49).

Time-Trend Analysis of Angiographic Results and Complication
Rates. We analyzed the outcomes for studies published before

2007 as compared with studies published between 2007 and 2012.

The rate of aneurysm occlusion and procedure-related complica-

tions did not differ significantly over time. The results are shown

in On-line Table 3.

Heterogeneity and Publication Bias. Analysis of the statistical

heterogeneity across the studies included in this meta-analysis

was low to moderate for most outcomes. Outcomes associated

with significant heterogeneity (I2�50%) were the angiographic

outcomes immediately after surgery (I2 � 82) and in long-term

follow-up (I2 � 69), vasospasm (I2 � 95), and aneurysm retreat-

ment (I2 � 60). Information provided in the studies was not suf-

ficient for further analysis of possible causes for the observed dif-

ferences in patient populations or in treatments, including any

effect of subgroup analysis on heterogeneity.

The results of the Begg and Mazumdar rank correlation test do

not suggest publication bias (P � .05) for study outcomes with

minimal or moderate heterogeneity (I2 �50%). For analyses as-

sociated with heterogeneity, evaluation of publication bias was

not possible because statistical testing for funnel asymmetry as-

sumes a fixed-effect model with no heterogeneity.

DISCUSSION
In this meta-analysis, we combined data from 14 studies to ana-

lyze the representative outcomes for angiographic occlusion, pro-

cedure-related complications, and morbidity as well as mortality

associated with endovascular treatment of AcomA aneurysms.

Our results demonstrated that AcomA aneurysms can be success-

fully treated with endovascular embolization and maintain a high

rate of complete or near-complete occlusion at follow-up. How-

ever, complications associated with coil embolization of AcomA

aneurysms are not negligible, with a permanent morbidity rate of

6% and mortality rate of 3%.

Since the introduction of Guglielmi Detachable Coils in 1991,

endovascular technique has dramatically changed the manage-

ment of these aneurysms and established coiling as an acceptable

alternative option to traditional clip ligation.13,18,28,29 Large, ran-

domized trials such as the International Subarachnoid Aneurysm

Trial (ISAT) and the Barrow Ruptured Aneurysm Trial have

shown that patients with ruptured aneurysms have significant

advantages in disability independent survival and functional out-

come when compared with those treated surgically.30,31 However,

one of the major limitations of endovascular treatment continues

to be the risk of postprocedure re-bleeding. Data from ISAT and

the Cerebral Aneurysm Rerupture After Treatment (CARAT)

studies show significantly higher risks of re-bleeding after endo-

vascular treatment as compared with surgical therapy.4,32 In our

meta-analysis, we found that the rate of periprocedural re-bleed-

ing for AcomA aneurysms with endovascular retreatment was

2%, which is consistent with rates reported in CARAT and ISAT.

However, recurrence or rupture of aneurysms after the initial

treatment requiring retreatment by secondary coiling or clipping

occurred in 7% of cases.

With the advances made in endovascular technology in recent

years, the characteristics of complicated AcomA aneurysms that

previously precluded treatment by coiling are increasingly chal-

lenged. The inherent small diameter of the AcomA from which

the aneurysm rises as well as the propensity for AcomA aneurysms

to be small in size or wide-neck are the features that can make

Table 2: Overall complication rates

Outcome
No. of
Studies

Raw No. of Events in
All Aneurysmsa

Meta-Analysis
Percentage (95% CI) I2

Intraoperative rupture 11 57/1387 4% (3–6%) 0
Vasospasm 6 182/1091 13% (5–28%) 95
Re-bleeding event 11 16/1065 2% (1–4%) 0
Aneurysm retreatment 10 73/777 7% (5–12%) 60
Morbidity or mortality due to stroke �30 days 10 21/771 3% (2–6%) 32
Permanent procedure-related morbidity 11 53/1077 6% (4–8%) 47
Procedure-related mortality 11 25/1077 3% (2–4%) 15

a Discordances between the raw event percentages and the percentages calculated from the meta-analysis are caused by greater weights assigned to outcomes of studies with
larger sample sizes.
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endovascular treatment difficult.11,13,17 Since the mid-1990s, ad-

vances in technology such as 3D rotational angiography and

newer microguidewire/catheters, in combination with adjunctive

devices such as balloon-assisted or stent-assisted coiling, have rev-

olutionized treatment of aneurysms once deemed unfeasible to

coil. Newer studies are beginning to examine the effects of these

adjunctive devices on long-term angiographic stability and com-

plications and recurrence rates associated with endovascular

treatment; however, this is not yet well characterized for coiling

therapy in AcomA aneurysms.10,20,23

To determine any effect of advancements in technology and

operator experience on the safety and efficacy of AcomA emboli-

zation, we looked at the angiographic and complication outcomes

of patients in studies published before 2007 as compared with

those published between 2007 and 2012. No statistically signifi-

cant differences were found in our analysis of angiographic results

or complications, which might be caused by underpowering.

However, there was a trend suggesting decreased overall proce-

dure-related permanent morbidity and mortality in the studies

published from 2007–2012. This trend of decreased morbidity

and mortality observed in patients with AcomA aneurysm over

time is consistent with the finding that morbidity and mortality

rates have increasingly been reduced across time among a sample

of patients treated with endovascular coiling in the United States

(Nationwide Inpatient Sample).28,33,34 These studies showed that

morbidity rates decreased from 7.6 – 4.9% in the analysis of pa-

tients treated with endovascular therapy in 1996 –2000 compared

with 2001–2008. Mortality rates of overall patients treated with

endovascular coiling decreased from 1.7% in 1996 –2000 to 0.6%

in 2001–2008.

Across this time period stratification, our meta-analysis also

showed that the overall aneurysm retreatment rate doubled from

5–10% when comparing studies published before and after 2007;

however, the trend toward an increase was not statistically signif-

icant. Given the consistently smaller number of studies included

in the “before 2007” time period stratification group, along with

nationally increased use of embolization therapy over time, this

increased trend found in retreatment rate may reflect a larger and

more representative sample size in the 2007–2012 stratification

group. Alternatively, this trend may be a result of endovascular

coil embolization applied to a subset of aneurysms that are not

necessarily considered “ideal” for endovascular treatment due to

higher risks of recanalization.

There are several limitations to this study. Because of the

highly selected cases available for analysis, this systematic review

does not provide information on the proportion of all AcomA

aneurysms that met the criteria for endovascular treatment. Many

published studies collected data retrospectively; therefore, strati-

fication of outcomes by rupture status and other variables such as

previous rupture and number or types of adjunctive devices used

was not provided in every study. The studies that were performed

prospectively were not randomized studies and did not include

control groups. Many of the studies included in this meta-analysis

ranged in sample size, and several of the studies did not provide

complete follow-up data in terms of clinical outcome or angio-

graphic results. The included studies covered consecutive patients

over many years; however, the different time periods covered

largely limited our ability to stratify and scrutinize outcomes over

time. Further temporal stratification of outcomes may reveal vari-

ations in complication rates over time as a result of increased

experience or improvements in technology.

An important limitation of this meta-analysis is the variability

inherent in assessment of angiographic outcomes for endovascu-

lar treatment of aneurysms. Multiple studies have shown only

“fair” interobserver and intra-observer agreement on interpreta-

tion of the completeness of occlusion after coiling, with improve-

ment to “moderate” agreement with follow-up angiography.35,36

However, judgment and adjudicating aneurysms into a residual

aneurysms category remain poor and can vary among observers

to range from 20 – 60%.36 The interobserver and intra-observer

variability is inherent to the assessment scales used for extent of

occlusion and can result in decreased variability in scales with

fewer response options, though this can be less ideal for assessing

effects of occlusion completeness on important outcomes such as

recurrence or re-hemorrhage.35,37 Although we were unable to

individually validate the extent of occlusion for each aneurysm,

many studies used the Raymond-Roy classification system38 for

categorization of angiographic outcomes, and we adhered to this

scale as best we could, given the descriptors used in the methods

for included studies. Despite this, caution is warranted when in-

terpreting the results of this meta-analysis. It is important to con-

sider the effects of the interobserver and intra-observer variability

because the data used are gathered from case series from different

institutions with the use of various technologies and equipment

and conducted by specialists with ranging levels of experience and

techniques.

CONCLUSIONS
The results of this meta-analysis suggest that the endovascular

treatment of AcomA aneurysms is feasible and effective and can

maintain high rates of complete and near-complete occlusion at

long-term follow-up. However, the procedure-related morbidity

and mortality associated with this treatment technique are not

negligible and should be considered when deciding the best man-

agement approach to AcomA aneurysms.
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Treatment of Cavernous Sinus Aneurysms with Flow Diversion:
Results in 44 Patients

R.C. Puffer, M. Piano, G. Lanzino, L. Valvassori, D.F. Kallmes, L. Quilici, H.J. Cloft, and E. Boccardi

ABSTRACT

BACKGROUND AND PURPOSE: Aneurysms of the cavernous segment of the ICA are difficult to treat with standard endovascular
techniques, and ICA sacrifice achieves a high rate of occlusion but carries an elevated level of surgical complications and risk of de novo
aneurysm formation. We report rates of occlusion and treatment-related data in 44 patients with cavernous sinus aneurysms treated with
flow diversion.

MATERIALS AND METHODS: Patients with cavernous segment aneurysms treated with flow diversion were selected from a prospec-
tively maintained data base of patients from 2009 to the present. Demographic information, treatment indications, number/type of flow
diverters placed, outcome, complications (technical or clinical), and clinical/imaging follow-up data were analyzed.

RESULTS: We identified 44 patients (37 females, 7 males) who had a flow diverter placed for treatment of a cavernous ICA aneurysm (mean
age, 57.2; mean aneurysm size, 20.9 mm). The mean number of devices placed per patient was 2.2. At final angiographic follow-up (mean,
10.9 months), 71% had complete occlusion, and of those with incomplete occlusion, 40% had minimal remnants (�3 mm). In symptomatic
patients, complete resolution or significant improvement in symptoms was noted in 90% at follow-up. Technical complications (which
included, among others, vessel perforation in 4 patients, groin hematoma in 2, and asymptomatic carotid occlusion in 1) occurred in
approximately 36% of patients but did not result in any clinical sequelae immediately or at follow-up.

CONCLUSIONS: Our series of flow-diversion treatments achieved markedly greater rates of complete occlusion than coiling, with a
safety profile that compares favorably with that of carotid sacrifice.

ABBREVIATION: PED � Pipeline Embolization Device

Aneurysms originating from the cavernous segment of the in-

ternal carotid artery are thought to have a more benign nat-

ural history than intracranial aneurysms in other vascular territo-

ries, with a substantially lower risk of rupture.1-3 Treatment is

indicated when these aneurysms are symptomatic and/or reach

very large and giant size. Due to the dysplastic nature of these

aneurysms and typically difficult morphology, achieving com-

plete aneurysm occlusion by using endovascular “reconstructive”

techniques is difficult. “Deconstructive” ICA sacrifice for cavern-

ous ICA aneurysms with or without bypass achieves remarkably

high rates of complete aneurysm occlusion.4 However, ICA sac-

rifice is associated with several potential disadvantages because

many of these patients have contralateral mirror ICA aneurysms

and ipsilateral ICA occlusion limits therapeutic options for those

contralateral aneurysms in the future. Concerns have been raised

about long-term hemodynamic effects of ICA sacrifice in young

patients, with resultant de novo aneurysm formation in 4%–11%

of patients thought to result from increased flow in the anterior

and posterior communicating artery regions.5-8 Finally, the need

for either low- or high-flow bypass in patients who do not tolerate

balloon test occlusion may add risk to the overall procedure.

Endoluminal flow-diversion devices have been associated with

high rates of complete aneurysm occlusion, even in giant aneu-

rysms.9 Cavernous ICA aneurysms appear well-suited to treat-

ment by flow diversion, given the sidewall morphology and lack of

critical perforating side branches of the aneurysm in the region of

the aneurysm cavity. However, given the relatively benign natural

history of these aneurysms and the excellent results reported with

ICA sacrifice, it remains critical to assess the risk-benefit ratio for

treatment by flow diversion compared with alternative ap-

proaches. While there are multiple studies demonstrating a single
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institutional experience treating intracranial aneurysms with flow

diverters, to our knowledge, there has been no previous case series

published focusing specifically on treatment of cavernous ICA

aneurysms by flow diversion. In the current study, we detail the

safety and efficacy of flow diversion in 44 patients with cavernous

ICA aneurysms.

MATERIALS AND METHODS
This study was approved by the institutional review board at both

institutions where data were collected. From prospectively main-

tained data bases of patients treated with flow diverters, those who

underwent treatment for a cavernous ICA aneurysm from 2009 to

the present were selected and retrospectively reviewed. Some of

the patients reported were enrolled in the Pipeline for Uncoilable

or Failed Aneurysms Study9 or were reported as part of a large

series on flow diversion.10 Demographic information, indication

for treatment, type and number of flow diverters placed, treat-

ment outcome, complications (technical or clinical, with 1-sided

confidence intervals), and clinical/imaging follow-up data were

collected and analyzed. The 5 main operators performing these

procedures each had at least 10 years of independent practice, and

many of the procedures were performed with 2 experienced op-

erators present.

All patients undergoing treatment were premedicated with as-

pirin and clopidogrel, and full anticoagulation was maintained

during the procedure (target activated clotting time between 250

and 300 seconds). Following the procedure, patients were main-

tained on dual antiplatelet therapy for 3 months (institution 1)

and for 1 month (institution 2). After these time intervals, clopi-

dogrel was discontinued and aspirin was continued indefinitely

(institution 1) and for a total of 3 months (institution 2). No

patient underwent testing for clopidogrel response. The shorter

duration of the dual antiplatelet therapy is related to our belief

that if flow diverters are adequately sized, they oppose better

against the vessel wall; therefore, after an initial period of potential

higher thrombogenicity, the risk of late thromboembolic compli-

cations when these devices are used in the proximal ICA is very

low and is outweighed by the risk of continuing dual antiplatelet

therapy akin to a proximal carotid stent.11

All procedures were performed with the patient under general

endotracheal anesthesia. Patients were treated with a Pipeline

Embolization Device (PED; Covidien, Irvine, California), a Silk

flow-diverting stent (Balt Extrusion, Montmorency, France), a

Surpass Stent (Stryker Neurovascular, Fremont, California), or,

in some cases, a combination of 2 separate devices. There were 2

patients in the series in whom a Liberté stent (Boston Scientific,

Natick, Massachusetts) was used to correct a persistent stenosis

related to compression from the aneurysm mass; in 1 patient, a

LEO stent (Balt Extrusion) was used as a scaffold for the flow

diverter to bridge a wide aneurysm neck. Flow diverters were sized

to match the maximum diameter of the target vessel, and 1 or

multiple devices were used at the discretion of the operators to

maximize the chance of complete aneurysm occlusion and/or to

ensure adequate coverage of the aneurysm neck and of a segment

of the parent artery proximal and distal to it. Digital subtraction

angiography was performed at 2 frames per second before and

following placement of the flow diverter. Flow diverters were

placed under fluoroscopy with a frame rate of 12.5 frames per

second.

RESULTS
We identified 44 patients (37 females and 7 males) who had a flow

diverter placed for treatment of a cavernous ICA aneurysm. Their

clinical and demographic information is included in On-line Ta-

ble 1. The mean age for the cohort was 57.2 � 14.3 years (range,

17– 81 years), and the mean aneurysm size was 20.9 � 6.9 mm

(range, 4 – 40). Of note, 48% of patients (21/44) in this series had

giant cavernous sinus aneurysms (�25 mm). The most frequent

presenting symptoms included cavernous cranial neuropathy/

diplopia in 52% (23/44), headache/retro-orbital pain in 30% (13/

44), and incidental discovery after an unrelated symptom with or

without interval growth in 23% (10/44). Adjacent aneurysms

were present in 27% of patients (12/44), and in 4 of the patients

with adjacent aneurysms, the flow diverter also covered the neck

of the adjacent aneurysm, resulting in treatment of multiple an-

eurysms simultaneously.

Aneurysms were previously treated with coils in only 1 patient.

The PED was the only flow diverter used in 64% of patients (27/

42), 24% (10/42) were treated with the Silk device only, 2% (1/42)

were treated with the Surpass flow diverter, and 4/42 patients

(10%) were treated with a combination of flow diverters and scaf-

fold stents placed telescopically. Multiple devices were required in

the initial procedure in 48% (20/42) of patients to achieve ade-

quate coverage of the aneurysm neck. The mean number of flow

diverters placed in this cohort was 2.2 � 2.0 (range, 1–10).

Adequate angiographic and clinical follow-up was available in

36 patients, and their angiographic and clinical outcomes are

demonstrated in On-line Table 2. One patient was excluded from

occlusion analysis due to subsequent transvenous coiling of the

cavernous sinus for treatment of a carotid cavernous fistula. At

final angiographic follow-up (3–36 months; mean, 10.9 months),

71% (25/35) had complete occlusion, and of the 10 patients with

incomplete occlusion, 40% (4/10) had minimal remnants present

on angiography. In patients who had incomplete occlusion noted

on 6-month angiograms and also had a follow-up angiogram at 12

months or later, 50% (4/8) were found to have progressed to

complete occlusion at final follow-up (Fig 1).

There were 29 patients who were symptomatic at presentation

and had adequate clinical follow-up. Complete resolution or sig-

nificant improvement of their presenting symptoms was noted in

90% of patients (26/29). Persistent, pre-existing symptoms in-

cluded continued cranial neuropathy in 2 patients and minor

headache in 1 patient. New clinical symptoms developed in 23%

(10/29) of patients periprocedurally, mostly 2–5 days after the

treatment, and included localized retro-orbital pain in 5, worsen-

ing of pre-existing diplopia in 3, chemosis in 2, and a complete

cavernous sinus syndrome in 1 patient with a giant cavernous

aneurysm. This periprocedural pain resolved completely within

the first month in all these patients with medical treatment (pain

medications and/or short steroid taper). The patients with wors-

ening or new-onset diplopia experienced resolution of their clin-

ical symptoms by the time of the first clinical follow-up (usually 1

month after treatment), and the patient with a delayed, complete

cavernous sinus syndrome had almost complete resolution of
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these new symptoms at 6-month follow-up but continues to have

slight upgaze limitation. A small, asymptomatic distal hematoma

in the frontal lobe was identified on postprocedural CT in 1 pa-

tient (2%, 1/42).

Intraprocedural technical complications were encountered in

36% of procedures (16/44), including minor catheter-induced

vasospasm (4.5%, 2/44), incomplete opening of the device requir-

ing angioplasty (16%, 7/44), inability to pass the catheter across

the aneurysm due to difficult anatomy (2%, 1/44), and vessel per-

foration (9%, 4/44). Access complications (groin hematoma re-

quiring repair by vascular surgery) occurred in 2 patients (4.5%).

Delayed, in-stent stenosis of �50% was found in 1 patient (2%) at

follow-up, and in this patient, a Liberté stent was later placed to

prevent progression of the stenosis. Asymptomatic ICA occlusion

was found in 1 patient (2%) at follow-up angiography. No pa-

tients who experienced intraprocedural or delayed complications

had any clinical sequelae either immediately postprocedure or at

follow-up (95% confidence interval, 0%–9.6%).

DISCUSSION
In this study, we demonstrated that flow diverters are an effective

treatment technique for cavernous aneurysms, not only for

achieving aneurysm closure but also for resolution of presenting

clinical symptoms. Remarkably high rates of complete or near-

complete occlusion were achieved (83%), even though the mean

aneurysm size was approximately 21 mm and almost 50% of the

cohort had giant aneurysms. Furthermore, �90% of cranial neu-

ropathies, either pre-existing or developing soon after treatment,

resolved with time in all except 1 patient. These findings are sim-

ilar to those in a recently published multicenter study on flow-

diversion with a subset analysis of 26 cavernous sinus aneurysms.

In that study, the authors achieved a complete or near-complete

occlusion rate of 100%, with resolution or significant improve-

ment in symptoms in 72% of patients.12 Symptom resolution in

these patients was related to decreased pulsation of the aneurysm

and to regression of the sac, which follows successful exclusion of

the aneurysm with flow diversion as eloquently demonstrated by

Szikora et al.13 Perianeurysmal inflammation can cause patients

to have initial worsening of their presenting symptoms, new-on-

set headache, or cranial neuropathy. This occurred in 23% of our

patients, and mostly resolved with time, sometimes after a short

steroid taper. Overall, these results suggest that flow diversion

should be considered a viable treatment for symptomatic, cavern-

ous ICA aneurysms in selected patients.

Traditional methods for treatment of cavernous sinus aneu-

rysms, such as carotid sacrifice with or without bypass, have been

very effective. Carotid sacrifice achieves a 98.7% rate of complete

aneurysm occlusion and an 81% resolution of diplopia but is as-

sociated with a 5% risk of procedure-related neurologic deficits.4

Furthermore, carotid sacrifice may lead to changes in the hemo-

dynamics of cerebral blood flow and increased stress on arterial

walls of the contralateral carotid circulation.7,14-20 This hemody-

namic issue is of particular importance in patients with large,

cavernous sinus aneurysms because they are often young females

who can have an intrinsic weakness of the carotid vessel wall.21 This

may predispose to the formation and growth of aneurysms contralat-

eral to carotid sacrifice (estimated incidence, 4%–11% in a previous

review5) and also may hinder treatment choices of contralateral mir-

ror aneurysms in the future. Unlike carotid sacrifice, endovascular

coiling is a “reconstructive” technique that has been used in the treat-

ment of cavernous sinus aneurysms. However, because these aneu-

rysms are often very large or giant with a wide neck, standard endo-

vascular coiling achieved a complete aneurysm occlusion rate of only

43% in a systematic review from 2002.4

Flow diversion may provide a valid alternative to these more

traditional endovascular techniques by preserving the parent ar-

tery while achieving high complete occlusion rates. A recent pub-

lication of the results from the Pipeline for Uncoilable or Failed

Aneurysms multicenter trial of flow diversion for intracranial aneu-

rysms of the ICA proximal to the origin of the posterior communi-

cating artery demonstrated an overall 5% morbidity, similar to that

in ICA sacrifice, though subset analysis of morbidity in patients

treated for cavernous ICA aneurysms was not performed.9

Another review and meta-analysis of flow diversion demon-

strated an all-comer late complication rate of 2.4%.22 Few studies

have subset analyses specific to cavernous segment aneurysms,

but in a multicenter Italian study, Briganti et al23 reported a 4%

mortality rate for treatment of cavernous segment aneurysms

with flow diverters, but this comprised 3 total cases (of 76): Two

patients experienced fatal ICA thrombosis, and the other experi-

enced a fatal ICA perforation, all during treatment of giant cav-

ernous aneurysms. The mortality rate reported in the Italian study

differs from that in both the subset analysis in the recent Canadian

study12 and in this series (both with 0% overall morbidity and

mortality, 70 total combined cavernous aneurysms).

However, despite the very low incidence of permanent neuro-

logic symptoms in patients in this series, technical complications

were not uncommon. These were mostly related to vasospasm,

incomplete device opening, and difficulty passing the catheter

FIG 1. A, Lateral digital subtraction angiography of the left ICA in a
67-year-old woman demonstrates a large (20 mm) aneurysm originat-
ing from the cavernous segment of the ICA. B, Immediate postplace-
ment image of 3 PEDs demonstrates stasis of contrast within the
aneurysm. C, Follow-up lateral DSA at 6 months demonstrates a min-
imal remnant (white arrow). D, Final angiographic follow-up demon-
strates complete aneurysm occlusion at 36 months.
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through the segment harboring the aneurysm. There were 4 in-

stances of vessel perforation while attempting to obtain adequate

catheter positioning for treatment. With further improvement of

implant construction and delivery techniques, the incidence of

these complications may decrease. Nevertheless, these issues un-

derscore the fact that many of these procedures are not always

smooth and straightforward. Keeping in mind these issues, we

have slightly modified our approach, and after a phase of probably

“overenthusiasm” for a novel technology, we now tend to be more

cautious, especially in elderly patients. For elderly patients with

challenging aneurysms, in whom issues with traversing the aneu-

rysm or excessive proximal tortuosity can be anticipated, we in-

clude balloon test occlusion at the outset of the procedure, and in

the presence of adequate collateral circulation, treatment via ICA

sacrifice may be preferred.

This study is limited by its small sample size and the fact that

multiple, different, flow-diverting stents were used, making it dif-

ficult to attribute these data to any particular device with its asso-

ciated specifications. Timelines for radiographic follow-up were

different between the 2 institutions, and not all patients in the

cohort adhered to strict radiographic follow-up schedules, so it is

difficult to determine which patients with incomplete occlusion at

final follow-up in this series will eventually demonstrate complete

occlusion. We did not perform any comparison of flow diversion

with standard endovascular coiling techniques or carotid occlu-

sion in this series; thus, we must be careful in comparing our

results with those of other independent series. The patients in this

cohort were highly selected, treated at 2 centers, both having very

extensive experience with treatment of intracranial aneurysms;

due to the relative novelty of flow diversion, the patients were

carefully followed with adequate clinical and radiographic fol-

low-up in nearly every case.

CONCLUSIONS
Flow-diverting stents represent a highly effective treatment tech-

nique for aneurysms of the cavernous ICA and may be a safer

choice than carotid sacrifice with or without surgical bypass, given

the ideal vessel characteristics of the cavernous ICA for flow di-

version. Technical issues are not uncommon, occurring in just

more than 1 in 3 cases, some of which were serious complications,

though none resulted in any permanent neurologic morbidity in

this series. Nevertheless, these technical issues, combined with the

often advanced age of these patients and their relative vessel fra-

gility, require a careful analysis to choose the procedure best in-

dicated in each individual case.
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Transverse Sinus Stenting for Pseudotumor Cerebri:
A Cost Comparison with CSF Shunting

R.M. Ahmed, F. Zmudzki, G.D. Parker, B.K. Owler, and G.M. Halmagyi

ABSTRACT

BACKGROUND AND PURPOSE: Transverse sinus venous stent placement has been shown to lower intracranial pressure in patients with
venogenic pseudotumor cerebri and to reverse, or at least stabilize, its symptoms and signs. There have been no studies comparing the
cost of venous stenting with the time-honored treatment for pseudotumor cerebri–CSF shunting. The purpose of this study was to
compare the cost of trasverse sinus stenting versus CSF shunting for the treatment of pseudotumor cerebri.

MATERIALS AND METHODS: This work was a retrospective cost analysis of individual resource use in 86 adults who were stented for
pseudotumor cerebri during a 12-year period compared with resource use in 110 children who were shunted for hydrocephalus during a
3-year period.

RESULTS: There was no significant difference between the cost of inserting an initial venous stent ($13,863 � 4890) versus inserting an
initial CSF shunt ($15,797 � 5442) (P � .6337) or between inserting an additional venous stent ($9421 � 69) versus revising a CSF shunt
($10,470 � 1245) (P � .4996). There were far fewer additional venous stent insertions per patient than there were subsequent CSF shunt
revisions; 87% of stents placed required just 1 stent procedure, whereas only 45% of shunts required 1 shunt procedure. The main cause of
the cost difference was the need for repeated revisions of the shunts, especially when they became infected—24 instances of a total 143
shunt procedures (16.8%) at an average cost of $84,729, approximately 5 times the cost of an initial shunt insertion.

CONCLUSIONS: Venous stenting costs significantly less per 100 procedures than does CSF shunting, due largely to the high cost of
treating shunt infections and the need for repeated shunt revisions.

ABBREVIATIONS: PTC � pseudotumor cerebri; TSS � transverse sinus stenting

Transverse sinus venous stent placement is an effective treat-

ment for pseudotumor cerebri (PTC)1-3; however, its cost has

not been assessed or compared with the cost of the traditional

alternative—CSF shunting. The annual cost of treating PTC in the

United States exceeds US $444 million, and the annual cost of all

CSF shunts—not just for PTC— exceeds $1 billion.4,5 We wanted

to estimate the cost of transverse sinus venous stenting and com-

pare it with the cost of CSF shunting. Because pediatric hydro-

cephalus typically requires CSF shunt insertion, this pediatric

group was the most suitable one available for cost comparison.

Since the advent of venous sinus stenting for PTC, no patient has

undergone CSF shunting at our institution for PTC. We reviewed

the cost per patient for stent-versus-shunt insertion and reviewed

the cost in terms of failed procedures, infection, and the need for

revision, representing the full cost of these procedures.

MATERIALS AND METHODS
We reviewed the costs of treatment of 86 adult patients who had

transverse sinus stenting (TSS) for PTC at Royal Prince Alfred

Hospital between 2001 and 2012 and of 110 pediatric patients

who had CSF shunting for hydrocephalus at Westmead Chil-

dren’s Hospital between 2007 and 2009. Each procedure was clas-

sified as “new” (first time) or as “subsequent,” and details of com-

plications were identified.

For each patient, a total annual cost was estimated on the basis

of the individual patient’s resource use for that year. The cost

comparison was undertaken from the perspective of the Sydney

hospitals that provided the treatment, focusing on detailed, direct

medical costs. Ethics approval was not required by Royal Prince
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Alfred Hospital because TSS is offered as a treatment. Ethics ap-

proval was separately provided by the Children’s Hospital West-

mead Human Research Ethics Committee. All costs have been

adjusted to 2012 levels in Australian dollars (AUD). The Austra-

lian dollar at the time of writing was roughly equivalent to 0.94 US

dollars.

Transverse Sinus Venous Stenting
The 86 patients with PTC underwent 99 procedures during the

12-year period, with follow-up from 6 months to 10 years, with a

mean of 4 years. All details of resource usage were collated for each

stage of diagnosis and treatment. For preadmission, the main

costs comprised the following: 1) consultations with a neurolo-

gist, ophthalmologist, radiologist, and anesthetist; 2) MR imag-

ing; 3) lumbar puncture; 4) diagnostic direct retrograde cerebral

venography and manometry; and 5) dual antiplatelet medication

for 1 week before stenting and platelet function studies. The main

hospital treatment costs comprised the following: 1) therapeutic

diagnostic direct retrograde cerebral venography; 2) general an-

esthesia; 3) the stent; 4) medication during the procedure, pri-

marily heparin; and 5) postprocedure accommodation, usually 1

night in a high-dependency unit. One-third of patients stayed an

additional night in a general hospital bed for further observation.

This information provided measurement of all resource use,

length of stay, and revision rates. Valuation of resources was then

incorporated by using published service schedules and unit costs,

principally from the Australian Medical Benefits Scheme and

published Diagnostic Related Groups; and specific costs, when nec-

essary, were provided by the Royal Prince Alfred Radiology De-

partment. The approach and costing sources used in this study are

consistent with Australian government guidelines for preparing

health economic analyses.6

CSF Shunting
The 110 patients had 143 procedures during the 3 years, for shunt

insertion, shunt revision, and shunt infection, with no subsequent

follow-up beyond the study period. Actual hospital costs were

provided by the Children’s Hospital Westmead by using the

Power Performance system. This is a clinical inpatient costing

system linking resource cost inputs and allocation to each indi-

vidual patient on the basis of actual use. Allocation algorithms are

applied to relevant source feeds from each system, including im-

aging, pathology, pharmacy, operating theater, and physiother-

apy. Resource use is captured by the time used, so costs reflect the

duration of surgical procedures, the number of nurses, the dura-

tion of anesthesia, and so forth.

Following extraction of the detailed costing data from the

Power Performance Manager, review of records was undertaken

to classify each episode. This was to exclude non-hydrocephalus

primary diagnoses and to categorize patients as having a new

shunt or a shunt revision. Patients with CSF shunts were addition-

ally classified if they developed infection, to assess separately the

cost of treatment. Patients with hydrocephalus secondary to

trauma, malignancy, or other complex conditions (except myelo-

meningocele) were excluded. Figures from the Power Perfor-

mance Manager were adjusted to the 2012 AUD by using the total

health price index published by the Australian Institute of Health

and Welfare 2012.7

Statistics
The mean costs of each group were analyzed by using the Student

t test, and a �2 test was used for demographic independence with

a P value � .05 considered statistically significant. Several 1-way

sensitivity analyses were performed to establish whether the com-

parative results were sensitive to cost, infection, or revision rate

variables. These included using costs, infection, and revision rates

and the total number of revisions per patient from studies of

equivalent adult shunt cohorts to validate comparable age-

matched scenarios. Statistical analysis was undertaken by using

STATA statistical software (Special Edition, Version 12.1 2011;

StataCorp, College Station, Texas).

RESULTS
Patient Groups
The baseline demographic characteristics for transverse sinus

stent and CSF shunt patients are presented in Table 1.

A �2 test of independence confirmed the difference between

the 2 demographic groups (P � .001).

Number of Procedures
Most stented patients had just 1 stent at 1 procedure (Table 2); in

contrast, many patients with CSF shunts needed further proce-

dure revisions and treatment of infections (Table 3). The stented

patient group, during the 12-year period, underwent 99 stent pro-

cedures, 78 of 86 patients receiving a single procedure (90.7%)

and the remaining 8 having additional stents: 5 patients, just 1

more; 1 patient, 2 more; and 2 patients, 3 more.

In contrast, the CSF shunt group had 143 procedures, only 40

of which (28%) were first-shunt insertions (Table 3).

Average Cost
There was no significant difference be-

tween the average cost of an initial venous

stenting ($13,863 � 4890) and an initial

CSF shunting ($15,797 � 5442) (P �

.6337); any difference is attributable to a

few serious high-cost complications that

Table 1: Baseline demographics of patients with transverse sinus
stents and CSF shunts

Age and Sex

No. of Patients (%)

P Value
Transverse Sinus

Stent (n = 86)
CSF Shunt

(n = 110)
Mean age (yr) 36.9 � 13.6 6.6 � 6.0 �.001
Sex

Male 10 (11.6) 78 (70.9) �.001
Female 76 (88.4) 32 (29.1)

Table 2: Venous stents: number of patients by initial and repeat procedures
No. of Stent Procedures

per Patient
No. of

Patients
Stent Procedures

per Patient
No. of Stent
Procedures

% Total
Patients

New stent procedure 78 1 78 90.7%
1 Subsequent procedure 5 2 10 5.8%
2 Subsequent procedures 1 3 3 1.2%
3 Subsequent procedures 2 4 8 2.3%
Total 86 99 100.0%
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occurred during the initial shunting. The influence of these com-

plication outliers on the mean is reflected in the even closer me-

dian for each initial procedure at $9374 for venous stenting and

$9535 for CSF shunting. The CSF shunting average costs for first

procedures and revisions excluded infection, which was classified

separately to evaluate its cost implications. This infection compo-

nent was combined with other classification group average figures

in the cost per 100 cases presented below.

Similarly, there was no significant difference between the av-

erage cost of a subsequent venous stenting ($9421 � 69) and of a

CSF shunt revision ($10,470 � 1245) (P � .4996), and there was

no difference in the median cost, $9374 for venous stenting versus

$9029 for CSF shunting.

With resource usage for venous stenting similar to that for CSF

shunting, the average cost of each first and subsequent procedure

was not significantly different. The lower average cost of subse-

quent compared with new procedures is largely due to high-cost

complications occurring in only new stent procedures, as well as

high-cost shunt complications being separately categorized as in-

fection cases, so there were no high-cost outliers increasing the

average revision cost. The average costs for CSF shunting reported

here are in line with previous data.8,9

Additional Stents versus Revised Shunts
The main cause of the cost difference between stenting and shunt-

ing is the need for subsequent procedures: 79/143 (55.2%) for

shunting but only 13/99 (13.1%) for stenting. While the average

cost per procedure is similar, the proportional cost in terms of the

total number of subsequent procedures is higher for shunting.

Infection
An important difference between shunts and stents is that stents

do not get infected. Infection necessitated 24 shunt revisions

(16.8%), often incurring the additional cost of removing and

eventually replacing the shunt and all the associated costs of med-

ical treatment to eradicate the infection. This is reflected in the

higher average cost of treating an infected shunt ($84,729 �

59,939) rather than inserting a new shunt ($15,797 � 17,015) or

just revising a shunt ($10,470 � 5557), as well as in the longer

average length of stay of 44 days, compared with 9 days for an

initial shunt and 6 days for a revised shunt. Therefore, shunt in-

fections are a major cost component; although they represent

only 16.8% of cases, they account for 58.2% of the total cost, $2

million for the 3-year shunt group. Similar rates of shunt infection

from 7.2%–15% and comparable 5-fold average cost increases in

hospital charges have already been reported.9,10 Previous research

has also shown that patients with adult PTC shunts similarly ex-

perience complications in this range with a 9% shunt infection

rate.11

Cost per 100 Procedures
To allow for the different study and follow-up periods of the

shunted and stented patients and for the presence of infection, the

average costs per procedure, both new and subsequent, are calcu-

lated in terms of cost per 100 procedures (Table 4). These results

reflect the high revision rate for CSF shunts, multiplied by the

average procedure cost in each group, as well as the cost of man-

aging infected CSF shunts.

In these terms, the cost per 100 cases is significantly higher for

CSF shunting, almost double that for venous stenting (Fig 1). The

reason for this is the higher proportion of CSF shunt revisions and

the higher cost of shunt complications, not the average cost per

procedure.

The cost per 100 cases, however, underestimates the true com-

parable long-term cost of ongoing revisions. Because the stented

group continued for 12 years, it is reasonable to view the absolute

number of additional stentings as representative; �90% of pa-

tients had just a single stenting, with a maximum 3 additional

stentings in only 2 patients. The shunting study period by com-

parison, covering only 3 years, was sufficient to provide an esti-

mate of the average cost per revision but cannot provide an ade-

quate follow-up period to verify the total number of shunt

revisions needed by each patient.

Thus, a literature review was undertaken to verify revision

rates and, in particular, the total number of revisions per patient;

Table 3: Cost summary by procedure: stent versus shunt
No. of

Procedures
% of Total
Procedures

Total Cost
($AUD)

% of Total
Cost

Average Cost
($AUD) SD

Total LOS
(Days)

Average
LOS (Days)

Transverse sinus stent
First transverse sinus stent 86 86.9% $1,192,219 90.7% $13,863 22,809 324 3.8
Subsequent transverse sinus stents 13 13.1% $122,468 9.3% $9421 114 15 1.2
Transverse sinus stent infection 0 0.0% – 0.0% – –
Grand total 99 100.0% $1,314,687 100.0% $13,280 21,296 339 3.4

CSF shunt
First CSF shunt 40 28.0% $631,888 18.1% $15,797 17,015 340 8.5
CSF shunt revision 79 55.2% $827,145 23.7% $10,470 5557 437 5.5
CSF shunt infection 24 16.8% $2,033,485 58.2% $84,729 141,948 1060 44.2
Grand total 143 100.0% $3,492,518 100.0% $24,423 64,062 1837 12.8

Note:—$AUD indicates Australian dollars; LOS, length of hospital stay.

Table 4: Transverse sinus stenting versus CSF shunting: average cost comparison per 100 cases

Procedure
Infection

Rate
Average Cost
per Infection

Average Cost
of Infection

Average Cost of New
(Non-Infected) Cases

Average Cost
per Revision

Revision
Rate

Average Cost
of Revisions

Total Cost per
100 Procedures

Transverse sinus stent 0.0% 0 – $1,204,261 $9421 13.1% $123,705 $1,327,967
CSF shunta 16.8% $84,729 $1,422,017 $441,880 $10,470 55.2% $578,423 $2,442,320

Note:— – indicates no infection in TSS patients.
a Average cost figures for new and revised shunts presented as separately categorized noninfection cases.
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this indicated revision rates resulting from complications such as

blockage and infection between 25% and 55%.12,13 The pattern of

ongoing shunt complications has also been reported in adult PTC

shunt groups, with similarly high revision rates of 51%– 63%.14,15

Furthermore, some “shunt-intolerant” patients can require

�10 ventriculoperitoneal shunt revisions and �30 lumboperito-

neal shunt revisions.16 As for the infection and revision rates,

previous research has also reported cases of �10 revisions per

patient in adult PTC shunt groups.14 In contrast, the highest

number of stent procedures recorded for 1 patient was 4.1

Total Cost per Patient
These results provide the average cost per procedure and sepa-

rately indicate the revision and infection rates, which in turn de-

termine the total cost per patient for each group. There are many

more high-cost shunt patients than stent patients (Fig 2). The

relative difference is in higher cost shunt patients overall and, in

particular, the scale of costs required to manage the top 2% of

patients with severe complications. Stent and shunt patients in the

lower 40% by cost have similar, single procedures with no infec-

tion. Above 40%, the shunt patient costs increase consistently to

the highest cost, 4%, around $100,000, 3-fold the comparable

highest cost of stent patients. While both groups include extreme

outliers in the highest cost 2% of patients, the scale of the shunted

patients continues to be at least 3-fold higher than the stented

patients, again reflecting the higher rates of infection and ongoing

shunt revisions. Length-of-stay figures are also presented for each

percentile group.

Complications
Complications after stenting included headache, transient hear-

ing loss, and allergic reactions to aspirin or clopidogrel and, in one

case, an anaphylactic reaction to the anesthetic. Apart from these

cases, there were 3 patients from the total of 86 in the transverse

sinus stent group (3.5%) who had major neurologic complica-

tions during stenting, largely vein perforation causing subdural,

subarachnoid, or intracerebral bleeding. All 3 patients made a full

recovery; 2 needed an urgent craniotomy for evacuation of a

hematoma.

From a resource use and cost perspective, the 3 severe-

complication cases required extended inpatient stays and ongo-

ing rehabilitation. From a cost perspective, these patients are ex-

treme outliers with a total individual cost of $119,468, $135,440,

and $143,272. In comparison, severe complications for the 3 high-

est cost shunt patients resulted in individual patient costs of

$170,850, $411,619, and $641,824.

Total Revisions per Patient
To explore the potential cost implications of subsequent proce-

dures, especially shunt revisions, a series of scenarios were devel-

oped on the basis of average costs from the 2 datasets supported by

evidence from previous studies.9,10 These provided cross-vali-

dated estimates of the average cost of initial stenting or shunting,

as well as of subsequent procedures, infection risk, and associated

FIG 1. Stent versus shunt. Cost comparison per 100 procedures.
Graph shows the average cost per 100 procedures of transverse sinus
stenting versus CSF shunting. The total cost is shown, plus an individ-
ual breakdown of costs based on revision and infection rates of each
group.

FIG 2. Stent versus shunt. Cost (AUD) per patient by percentile of the group and the length of stay. Graph shows highest-to-lowest cost per
patient by percentile for transverse sinus stenting (blue) and CSF shunting (red). The length of hospital stay (LOS) is also shown for each group.
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average infection cost. These scenarios are consistent with studies

of adult patients with PTC shunts, as referenced in previous sec-

tions, which have shown infection and revision rates and the total

number of shunt revisions per patient to be similar to those of our

pediatric study group.

These findings then support a series of scenarios based on the

total number of additional procedures per patient as presented in

Fig 3. The maximum number of subsequent stentings in the 12-

year group was 3, and additional stenting beyond 5 have not been

reported, so 5 is considered the maximum upper limit. In this

context, the first scenario illustrates the relative comparison of 5

subsequent stentings and 5 subsequent shunt revisions, with the

slightly higher total cost of shunting due to the additional cost of

managing infections.

Additional scenarios were prepared to investigate a reduced

infection rate for CSF shunting with use of antibiotic-impreg-

nated shunts, which included infection rates below those reported

in previous adult study groups.17

In the scenarios of 8 and then 10 revisions, shown only for

shunts, the trend is further established. While 10 revisions are

presented as an extreme scenario, there have been reports of adult

patients with PTC needing even more, which extends the increas-

ing cost trend for patients with higher revision shunts.14,18

Previous modeling suggests that the cost of shunting in pedi-

atric hydrocephalus is more sensitive to the revision rate, partic-

ularly in the first year after shunting, than to the decreased

infection rate or length of hospital stay.19 Also long-term investi-

gations of shunted children have confirmed that 81% need at least

1 revision and often several, requiring repeated procedures and

hospitalizations.13

The shunt infection column bars in Fig 3 report the shunt

infection rate of the study group (16.8%), which is shown against

2 reduced-infection-rate sensitivity scenarios of 10% and 5%.

These scenarios indicate that even with an infection rate of only

5%, a patient receiving 10 shunt revisions is estimated to cost

$196,771, almost a 4-fold increase in the highest cost of inserting

5 additional stents. Despite reported examples of reduced shunt

infection rates, rates of 10% still occur even with antibiotic-im-

pregnated shunts.20 As described previously, adult patient groups

with PTC shunts have been reported as having a similar 9% infec-

tion rate. Here, the estimated cost of $239,136 is close to 5-fold the

highest cost for a stented patient. In all scenarios with �5 subse-

quent procedures, an increasing upward cost trend resulted for

shunts, in line with the number of procedures, shown as the dot-

ted triangle in Fig 3.

In summary, the average cost per 100 patients, the total cost

per patient, and the skewed upside risk of additional costs through

ongoing shunt revisions and infections show stenting costing less

than shunting, while nonetheless providing patients with PTC

with effective long-term treatment.

DISCUSSION
In the first part of this study, we calculated the average cost of

venous stenting and CSF shunting and found no significant dif-

ference between the 2, either as initial or subsequent procedures.

This finding reflects similar resource use, operating theater time,

and medical-surgical team composition for each procedure and

provides the underlying base-cost component to the calculation

of total cost per patient. The main cause for the cost difference

between stenting and shunting is, therefore, not the difference in

average cost for each routine procedure but problems and com-

plications with CSF shunting, leading to a high revision rate, up to

30% for ventriculoperitoneal shunts and 60% for lumboperito-

neal shunts and an infection rate of 5%–15%. These cost drivers

are consistent with similar shunt revision and infection rates pre-

viously reported in adult PTC study groups.21

It follows that ongoing additional stents and shunt revisions

are simple multiples of the average cost; the key difference be-

tween stenting and shunting is that shunts not only need frequent

revisions, they also can become infected and this outcome results

in higher total costs. The analysis scenarios in this study have

taken the conservative case of 10 revisions for shunts, though even

FIG 3. Stents versus shunts by the total number of shunt revisions or additional stents per patient. Graph shows the cost of transverse sinus
stenting versus CSF shunting for both new procedures versus a variable number of revisions. Ongoing CSF shunt revision costs are compared
with the maximum reported TSS cases of 5 (dotted triangle). Predicted costs for CSF shunting are also shown, with reduced infection rate
scenarios of 5% and 10% for the variable number of revisions.
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more can occur in both pediatric and adult PTC cases.19 There

remains, therefore, an unbounded upside risk for a few shunt-

intolerant patients, which will potentially add substantially to to-

tal cost per patient.

Venous stenting, by comparison, has been shown to require

significantly fewer repeat procedures, with �90% of patients suc-

cessfully receiving just a single stent. Also, the need for additional

venous stenting, while low, has been further lowered with time,

due to a better understanding of the mechanism by which stents

lower intracranial pressure and the availability of longer stents.

We have proposed1 that stenting prevents compression of the

transverse sinuses by intracranial hypertension itself, breaking a

positive feedback cycle. A stent creates a rigid, noncollapsible

transverse sinus, one no longer vulnerable to compression from

intracranial hypertension so that CSF absorption is improved,

lowering intracranial pressure. With time, longer stents have been

inserted so that fewer extrinsic stenoses develop at the distal end

of the stent, reducing the need for second or third stenting proce-

dures. In some cases, the entire transverse sinus has been stented.1

Given this significant difference in the repeat rates of the 2

procedures, the cost per 100 cases does not represent the total

longer term cost per patient of ongoing revisions. Because the

venous stent group was followed up to 12 years, it is reasonable to

view the absolute number of repeat procedures as representative.

During the 12 years of data, �90% of patients received only a

single stent, with a maximum of 3 revisions in 2 cases. The shunt

study period by comparison, covering 3 years, is sufficient to pro-

vide an estimate of average cost per revision but cannot provide an

adequate follow-up period to verify the lifetime total number of

shunt revisions per patient.

Revision rates resulting from shunt complications, such as

blockage and infection, range from 25% to 50% or more, suggest-

ing that the long-term costs of CSF shunting could be even higher

than we found here.13

In addition to high-cost cases of ongoing revisions, infection is

also an important factor in the overall higher total cost per shunt

patient. A few infected shunts result in a disproportionately high

shunting cost increase, typically 4- to 5-fold higher than a nonin-

fected case. In our shunt group, the 16.8% of infections accounted

for 58.2% of total cost, over $2 million.

The rate and costs of infection are being reduced with the

wider use of antimicrobial impregnated sutures, shunts, and cath-

eters to below 5% in some cases, though this level of reduction

would depend on using impregnated devices in all shunt proce-

dures, and there is some reluctance to use them because of their

increased cost.22,23

Given the variation in shunt infection rates and potentially

reduced rates resulting from the more widespread use of antibi-

otic-impregnated shunt components, our scenario analyses in-

cluded reduced infection rates of 10% and 5%, to investigate the

impact on total cost. The scenarios demonstrate that reduced

rates of infection, while reducing the magnitude of the cost differ-

ence, nonetheless confirm the substantially lower cost of venous

stenting in all cases. Because the infection component has been

isolated and analyzed separately, even if infection cases were re-

duced to zero, venous stenting would still cost substantially less

than CSF shunting.

The benefit of venous stenting in PTC is now clear,1-3 and a

lower complication rate (9.3% of patients in our own study) com-

pared with shunting has been reported in all studies. We have now

shown that the cost of stenting is also significantly less than that of

shunting. Finding a therapeutically effective and cost-effective

treatment for PTC is of growing importance, given the increasing

cost of PTC and the growing rates of obesity.4

Study Limitations
Our study has 1 noteworthy limitation: Our CSF shunting group

was composed of pediatric patients with hydrocephalus, and it is

often suggested that the complications of shunting are more com-

mon in pediatric than in adult patients. The ideal comparison

group would have been adult shunted patients with PTC. Unfor-

tunately these data were not available because new adult patients

at our institution, and in fact in our state, who have PTC with

venous stenosis have been so rarely shunted since stenting became

available. Therefore, we decided to choose as a comparison group

to our stented patients a group of pediatric patients from a pro-

spective registry of cases kept at the Westmead Children’s Hospi-

tal. To balance this limitation, we reviewed the literature on com-

plications of shunting for adult PTC and verified that the key cost

drivers of infection and revision rates and the total number of

revisions per patient have been reported at levels similar to those

in our pediatric hydrocephalus study group.

In this context, we are confident that our work is valid and

adds significantly to the debate on the role of stenting versus

shunting in the treatment of venogenic PTC.

The study is also limited by its retrospective nature, and ideally

a prospective study comparing the cost of stenting versus shunt-

ing is needed in a group of adult patients with PTC.

CONCLUSIONS
In treating PTC, transverse sinus stenting costs less than CSF

shunting in the long term, not because of the average cost of the

procedure itself but as a result of a relatively lower revision rate,

fewer total revisions per patient, and no infections to date.
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ORIGINAL RESEARCH
INTERVENTIONAL

Mechanical Thrombectomy with Stent Retrievers in Acute
Basilar Artery Occlusion

M. Möhlenbruch, S. Stampfl, L. Behrens, C. Herweh, S. Rohde, M. Bendszus, C. Hametner, S. Nagel, P.A. Ringleb, and M. Pham

ABSTRACT

BACKGROUND AND PURPOSE: Basilar artery occlusion remains one of the most devastating subtypes of ischemic stroke. The prognosis
is poor if early recanalization is not achieved. The purpose of this study was to evaluate the safety and technical feasibility of self-
expanding retrievable stents in the endovascular treatment of acute basilar artery occlusion.

MATERIALS AND METHODS: Twenty-four patients with acute basilar artery occlusion were treated with Solitaire FR or Revive SE devices
between December 2009 and May 2012. Additional treatment included intravenous and/or intra-arterial thrombolysis (21/24) and percu-
taneous transluminal angioplasty/permanent stent placement (7/24). Recanalization was assessed by means of the TICI score. Clinical
outcome was determined at discharge (NIHSS), and at 3 months (mRS).

RESULTS: Median NIHSS score on admission was 24; median duration of symptoms was 254 minutes. Successful recanalization (TICI 2b �3)
by thrombectomy only was achieved in 18 patients (75%). Intracranial stent deployment after thrombectomy caused by underlying
atherosclerotic stenosis was performed in 7 patients. If these patients with intracranial stent placement are included, successful recana-
lization was achieved in 21 of 24 patients (87.5%). NIHSS improvement �10 points was reached in 54% of patients (n � 13/24). Mortality
during the first 3 months was 29% (7/24). After 3 months, 8 patients (33%) had a favorable clinical outcome (mRS 0 –2).

CONCLUSIONS: In our series, application of self-expanding retrievable stents in acute basilar artery occlusion resulted in a high recana-
lization rate without procedural complications and good clinical outcome in one-third of patients.

ABBREVIATIONS: BAO � basilar artery occlusion; IAT � intra-arterial thrombolysis; MT � mechanical thrombectomy

Basilar artery occlusion (BAO), representing 20% of all isch-

emic strokes occurring in the posterior circulation, remains

the stroke subtype with the highest mortality rate by far.1 Severe

neurologic and non-neurologic sequelae are caused by ischemic

infarction of brain stem parenchyma, cranial nerve nuclei, and

autonomic centers, with death and dependency rates exceeding

70% even after treatment.2

Regardless of treatment, recanalization of an occluded basilar

artery is the single greatest predictor of good outcome.3 The like-

lihood of a good outcome in nonrecanalized patients is approxi-

mately 13%.4 There exists only limited data on the efficacy of

different recanalization strategies to achieve complete recanaliza-

tion of the occluded vessel segment.1 Either intravenous or local

intra-arterial administration of thrombolytics has shown low

rates of recanalization in approximately 60% of cases and conse-

quently has been associated with poor clinical outcome. Given the

poor results in achieving complete vessel recanalization by phar-

macologic intravenous or local intra-arterial thrombolysis (IAT),

more effective recanalization strategies are highly desirable, and

many centers favor additional mechanical thrombectomy (MT).

A variety of intra-arterial devices intended to disrupt, stent, or

aspirate the thrombus has been reported for recanalization of

basilar artery occlusions.5-10 Recently, the appearance of self-ex-

panding retrievable stents (stent retriever), which have increased

recanalization rates to �90% in the anterior circulation,11-14 has

brought up a promising alternative to all other therapeutic strat-

egies. While an increasing number of studies has investigated the

use of stent retrievers in anterior circulation, employment in

acute BAO has been reported infrequently and in most studies

with �20 patients (Table 1).

We investigated a series of 24 patients with acute BAO thus far

treated by stent retrievers and analyzed safety and efficacy data as

well as clinical results.
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MATERIALS AND METHODS
Approval for prospective data collection of all interventional pro-

cedures reported in this study was given by the institutional re-

view board. Patient informed consent for study inclusion was

obtained from the patients or their legal representatives.

On the basis of the prospectively collected thrombolysis in

stroke data base in Heidelberg since 1998, we analyzed angio-

graphic and clinical data of patients with acute ischemic stroke

caused by BAO undergoing endovascular stroke treatment with

stent retrievers between December 2009 and May 2012. In our

institution, the Solitaire FR Revascularization Device (Solitaire

FR; Covidien, Dublin, Ireland) became available in March 2009

and the Revive SE thrombectomy device (Revive SE; Codman &

Shurtleff, Raynham, Massachusetts) in October 2010 for endovas-

cular stroke treatment.

On admission, a stroke neurologist performed physical neu-

rologic examinations and detailed assessment of the NIHSS score.

Cranial CT including CT angiography or multimodal stroke MR

imaging including dynamic susceptibility contrast perfusion,

DWI, and time-of-flight MR angiography was performed in all

patients immediately after physical evaluation. Thereafter, intra-

venous thrombolysis with rtPA (0.9 mg/kg body weight for 40

minutes) was administered as bridging therapy in patients with

no contraindications to rtPA. Patients who received intravenous

thrombolysis in a tertiary institution and were referred to us for

further endovascular therapy were also included in this study.

After the interventional procedure, patients were observed for

at least 24 hours in a neurologic intensive care unit, and follow-up

CT or MR imaging was routinely performed at 20 –36 hours after

treatment, or earlier if neurologic deterioration occurred. Postin-

terventional NIHSS and mRS were assessed by detailed physical

examinations performed by an independent stroke neurologist at

discharge. MR spectroscopy at 3 months was obtained during a

standardized telephone follow-up or an outpatient visit. As a

common definition of good outcome, an mRS score of 0 –2 was

adopted and for poor functional outcome a score of 3– 6 was

adopted.15 Stroke etiology was classified according to TOAST

criteria.16

Procedure
All interventions were performed by board-certified consultant

neurointerventionalists on a biplanar system (Artis zee Biplane;

Siemens, Erlangen, Germany) under general anesthesia. Using

transfemoral access, a 6F guiding catheter (Envoy; Codman &

Shurtleff or Neuron; Penumbra, Alameda, California) was placed

into the dominant or most accessible vertebral artery. During the

study period, mechanical thrombectomy was performed with

the use of Solitaire FR or Revive SE. A microcatheter (Prowler

Select Plus, Codman & Shurtleff; or Rebar 27, Covidien) with a

0.014-inch microwire (Transcend; Stryker, Kalamazoo, Michi-

gan) was carefully advanced through the thromboembolic occlu-

sion under fluoroscopic control. Angiographic runs were subse-

quently performed through the microcatheter to document the

correct position of the microcatheter tip at least 0.5 cm beyond the

distal end of the thrombus. Under fluoroscopic control, the stent

retriever was advanced through the microcatheter across the ves-

sel occlusion with the distal stent markers beyond the distal end of

the occlusion. The stent was deployed/unsheathed completely by

pulling back the microcatheter over the proximal marker, and

angiographic runs were performed to control for flow restoration.

The duration of stent deployment before its retrieval/thrombec-

tomy maneuver varied between 1–5 minutes if thrombectomy/

mechanical recanalization was the only aim (21/24 patients). If

additional intra-arterial local administration of rtPA was per-

formed, longer deployment times of up to 20 minutes were

reached (3/24 patients). To perform the mechanical recanaliza-

tion/thrombectomy maneuver, the microcatheter was withdrawn

with the deployed/unsheathed stent retriever at fixed distance

from the microcatheter tip under simultaneous aspiration with a

20-mL syringe at the guide catheter. In the case of persistent oc-

clusion or incomplete vessel recanalization, the device was

cleaned and reinserted for repeated thrombectomy.

As a supplement to thrombectomy, we used intra-arterial rtPA

if distal branch occlusions persisted. If there was an underlying

stenosis or insufficient recanalization, we eventually performed

additional balloon angioplasty and permanent endovascular stent

placement (Solitaire FR or Enterprise; Codman & Shurtleff). The

maximum dose of intra-arterial rtPA was 21 mg. Other peripro-

cedural medications in selected patients (12/24) included an IV

bolus of 500 mg of aspirin or 5000 U of heparin or tirofiban

(administered intravenously, at an initial rate of 0.4 �g/kg per

minute for 30 minutes and continued at 0.1 �g/kg per minute for

24 or 48 hours). If permanent stent deployment was performed,

postprocedural medication with 100 mg of aspirin and 300 mg of

clopidogrel (subsequently 75 mg for 3 months) was initiated.

The extent of recanalization was classified according to the

TICI grading scale.17 TICI grades 2b and 3 were rated as sufficient

Table 1: Comparison of baseline stroke severity and outcome variables between this study and others with the use of a stent retriever
in acute basilar artery occlusion

N(BAO)/N
(Total) NIHSS Initial

Successful Recanalization
(TICI 2b–3), % sICH, %

mRS 0–2 After
90 Days, %

90-Day
Mortality, %

Roth et al23 8/22 19 87.5 12.5 37.5 50
Miteff et al24 10/26 31 100 (TIMI 3 in 33)a 10 20 33
Costalat et al25 16/50 ? 81 (TICI 3) 6.3 44 25
Dorn et al26 24/108 16 77.9 NA NA 47.8b

Mordasini et al27 14/14 21 100 0 29 36
Espinosa et al28 18/18 20 94 0 50 22
Mourand et al29 31/31 38 74 16 35 32
Study group 24/24 24 87.5 8 33 29

Note:—N indicates number of patients; NA, not available; sICH, symptomatic intracerebral hemorrhage.
a TIMI (Thrombolysis In Myocardial Infarction) grade 2 or 3; bat discharge.
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recanalization, whereas TICI grades 0 –2a were rated as insuffi-

cient recanalization. Assessment of angiographic images was per-

formed in consensus by 2 board-certified interventional neurora-

diologists (M.M., S.S.) with more than 5 years of training.

The following time points were recorded for analysis: onset of

symptoms, first angiogram, and achievement of final recanaliza-

tion result. Time intervals from symptom onset to the first angio-

gram and procedure time to final recanalization (time to recana-

lization) were calculated. Furthermore, images were evaluated

regarding level and length of the occlusion (in millimeters, by use

of CTA or MRA), posterior circulation ASPECTS (by use of CT

angiography source images or MR imaging DWI), and number of

stent deployments necessary for recanalization.18 Postprocedural

hemorrhage was rated according to PROACT II criteria.

Statistics
Categoric data in contingency tables were analyzed by use of the

Fisher exact test. Nonparametric pair-wise comparisons were per-

formed with the use of the Wilcoxon test (procedure “rank sum”

for unmatched data). Statistical analyses were performed by use of

PASW Statistics, Version 18.0 (IBM, Armonk, New York). Statis-

tical significance was assumed at an � level of P � .05 (2-sided).

To test the effects of age, admission NIHSS score, time from

symptom onset, and recanalization status on outcome, univariate

logistic regression analyses were calculated (“logistic” procedure

of STATA 12; StataCorp, College Station, Texas).

RESULTS
Between December 2009 and May 2012, endovascular therapy

was performed on 31 patients for BAO. Of these, 7 patients were

excluded because of endovascular treatment technique with ei-

ther exclusive local intra-arterial thrombolysis or primary stent

placement for high-grade basilar artery or distal vertebral artery

stenosis. Twenty-four patients (17 male, 7 female; median age, 70;

range, 33– 83 years) underwent MT. In this group, 63.3% had

hypertension, 50.0% had hypercholesterolemia, 33.3% had atrial

fibrillation, 33.3% had a history of previous TIA or stroke, 23.3%

had diabetes, 23.3% were current smokers, and 20% had coronary

artery disease. Stroke etiology was categorized in accordance with

TOAST classification: large-vessel disease in 7 (29.2%) patients,

cardioembolic cause in 11 (45.8%) patients, both (large-vessel

disease and cardioembolic) in 4 (16.7%) patients, and undeter-

mined in 2 (8.3%) patients.

The site of BAO was partial basilar tip (1/24; 4.2%), distal to

anterior ICA offspring to basilar tip (13/24; 54.2%), midbasilar

without basilar tip (6/24; 25%), proximal basilar artery with 1

vertebral artery (2/24; 8.3%), and proximal basilar artery with

both vertebral arteries (2/24; 8.3%). The median length of the

occluded basilar artery segment was 17 mm (minimum, 5 mm;

maximum, 50 mm).

Twenty-one patients (87.5%) received intravenous rtPA as

bridging therapy before endovascular therapy, with a median

dose of 50 mg (minimum, 36 mg; maximum, 90 mg), and local

intra-arterial thrombolysis as an adjunctive therapy was given in 6

patients (25%), with median dose of 18 mg (minimum, 13 mg;

maximum, 21 mg).

The median time interval from symptom onset to first angio-

gram was 254 minutes (range, 125– 827 minutes), and median

procedure time from first angiogram to recanalization was 77

minutes (range, 30 –324 minutes).

Nine patients were treated with Solitaire FR, 12 patients with

Revive SE, 2 patients with both devices, and in 1 patient delivery of

the stent retriever was technically not feasible due to tortuous

anatomy of aortic arch or right vertebral artery. The median num-

ber of passes for Solitaire FR or Revive SE was 2 (range, 1–10).

Initial TICI score before recanalization was 0 in 22 patients

and 1 in 2 patients. After MT, successful recanalization defined as

TICI score 2b or 3 was achieved in 18 patients (75%; TICI 2b in

n � 9; TICI 3 in n � 9). Two of 24 patients were recanalized

partially according to TICI 2a. Additional intracranial stent de-

ployment after MT due to an underlying atherosclerotic stenosis

was performed in 7 patients. In 3 of these patients, the TICI score

subsequently improved from 0 –2b (n � 1), from 1–2b (n � 1),

and from 2a–2b (n � 1). In the remaining 4 patients, the TICI

score did not differ from previous MT [TICI 2a (n � 1); 2b (n �

1); 3 (n � 2)]. Overall, after MT alone or in combination with

intracranial stent placement, successful recanalization was

achieved in 21 of 24 patients (87.5%; TICI 2b in n � 12; TICI 3 in

n � 9). Extracranial stent placement was performed in 2 patients

(in 1 patient with a severe 90% atherosclerotic stenosis in V1 and

in another patient with dissection in V2 caused by the guiding

catheter). Table 2 gives an overview of the patient angiographic

and treatment data.

Asymptomatic postprocedure hemorrhage (HI1) occurred in

1 patient, and symptomatic intracranial hemorrhage (PH2) with

lethal consequence appeared in another patient.

After stent retrieval, thromboembolic occlusion of a previ-

ously unaffected artery was observed in 4 of 24 (16%) patients

(P2/P3 segment, n � 1; PICA, n � 2; superior cerebellar artery,

n � 1). Severe vasospasm was detected in 2 patients, which re-

solved after intra-arterial administration of nimodipin.

Among all patients, median NIHSS score on admission was 24

(range, 7– 42) and at discharge, 5 (range, 0 –28), keeping in mind

the impreciseness of this score in vertebrobasilar strokes and the

arbitrary values in intubated patients. NIHSS improvement �10

points was reached in 54% of patients (n � 13/24). Mortality at

discharge was 25% (n � 6) and at 3 months 29% (n � 7), respec-

tively. After 3 months, 8 patients (33%) had a favorable clinical

outcome (mRS 0 –2), 4 patients (17%) were mRS 3, two patients

(8%) were mRS 4, and 3 (13%) patients were mRS 5. Table 3

shows the outcome and complications of the treated patients. The

strongest predictor of favorable outcome, with an odds ratio of

3.51 (P � .10; CI: 0.65–18.9), was recanalization status after

thrombectomy as graded by the TICI scale. With an odds ratio of

0.58, the NIHSS score on admission also was a strong predictor of

outcome with a trend toward statistical significance in this small

sample (P � .081, CI: 0.31–1.06). Older patients tended to have

worse outcome with an odds ratio of 0.93 (CI: 0.85–1.00; P �

.067). Interestingly, time from symptom onset to endovascular

treatment (range, 2 hours, 5 minutes to 13 hours, 47 minutes) did

not exert a strong influence on outcome (odds ratio � 0.99; P �

.21; CI: 0.98 –1.00).

After dichotomization, by use of the posterior circulation

ASPECTS score at a cutoff value of �9, NIHSS score at discharge
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(P � .03), mRS at discharge (P � .004), and mRS at 3 months

(P � .02) were significantly better in patients with ASPECTS �9.

Mortality in patients with ASPECTS �9 was significantly lower:

9% versus 29%, P � .034.

DISCUSSION
The first description of the use of IAT in BAO was published in the

early 1980s.19 Since that time, multiple series describing the use of

IAT in BAO have been published. A large meta-analysis that in-

corporated 10 studies including 316 patients reported an overall

recanalization rate of 64% and overall mortality of 56%. The mor-

tality was 87% in nonrecanalized patients and 37% in recanalized

patients (P � .001).20 In the most recent and largest series to date,

the data of 180 adult patients with angiographically confirmed

basilar occlusion treated with IAT at 5 German stroke centers

were retrospectively evaluated. Patients with partial or complete

recanalization had a significantly better neurologic outcome than

nonrecanalized patients (P � .001), highlighting that complete or

at least partial recanalization of the occlusion is essential for a

favorable neurologic outcome. However, the overall recanaliza-

tion rates of approximately 55% for IAT have remained low in

these published series.21 As a second major disadvantage of IAT,

the time to recanalization is prolonged because it takes time to

dissolve the thrombus after initial catheterization.12 In accor-

dance with these limitations, a previous meta-analysis showed

that the overall proportion of patients achieving a favorable out-

come after IAT remains low (good or favorable outcome in

24%).22

Therefore, various investigators have assessed the use of MT in

small BAO case series (�16 patients with exception of the MERCI

and Multi-MERCI trails) with different devices including simple

clot disruption,5 manual aspiration,6 AngioJet catheter (Possis

Medical, Minneapolis, Minnesota),7 Amplatz Goose Neck Snare

(Microvena, White Bear Lake, Minnesota),8 Merci retriever

(Concentric Medical, Mountain View, California),9 and the Pen-

umbra aspiration catheter.10 In these studies, the successful re-

canalization rate varied between 50 –100% and good clinical out-

come ranged between 25–50%.

With the introduction of stent retrievers, which combine the

advantages of temporary stent placement with immediate flow

Table 2: Angiographic/treatment data

Patient No. TICI at Baseline TICI at End Point No. of Passes Type of Device
Intracranial Stent

Placement IV rtPA IA rtPA
Concurrent
Medication

1 0 3 1 S 0 54 20 0
2 0 3 4 S 0 0 0 A
3 0 2b 4 S 0 55 20 T
4 0 2b 2 S 1 35 21 T
5 0 2b 2 S 1 41 13 T
6 0 2a 1 S 1 47 16 T
7 0 3 2 S 1 52 0 T
8 0 2b 1 R 0 50 16 T
9 0 3 4 R 0 45 0 0
10 0 0 0 0 0 50 0 0
11 0 2b 7 R 1 0 0 T
12 0 2b 3 R 1 67 0 T
13 0 2b 2 R 0 50 0 0
14 0 3 1 R 0 90 0 0
15 0 2b 1 R 0 43 0 H
16 0 3 2 R 0 69 0 0
17 0 2b 2 R 0 90 0 0
18 0 3 6 R, S 0 0 0 0
19 1 2b 2 S 0 50 0 0
20 0 2b 3 R 0 38 0 0
21 0 3 1 S 1 73 0 T
22 0 3 2 R 0 60 0 0
23 0 0 10 R, S 0 68 0 T
24 1 2b 4 R 0 60 0 0

Note:—“No. of Passes” refers to the number of passes needed for recanalization. A indicates aspirin; H, heparin; R, Revive SE; S, Solitaire FR; T, tirofiban; IA, intra-arterial.

Table 3: Patient outcomes/complications
Patient

No.
NHISS at
Baseline

NHISS at
Discharge

mRS at
Discharge

mRS at
90 Days ICH Complication

1 17 0 1 0 0 0
2 38 7 5 5 0 0
3 35 a 6 6 AS 0
4 19 1 2 5 0 OUA
5 26 a 6 6 0 OUA
6 38 17 4 4 0 0
7 16 2 2 3 0 0
8 39 a 6 6 S 0
9 42 22 5 6 0 0
10 40 a 6 6 0 0
11 21 28 5 5 0 VAS
12 7 a 6 6 0 OUA
13 22 2 3 2 0 D V2
14 30 5 3 3 0 0
15 27 1 1 2 0 D V1
16 22 4 3 2 0 0
17 10 6 4 2 0 OUA
18 37 8 4 3 0 D V1
19 12 3 3 2 0 D V2
20 21 15 5 4 0 0
21 30 4 3 2 0 0
22 24 0 0 0 0 VAS
23 – a 6 6 0 0
24 17 10 4 3 0 0

Note:—AS indicates asymptomatic; D, dissection; OUA, thromboembolic occlusion
of a previously unaffected artery; S, symptomatic; V1, V2, segment of the vertebral
artery; VAS, vasospasm; –, absent.
a Deceased.
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restoration and thrombectomy with definite thrombus removal, in-

creased recanalization rates of up to 100% have been reported.11-14

However, only limited data about treatment of acute BAO with

stent retrievers are presented in the literature (Table 1).23-29

Costalat et al25 included 16 acute BAOs in their series of 50

patients with intracranial vessel occlusion and treated with the

Solitaire FR. Successful recanalization (defined as TICI 3) was

obtained in 81% (13/16), with a mean of 2.1 passes. One patient

had a symptomatic intracranial hemorrhage. Good functional

outcome (mRS of 0 –2) at 3 months was achieved in 44% (7/16),

and mortality rate was 25% (4/16).25 Mordasini et al27 presented

a series with 14 acute BAOs treated with Solitaire FR. Successful

recanalization (defined as TICI 2b or 3) was reached in all cases,

with a mean of 1.3 passes. There was no symptomatic intracranial

hemorrhage. At 3 months, good functional outcome (mRS 0 –2)

was observed in 28.6% (4/14) and overall mortality was 35.7%

(5/14).27 Espinosa de Rueda et al28 treated 18 patients with Soli-

taire AB/FR or Trevo Pro (Stryker) with a mean of 1.7 passes.

Successful recanalization (defined as TICI 2b or 3) was obtained

in 94.4% (17/18) with good functional outcome (mRS 0 –2) in

50% (9/17). No symptomatic intracranial hemorrhage was found,

and mortality rate was 22.2% (5/17).28

In our series, we used 2 different stent retrievers. The first 9

patients were treated with the Solitaire FR and in the following 14

patients the Revive SE was used with changeover to the Solitaire

FR in 2 cases. For both stent retrievers, the median number of

passes was 2. In 1 of the 2 patients in which both devices (Solitaire

FR after Revive SE) were used, successful recanalization was

achieved only after the use of a slightly oversized Solitaire FR (6

mm in diameter) because the diameter of the basilar artery was

very large, measuring nearly 5 mm. In the other patient, the basi-

lar artery remained occluded despite 5 attempts with Revive SE,

another 5 attempts with Solitaire FR, and even after eventual per-

cutaneous transluminal angioplasty.

Thromboembolic events in previously unaffected proximal or

distal portions of the posterior cerebral artery territories occurred

in 2 patients distally (8%) and in 2 patients proximally (8%).

Distal occlusion of previously patent branches is most likely to be

explained by fragmentation and embolization of the clot during

retrieval into the guiding catheter. This rate of embolism in our

series is higher than what is reported for the anterior circulation.30

One possible reason might be the different vessel anatomy in the

posterior circulation, which is more tight and curved with possi-

bly more tapering and deformation of the device while being

withdrawn. To overcome this problem, we constantly attempted

to advance the 6F guiding catheter as high/distal as possible so as

to approach the deployed stent retriever as close as possible to

optimize complete and effective aspiration of all thrombus mate-

rial during retrieval. A potential drawback with this approach is

possible vessel dissection occurring in 4 patients, emphasizing the

application of a more flexible distal access catheter instead of

stiffer guiding catheters.

In our series with 24 patients, successful recanalization was

achieved in 75%, which is lower than the reported rate in the

anterior circulation. Together with additional intracranial stent

placement, we found that our successful recanalization of 87.5%

is in line with the previous data (Table 1). These numbers reflect

the higher incidence of a high-grade stenosis in the posterior cir-

culation with consecutive atherothrombotic occlusions, caused

by local thrombosis on the surface of ulcerated atherosclerotic

plaques. The reported incidence in the literature of 35% of athero-

thrombotic lesions in patients with acute BAO is similar to our

rate of 29%.3

After pretreatment intravenous thrombolysis with rtPA, no

shift in occlusion site or recanalization rate was observed on pre-

interventional DSA compared with initial CTA or MRA. Whether

pretreatment intravenous thrombolysis helped with recanaliza-

tion cannot be proved in the face of the low recanalization failure

rate.

However, despite the high successful recanalization rate, fa-

vorable clinical outcome was limited. The proportion of patients

who gained independence (mRS 0 –2) after 3 months was 33%

(n � 8 /24). Two patients discharged with mRS 2, 1 week after

onset, had subsequent MCA infarction during the follow-up pe-

riod with the result of mRS 3 and mRS 5, respectively. Applying

the definition of good neurologic outcome according to the

SWIFT study, 54% of patients (n � 13/24) met the criteria for a

good neurologic outcome.31

Some predictors influence clinical outcome independently

from successful recanalization, such as high initial NIHSS/low

Glasgow Coma Scale scores, age, thrombus volume, etiology, site

of occlusion, time span from onset to recanalization, and brain

stem DWI score or the posterior circulation ASPECTS.18 In this

study, NIHSS score on admission and age could be identified as

predictors of outcome, however only with a trend toward statis-

tical significance. This reflects one major limitation of our study,

which is restriction to a single center and small sample size. Inter-

estingly, time from onset to endovascular treatment did not exert

a strong influence on outcome. This finding is in accordance with

the observation that extended treatment windows of up to 12

hours in posterior circulation ischemic stroke are possible if irre-

versible extended brain stem infarction is ruled out by pretreat-

ment DWI-MR imaging.32 With the use of the posterior circula-

tion ASPECTS in our series, patients with posterior circulation

ASPECTS score �9 had a significantly better outcome (50%, n �

6/12, mRS 0 –2 after 3 months) than patients with posterior cir-

culation ASPECTS score �8 (17%, n � 2/12), which reveals that

extensive and irreversible brain stem damage obviously will indi-

cate poor prognosis regardless of recanalization success.

In 2 of 24 patients in our series (8%), intracranial hemorrhage

(HI1, n � 1; PH2, n � 1; according to the PROACT II criteria)

occurred with fatal outcome (mRS 6 in both; in 1 patient caused

by PH2 and in the other patient caused by extensive brain stem

infarction). Recanalization had been successful in both these pa-

tients (TICI 2b) and in both intravenous and intra-arterial lysis

with rtPA, and, in addition, a standard dose rate of tirofiban had

been given during and after the procedure. These observations in

2 cases of our series indicate that the risk of hemorrhage after

recanalization/reperfusion might increase exceptionally with

combined administration of intravenous/intra-arterial rtPA and

glycoprotein IIb/IIIa antagonists and should therefore not be per-

formed routinely in any interventional treatment of BAO.33 How-

ever, the overall rate of intracranial hemorrhage compares favor-

ably with the rates reported in other studies (Table 1).
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CONCLUSIONS
Treatment of acute BAO with stent retrievers is safe and techni-

cally feasible, with high rates of recanalization. However, al-

though feasible and safe, endovascular treatment still must show

superiority to intravenous thrombolysis alone. The results en-

courage further prospective trials to evaluate the potential clinical

benefit in patients with acute BAO.
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ORIGINAL RESEARCH
INTERVENTIONAL

Coil Occlusion of Wide-Neck Bifurcation Aneurysms Assisted
by a Novel Intra- to Extra-Aneurysmatic Neck-Bridging Device

(pCONus): Initial Experience
M. Aguilar-Pérez, W. Kurre, S. Fischer, H. Bäzner, and H. Henkes

ABSTRACT

BACKGROUND AND PURPOSE: The pCONus is a new stentlike self-expanding nitinol implant with 4 distal petals, which is fully retrievable
and electrolytically detachable. The distal end is implanted inside the aneurysm at the neck. The shaft is anchored in the parent vessel. In
selected wide-neck bifurcation aneurysms, the pCONus was used to assist coiling. The device was evaluated for its safety and efficacy.

MATERIAL AND METHODS: Twenty-eight patients with 28 wide-neck aneurysms (9 recently ruptured) were treated with pCONus-
assisted coiling at the discretion of the operator. Other treatment options were considered but were discarded due to anticipated
difficulties. Technical issues, immediate posttreatment angiographic findings, clinical outcome, and follow-up imaging were assessed.

RESULTS: There were 11 MCA, 7 anterior communicating artery, 1 posterior cerebral artery, 1 A2, and 8 basilar artery aneurysms. Insertion
and deployment of the pCONus and subsequent coiling were possible in all cases. There were no clinically evident complications
associated with the use of the device. Initial anatomic outcome showed 8 complete occlusions, 9 neck remnants, and 11 incomplete
occlusions. Neurologic status remained unchanged at follow-up. Angiographic controls were obtained in 22 patients (mean, 7.5 months).
Of these, 13 had complete occlusion, 9 showed improvement, and 7 were unchanged. Four died from SAH sequelae or other diseases, and
2 have not yet undergone follow-up. No intimal hyperplasia was observed.

CONCLUSIONS: The pCONus facilitates coil occlusion of unruptured and ruptured wide-neck bifurcation aneurysms. The device can be
deployed safely. Coil retention is sufficient to protect the efferent vessels. So far, no intimal hyperplasia in the shaft has been observed.

ABBREVIATIONS: PCA � posterior cerebral artery; SCA � superior cerebellar artery; WNBA � wide-neck bifurcation aneurysm

Coil occlusion of intracranial aneurysms, both ruptured and

unruptured, is safe and efficacious.1,2 A major limitation of

this treatment technique is related to the geometry of the target

aneurysm. A neck of �4 mm and a fundus width/neck ratio of �1

mm are unfavorable for simple coiling.3 Extrasaccular flow diver-

sion has solved this issue for sidewall aneurysms.4 Intra-aneurys-

mal flow diverters are promising but not yet fully established de-

vices for selected bifurcation aneurysms.5-7 For wide-neck

bifurcation aneurysms (WNBAs), the techniques to assist coil oc-

clusion include stent placement8 and “balloon-remodeling,”9

both requiring catheter access to at least 1 efferent vessel of the

bifurcation. This catheterization can be difficult. Coil-assist tech-

niques without efferent vessel access include the TriSpan device

(Boston Scientific, Natick, Massachusetts),10 which is no longer

available, and the deployment of self-expanding stents with their

distal end inside the aneurysm (“waffle cone” technique).11 The

stents used as waffle cones are not optimized for this purpose and

are far from ideal. The pCONus (phenox, Bochum, Germany) is a

dedicated neurovascular device that was designed to address the

functional needs of an extra-intrasaccular neck-bridging aneurysm

implant to assist the coil occlusion of WNBAs. This report summa-

rizes our initial experience with the clinical use of this device.

MATERIALS AND METHODS
All patients were treated in a single institution by a team of 4

interventional neuroradiologists. The endovascular treatment

was either proposed to the patient after interdisciplinary discus-

sion or offered on the basis of the preference of the patient. The

decision to assist the coil occlusion by a pCONus was made at the

discretion of the senior author. In elective procedures, all patients
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had comprehensive consultations before the procedures. Micro-

surgery and conservative management were discussed with all elec-

tive patients. In patients in the acute phase after SAH, endovascular

treatment, including the use of a pCONus, was performed as an

emergency measure and, whenever possible, was explained to the

relatives. Written informed consent was obtained from all elective

patients, from 1 patient before the hemorrhage and from 1 autho-

rized relative of a patient who presented with an SAH.

The pCONus is an endovascular implant for the bridging of

intracranial WNBAs to enable coiling (Fig 1). The pCONus is a

stentlike laser-cut vessel implant made of nitinol with 4 loops

(petals) at its distal end, which are flared in a radial direction. The

distal inner diameter of the pCONus is additionally crossed by 6

polyamide fibers, creating a mechanical barrier between the an-

eurysm and the parent vessel. The biocompatibility of these fibers

is certified, and the same material is used for coils with attached

nylon fibers (NXT Detachable Coil; ev3, Irvine, California). The

proximal end of the implant and the 4 distal loops carry segmental

radiopaque markers made of platinum-iridium wire. They allow

visual control of the device under fluoroscopy. The pCONus ends

proximally in 1 eccentric strut, which carries a detachment ele-

ment connected to an insertion wire made of stainless steel. This

detachment element consists of a cobalt chromium wire, which

can be dissolved electrolytically by direct

electric current by using available coil-de-

tachment devices. The distal diameters of

the expanded petals are available in 5, 6, 8,

10, 12, and 15 mm. The stentlike shaft has

a 4-mm diameter and is 20 or 25 mm

long. The pCONus is compatible with

standard microcatheters with an inner di-

ameter of 0.021 or 0.027 inches (eg,

RapidTransit; Codman Neurovascular,

Raynham, Massachusetts; and Marks-

man; Covidien, Dublin, Ireland). We

used 0.021-inch microcatheters for easier

access. The device allows controlled inser-

tion, deployment, and eventual with-

drawal into the microcatheter.

All patients were treated under general

anesthesia by using a biplane DSA unit (Ax-

iom Artis; Siemens, Erlangen, Germany).

From a femoral access, a 6F or 8F guide

catheter was inserted into the respective cer-

vical vessel. The decision to use a pCONus

in all patients was based on anatomic fea-

tures of the target aneurysm. Single-vessel

stent placement was weighed against

pCONus usage. Kissing- or crossing-stent

placement was not considered as a preferred

alternative to the pCONus.

In unruptured aneurysms, a single

dose of 500-mg acetylsalicylic acid and

600-mg clopidogrel was given the day be-

fore, and a Multiplate test (Verum Diag-

nostica, Munich, Germany) was per-

formed before the procedure to confirm

sufficient inhibition of the platelet function. Patients 19 and 21

did not show significant platelet-function inhibition and were

reloaded with 30 mg prasugrel. Patient 24 was directly premedi-

cated with 180 mg ticagrelor. In patients with severe SAH, the

decision for an endovascular treatment was based on an interdis-

ciplinary discussion. Arguments in favor of an endovascular ap-

proach were poor clinical condition after SAH or anticipated sur-

gical difficulty. All patients with SAH were treated within 3 days

after the index hemorrhage. After insertion of an external CSF

drain, patients received 600 mg clopidogrel via a gastric tube and

500 mg acetylsalicylic acid; 5000 U of heparin was given intrave-

nously as soon as the pCONus was deployed.

Postprocedural medication included a daily lifetime dose of

100 mg acetylsalicylic acid orally and 75 mg clopidogrel for 3

months. Patients 19 and 21 were continued with 10 mg prasugrel,

and patient 24, with 2� 90-mg ticagrelor.

In a suitable working projection, calibrated measurements

were made to determine the neck width, the aneurysm width, and

the aneurysm height. The pCONus size was selected so that com-

plete coverage of the aneurysm neck by the petals could be ex-

pected. A 0.021-inch microcatheter (eg, RapidTransit or Prowler

Select Plus, Codman Neurovascular) was chosen. The distal end

of the pCONus was deployed in the middle of the aneurysm fun-

FIG 1. The pCONus is a self-expanding, completely retrievable, electrolytically detachable de-
vice with a proximal shaft (similar to stents) and 4 distal petals and a nylon cross in the distal end
of the shaft (A). Similar to the waffle cone technique, the 4 distal loops of the pCONus are
deployed inside the aneurysm at the level of the neck, assisting coil occlusion (B). The nylon
cross (C) prevents coil protrusion into the shaft of the device.
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dus, avoiding any impact with the aneurysm wall. As soon as the 4

petals were fully opened, the microcatheter was gently pulled back

bringing the petals more proximal to the neck of the aneurysm.

Without further movement, the insertion wire of the device was

kept in place and the microcatheter was pulled back with com-

plete deployment of the shaft of the pCONus. Thereafter, a second

microcatheter was inserted through the shaft into the aneurysm fun-

dus (eg, Echelon10, Covidien; or Excelsior SL10; Stryker, Kalamazoo,

Michigan). Coil occlusion started with the attempt to create a frame

or basket with the first coil (eg, Morpheus coil, Covidien/ev3; or

Framing Coil, MicroVention, Tustin, California). The residual space

was filled with long and soft coils (eg, HyperSoft; MicroVention).

When the fundus was considered completely occluded, the coil cath-

eter was withdrawn and the pCONus was electrolytically detached.

Patients with SAH were managed according to widely ac-

cepted Standards of Practice. Patients with unruptured aneu-

rysms underwent an MR imaging examination within 48 hours

after the procedure. Angiographic follow-up was scheduled for 3

and 9 months.

Feasibility of the treatment, rate of intraprocedural and post-

procedural complications, morbidity and mortality, and immedi-

ate and follow-up angiographic outcome were evaluated and as-

sessed by the operators and the first author. The authors made the

analysis in retrospect.

RESULTS
Twenty-eight consecutive patients (13 women; median age, 57.35

years) and 28 aneurysms (9 ruptured) were included. Demo-

graphic data, aneurysm sizes, and treatment results are summa-

rized in the On-line Table.

Insertion and controlled deployment of the pCONus were

possible in all patients. Neither access failure nor aneurysm or

vessel perforation occurred. Catheterization of the aneurysms

through the shaft of the pCONus did not cause any difficulty. No

coil loop protrusion between the petals was encountered.

In 25/28 aneurysms (89%), a single pCONus alone retained

the coils inside the aneurysm sac and protected the efferent ves-

sels. In 2/28 patients, another device was necessary to prevent

the occlusion of the efferent vessels. In 1/28 patients, a second

pCONus was necessary to protect the neck region of the aneurysm.

Patient 19 presented with a giant MCA aneurysm, for which a

combination of a pCONus and a TriSpan was necessary for coil

stabilization and protection of the M2 origins.

Patient 23 presented with a fusiform upper basilar trunk and

bifurcation aneurysm with both posterior cerebral arteries

(PCAs) and superior cerebellar arteries (SCAs) originating from

the lateral aspect of the aneurysm. The pCONus alone appeared

insufficient to protect the PCA and SCA origins. Just Y-crossing

Solitaire stents (Covidien) in both PCAs were expected to incom-

pletely protect the SCAs, with difficult control of the coil occlu-

sion of the saccular component of the aneurysm. After position-

ing the pCONus petals within the lumen of the aneurysm, we

catheterized both PCAs without difficulty and 2 Solitaire stents

were deployed in a Y-technique. The resulting structure was stable

and allowed a well-controlled coil occlusion of the aneurysm.

In patient 26, a large unruptured aneurysm of the basilar tip

incorporated both PCA origins. The aneurysm was directed back-

ward toward the brain stem, with a 90° angle between the axes of

the basilar artery and the aneurysm fundus. Two 5-mm pCONus

implants were deployed in a crossing position to protect the neck

region of the aneurysm.

The 3-point scale of Raymond et al12 was used to evaluate the

initial occlusion rate. In 8/28 aneurysms (28.6%), the occlusion

rate was graded as class 1 (complete), 9/28 aneurysms (32.1%)

were graded as class 2 (neck remnant), and 11/28 aneurysms

(39.3%), as class 3 (residual fundus perfusion). In patients 3 and

18, an early second treatment within the first week was necessary

to achieve the occlusion of the aneurysm (Fig 2).

In 1 patient, a local thrombus formation was observed intra-

operatively, which resolved with a body-weight-adapted bolus

dose of eptifibatide. Thromboembolic incidents with new isch-

emic lesions on MR imaging occurred in 9/15 patients (60%) and

remained clinically silent in all except 3 cases. Three of 28 patients

(10.7%) showed transient ischemic symptoms after the treat-

ment, which resolved within 1 week. No clinically evident com-

plications with permanent neurologic deficits or death related to

the pCONus deployment or coil occlusion occurred.

Of the 28 patients treated, 4 died (2 from SAH sequelae and 2

from other diseases) and 2 have not yet undergone follow-up. An-

giographic follow-up was available in 22/28 patients (78.6%) be-

tween 2 and 19 months (mean, 7.5 months) after the treatment.

Complete occlusion was seen in 13/22 aneurysms (59%); neck rem-

nant, in 6/22 aneurysms (27.3%); and aneurysm remnant, in 3/22

aneurysms (13.6%). All aneurysm remnant regrowths occurred in

large/giant, partially thrombosed aneurysms after initial partial oc-

clusion. No intimal hyperplasia was observed inside the pCONus

shaft. Of these 22 aneurysms, 9 showed improvement of at least 1

point on the Raymond grading scale, while 7 remained unchanged.

In the 3 aneurysms with recoiling, access through the implanted

pCONus was again possible and coil retention was as reliable as it was

during the initial procedure (Fig 3).

DISCUSSION
WNBAs have been challenging for the endovascular approach. 3D

coils were an early and relatively easy-to-use solution for these

aneurysms.13 3D coils alone work best in long aneurysms, but

frequently do not have enough stability in shallow aneurysms and

in those without any neck.

The “dual-catheter” technique is another straightforward and

inexpensive strategy.14 A known risk of this technique is the first

coil not entirely protecting the vessel bifurcation and displace-

ment of already detached coils by subsequent coils.

The balloon-remodeling technique was initially advocated for

sidewall aneurysms.9 The development of more flexible and

atraumatic compliant balloon catheters allows the simultaneous

use of multiple balloons.15 Catheterization of the efferent vessels

of a bifurcation, however, can be difficult, and the presence of 2 or

3 catheters in the parent vessel unavoidably causes a temporary

interruption of the cerebral blood flow and may cause hemody-

namic compromise and/or thromboembolic events. The coverage

of the aneurysm neck by the inflated balloon is solid, but overin-

flation may cause vessel dissection; the risk of aneurysm rupture

due to coil-induced pressure on the aneurysm wall might be in-

creased.16 Besides, the balloon coverage is temporary. If the coils
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introduced under balloon protection do not stabilize each other,

balloon deflation may be followed by coil prolapse into the parent

vessel. In the available literature, the safety profile of balloon re-

modeling was similar to that of unassisted coiling.17 If the fol-

low-up occlusion rates post–stent placement are consistently bet-

ter than those after balloon remodeling, then balloon remodeling

remains open to further evaluation.18 In our practice, we mainly

use balloon remodeling for proximal sidewall aneurysms (eg, in

cavernous/paraophthalmic locations).

In comparison with balloon remodeling, the use of the

pCONus is easier and more controllable, without interruption of

the blood flow and without the need to catheterize the efferent

vessels. The need for dual medical antiaggregation for the

pCONus is certainly a drawback, especially in ruptured aneurysms.

Neuroform (Stryker Neurovascular), Enterprise (Codman &

Shurtleff), LEO� (Balt Extrusion, Montmorency, France), Soli-

taire, and LVIS (MicroVention) are self-expanding stents for the

treatment of WNBAs with different features.19 Placing a stent

over an aneurysm orifice may cause a neck-diameter reduction20

and vessel straightening, improving the hemodynamic situation

and stabilizing the occlusion rate after coil occlusion.8,21 This ef-

fect is more important with closed-cell stents than with open-cell

ones.22 This technique can, however, be technically demanding23

and may result in severe complications. In a retrospective analysis

of a large series with 216 stented and coiled aneurysms, Piotin et

al21 found rates for procedure-related permanent neurologic

morbidity and mortality of 7.4% and 6%, respectively. In their

literature survey on stent-assisted aneurysm coiling, Shapiro et

al24 evaluated data from 39 articles with 1517 patients. They

found a 9% rate of stent-related technical issues, 4% failure of

stent deployment, a 19% overall procedure complication rate,

and 2.1% periprocedural mortality.

The bridging of a vessel bifurcation by a single stent may pro-

vide insufficient coil retention. A more robust vessel reconstruc-

tion can be achieved if stents are deployed in both branching

vessels (Y-stent placement). Descriptions of this technique were

published for both unruptured and ruptured aneurysms.25,26

Cekirge et al27 were the first to emphasize the hemodynamic

effect of Y-stent placement. They observed reduced perfusion and

final thrombosis of WNBAs after Y-stent placement with Enter-

prise stents without coiling. One of the reasons that stents such as

the Enterprise with relatively large cells become hemodynamically

active once they are used in a crossing fashion is the compression

and deformation of the stents at their intersection.28 For the same

reason, catheterization for coiling through crossing an Enterprise

can be very difficult if a “jailed catheter” technique was not used.

In a recently published multicenter trial, Fargen et al29 reported

45 (mostly basilar apex) aneurysms treated by Y-stent placement

FIG 2. Wide-neck unruptured anterior communicating artery aneurysm in a 68-year-old man; neck diameter, 5.5 mm; fundus diameter, 7 mm (A).
A 6-mm pCONus is inserted via the left A1 (B), with catheter access from the right A1 for coil occlusion (C). A minor neck remnant is accepted;
the daughter aneurysm is still filling at the end of the procedure (D) and was expected to thrombose. For safety reasons, early angiographic
follow-up was performed 4 days later and showed an incomplete coil occlusion (E). In a second session, complete occlusion of the aneurysm was
achieved. The right A2 segment is filling from the ipsilateral ICA. Follow-up DSA 2 months later confirmed complete occlusion of the aneurysm,
without compromise on the A1/A2 segment on both sides (F).
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and coiling, with a rate of 84% of complete occlusion or neck

remnant and an 11% procedural complication rate.

For Y-stent placement, hemodynamic effects are related to the

metal construct in the parent artery and the alteration of the ge-

ometry of the efferent vessels. The formation of neointima over

crossing stents appears at least unlikely.

The term “waffle cone technique” refers to a situation in which

a self-expanding stent is deployed with its distal end inside an

aneurysm instead of bridging the neck. Neuroform, Solitaire,30

LEO�, and Enterprise31 stents have been used for this purpose,

but they share features that are far from ideal for this purpose. The

Enterprise, for instance, has a smaller cell size and less radial force

than the Solitaire and pCONus,19 and stent migration has been

observed.32 The risk of migration is even higher if the distal end of

the Enterprise stent is placed inside an aneurysm, with an axial

outward force exerted by the coils. The intended use of the

pCONus is similar to the waffle cone deployment of the above-

mentioned stents, with the difference that the pCONus is made

and optimized for this purpose. The Enterprise stent has flared

distal ends, and the Solitaire AB has 4 sharp ends with radiopaque

markers. Both are potentially more traumatic to the aneurysm

wall than the pCONus petals. The waffle cone and pCONus tech-

niques are theoretically superior to crossing-stent placement be-

cause less material is deployed inside the blood stream,33 but it has

been suggested that this technique can worsen the hemodynamic

situation by directing the blood stream toward the aneurysm

instead of diverting it away.22,33 At this

moment, this is a justified concern. Liu et

al34 reported good results from 10 aneu-

rysms treated with the waffle cone tech-

nique; as in our series, angiographic fol-

low-up showed a stable degree or

improvement of occlusion in most aneu-

rysms. An impaired occlusion at fol-

low-up was mainly observed in large and

giant partially thrombosed aneurysms.

None of the aneurysms treated in the

acute phase after SAH re-bled.

The TriSpan neck-bridging device was

made of 3 nitinol loops (petals) coated

with polyxylylene. Both ends of each petal

were fixed to a central platinum coil (“um-

bilicus, stem”), which was attached to a

stainless steel insertion wire. On with-

drawal of the microcatheter, the petals of

the TriSpan opened similar to a flower

blossom. The device was positioned just

beyond the level of the neck. Change, cor-

rection, or even withdrawal was possible.

A second microcatheter was then inserted

into the aneurysm between the petals and

was used for coiling. Experimental35 and

early clinical results10 were promising,

but De Keukeleire et al36 reported, in 14

patients, a complication rate of 37.5%, as-

sociated with a low primary complete oc-

clusion rate and a high recurrence. A specific concern of this

device was thromboembolic events, presumably related to the

large foreign body surface in conjunction with inconsistent

medical antiaggregation. The proper deployment of the TriSpan

device was critical in aneurysms with a significant asymmetry or

in the case of a steep angle between the longitudinal axis of the

parent vessel and the aneurysm fundus. The TriSpan, once de-

tached, had no further fixation. It was, therefore, necessary to

either stabilize the device at the aneurysm wall or intermingle coils

and TriSpan petals to create a self-stabilizing conglomerate. The

TriSpan never gained FDA approval, and its production was ter-

minated in 2007.

Similar to the TriSpan, the pCONus can be repositioned

and/or withdrawn. The positions of the 4 pCONus petals (instead

of 3 TriSpan loops) are, however, more stable due to their con-

nection with the shaft. While TriSpan procedures were mostly

performed without medical antiaggregation, the pCONus should

only be implanted under dual antiaggregation. Aneurysm asym-

metry is of less concern. Due to the firm connection between the

distal petals and the proximal shaft, the device shows a tendency

to center itself in asymmetric aneurysms. Similar to the behavior

of TriSpan, the ability of the pCONus to retain small coils inside

an aneurysm is poor at the proximity of the neck. The coil occlu-

sion of an aneurysm after pCONus deployment should be started

with at least 1 3D coil, which might be intermingled with the

petals and should be completed with long and soft coils with a

diameter of no less than 3 mm—just as was done previously with

FIG 3. Wide-neck unruptured MCA bifurcation aneurysm in a 65-year-old woman, who rejected
the proposed microsurgical clipping of the aneurysm (A). The aneurysm neck and fundus diam-
eters are 5.7 and 8.7 mm, respectively. A 5-mm pCONus is deployed inside the aneurysm (B),
which allows complete coil occlusion (C). Follow-up DSA 9 months later confirms the complete
occlusion of the aneurysm (D), without intimal hyperplasia inside the shaft of the pCONus.
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the TriSpan. In the case of reperfusion of an aneurysm and endo-

vascular retreatment, a previously detached TriSpan did not pro-

vide stability for further coils. In aneurysms treated with the

pCONus, the petals of the first pCONus remain in the same po-

sition, again preventing coils from displacement.

The concept of intra-aneurysmal flow diversion has prompted

the development of 2 similar devices: Woven EndoBridge (Se-

quent Medical, Aliso Viejo, California) and Luna (NFocus/Covi-

dien). Both devices are spheric implants made from braided ni-

tinol wires. They are introduced into the aneurysm fundus via a

microcatheter. This concept will most likely play a role in the

future treatment of WNBAs. There are, however, certain apparent

issues. The device itself is more rigid than conventional stents or

flow diverters, causing difficulty during the insertion. The sizing

of these devices is critical, being less suitable for very large aneu-

rysms and those with irregular shapes. Initial clinical results with

Woven EndoBridge have been published,5-7 but still little is

known about the mid- and long-term results with this device and

aneurysm regrowth after Woven EndoBridge occlusion has been

reported.37 In the case of recurrent or persistent perfusion of an

aneurysm treated with these devices, retreatment can be difficult.

The aneurysm neck reconstruction device (PulseRider; Pulsar

Vascular, San Jose, California) is a bifurcation stent that can be

implanted in intracranial vessel bifurcations in front of wide-neck

aneurysms to support coil occlusion. Turk et al38 reported a good

performance in an animal model. Clinical data are not yet avail-

able, and safety and efficacy are currently not known.

Limitations of This Series and the Device
This series reports a single-center experience, which was evalu-

ated in retrospect. The retrospective nature of the data analysis

precluded an ethics committee approval. No external institution

was involved in the collection and analysis of the data. The deci-

sion to use a pCONus was at the operator�s discretion and not

under a given study protocol. We tried to avoid both crossing-

stent placement and dual balloon remodeling, which is certainly

an institutional preference and may be different at other centers.

No effort was undertaken to compare the pCONus with other

methods. A direct comparison of the pCONus and conventional

single- or crossing-stent procedures is difficult to envision be-

cause both methods have different merits and drawbacks. Stent

placement, for instance, has the advantage of permanently mod-

ifying the angulation of the vessel bifurcation, which may be ad-

vantageous. This particular aspect, however, cannot be expected

from a pCONus treatment. The initial occlusion rate of pCONus-

assisted coiling in this small series with 60% complete occlusion

or a neck remnant is explained by the challenging anatomy of the

treated aneurysms. Early retreatment in 2 patients was a result of

the unfulfilled expectation that spontaneous thrombosis of resid-

ual filling of the aneurysm would occur. Short-term follow-up

results, however, were encouraging. Long-term follow-up data

for aneurysms treated with the pCONus are missing. Neither the

incidence of intimal hyperplasia in the proximal stent shaft nor

the long-term stability of the aneurysm occlusion is known fol-

lowing treatment.

The pCONus device is certainly not suitable for all WNBAs.

We expect limitations if the aneurysm fundus is smaller than 5

mm and if the relation of the depth/width is �2. For aneurysms

with a neck diameter of �15 mm, the 15-mm pCONus in its

current design version may not provide sufficient coil retention.

The additional use of a second pCONus or another stent may add

safety under these rare circumstances. Recurrent perfusion of an

aneurysm fundus after coiling may be an indication for microsur-

gical clipping.39 After pCONus implantation and if the position of

the device is unchanged, the aneurysm neck will remain bridged

by the struts of the pCONus, which will most likely interfere with

the proper closure of an aneurysm clip.

CONCLUSIONS
Deployment of the pCONus inside selected WNBAs, both rup-

tured and unruptured, is well-controlled and safe. The device

does not interfere with the subsequent catheterization of the an-

eurysms and allows coil occlusion of the aneurysm fundus with

reliable protection of the efferent vessels. A temporary dual med-

ical platelet-function inhibition is required. Coil compaction and

aneurysm reperfusion are not prevented by the pCONus, but the

device does also assist re-coiling. Clip ligation of recurrent aneu-

rysms after pCONus implantation is discouraged.
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39. Nakamura M, Montibeller GR, Götz F, et al. Microsurgical clipping
of previously coiled intracranial aneurysms. Clin Neurol Neurosurg
2013;115:1343– 49

AJNR Am J Neuroradiol 35:965–71 May 2014 www.ajnr.org 971



ORIGINAL RESEARCH
INTERVENTIONAL

Fate of the Penumbra after Mechanical Thrombectomy
B. Friedrich, O. Kertels, D. Bach, S. Wunderlich, C. Zimmer, S. Prothmann, and A. Förschler

ABSTRACT

BACKGROUND AND PURPOSE: In acute stroke, CTP is often used to visualize the endangered brain areas, including the ischemic core and
the penumbra. Our goal was to assess the evolution of the infarct after mechanical thrombectomy and to analyze the interventional
factors determining the fate of the penumbra.

MATERIALS AND METHODS: All patients receiving mechanical thrombectomy in the anterior circulation and receiving CTP beforehand
were identified. The infarct volume was specified. The clinical parameters, outcome, and interventional results were correlated with the
CTP and the final infarct size.

RESULTS: In total, 73 patients were included. After mechanical thrombectomy, 78.1% reached a TICI score of 3/2b. The final infarct volume
was significantly smaller, with a TICI score of 3/2b compared with less sufficient recanalization (19.60 � 3 cm3 versus 38.1 � 9 cm3; P � .001).
After TICI 3/2b recanalization, 81% � 5.2% of the potential infarct size (calculated as the sum of infarct core and penumbra) could be
rescued. In patients with TICI scores of 2a or worse, only 39 � 28.3 were salvaged (P � .001). The Alberta Stroke Program Early CT Score after
successful recanalization TICI score of 3/2b resulted in a decline of 1.9 � 1.4 compared with the significantly higher degradation score of
3.7 � 1.7 after recanalization, with a TICI score of 2a or worse. A recanalization TICI score of 3/2b resulted in an NIHSS improvement of 7.3 �

0.8 NIHSS points, whereas a poorer recanalization improved on the NIHSS by only 2.5 � 1.5 points (P � .01).

CONCLUSIONS: Mechanical thrombectomy is a potent method to rescue large areas of penumbra in acute stroke.

ABBREVIATIONS: CCT � cranial CT; MTE � mechanical thrombectomy

Ischemic stroke caused by the acute occlusion of an intracranial

blood vessel is a serious medical emergency. It can lead to severe

disability and death in approximately one-fifth of all patients,1,2

and, because of the often prolonged dependency of patients who

have a stroke, the disease brings high economic costs.3 Because of

its ability to measure the infarct core by the diminished CBV and

the penumbra and/or oligemia among others indicated by pro-

longed MTT, CTP has become a very useful and reliable tool in

predicting final infarct sizes.4,5 As a result, this technique is widely

used to detect potentially rescuable endangered brain tissue and

therefore to guide decisions about the use of recanalization

therapy.6

The intravenous administration of tPA up to 4.5 hours after

symptom onset can result in an overall reduction in the mortality

and severe disability rate of up to 30%.7 Despite this substantial

improvement in ischemic stroke treatment by the introduction of

tPA, the ability of this procedure to resolve large intracranial ves-

sel occlusions has remained poor.8-10 Whereas 63% of blood clots

�4 mm were resolved by tPA, only 1% of clots �8 mm were

successfully dissolved by tPA.11 Additionally �10% of all patients

with stroke are eligible for intravenous tPA.12

In recent years, mechanical thrombectomy (MTE) as a new

treatment option has been very successful in the treatment of

large-vessel occlusions. Especially with the help of a catheter-

guided, second-generation, retractable stent retriever, it is possi-

ble to harbor the clot from the intracranial vessel, which leads to

fast and lasting reperfusion. Some recent studies showed both the

efficacy and safety of this method, reporting both significantly

higher rates of recanalization and improved clinical outcomes

compared with intravenous tPA alone.13-20
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The aim of the present study was to determine the volume of

infarction and amount of rescued brain tissue after MTE and to

determine whether a correlation with the clinical course exists.

MATERIALS AND METHODS
The present retrospective, single-center cohort analysis was per-

formed following the guidelines of and was approved by the local

ethics committee.

The inclusion criteria are listed as follows:

Patients had an acute stroke in the anterior circulation between

January 1, 2008, and May 1, 2012.

Patients were investigated with an imaging protocol including

CTP before MTE.

Patients were treated with the use of MTE.

A cranial CT (CCT) at least 12 hours after MTE was available.

Exclusion criteria were:

Evidence of intracranial hemorrhage or intracranial mass, suspi-

cious of tumor.

No sign of major artery occlusion in CTA.

Clearly visible sign of infarction in more than one-third of the

corresponding vascular territory.

All patients fulfilling the above-mentioned criteria were consecu-

tively enrolled in the present study. The CTP examination was

performed by a routine stroke CT protocol including CCT,

CTA, and CTP, with the following parameters: All scans were

performed on a 64-section multidetector CT scanner (Philips,

Best, the Netherlands). The CTP was acquired with a total of 4

scan sections and a section thickness of 10 mm. Forty millili-

ters of contrast agent followed by 60 mL of saline was injected

during the 60-second scan. The volume of the infarct core and

the penumbra were calculated automatically (IntelliSpace Por-

tal V5, Philips; thresholds: 1.5 times increased MTT, reduced

CBV: 2 mL/100 g, high permeability: 5 mL/min/100 g21).

Subsequent stent-retriever– based MTE was performed as de-

scribed elsewhere.22,23 Additionally, all patients were treated with

a full dose of intravenous tPA (“bridging”). At 12 hours after

MTE, the CCT and CTP images were fused with the use of com-

mercial software (iPlan Cranial 3.0, BrainLAB AG, Germany) to

match the angulation between pre-MTE CTP and post-MTE CCT

and to limit the assessment of the post-MTE infarct size to the

slides studied previously by CTP. Infarct size in CCT at 12 hours

after MTE was measured 3 times on the corresponding slides by 2

experienced, board-certified neuroradiologists working indepen-

dently, and the averages were calculated and used for further anal-

ysis. Additionally, the Alberta Stroke Program Early CT Score

(ASPECTS)24 was obtained on the initial CT and in the follow-up

CT by the same neuroradiologists in consensus.

Clinical assessment was performed by use of the NIHSS both

at admission and on the day of discharge. The quality and success

of MTE was measured by the TICI score, in which a TICI score of

3 or 2b was considered a good recanalization.

Statistical Analysis
Statistical analysis was performed with the use of SPSS 20 (IBM,

Armonk, New York) and SigmaPlot 11 (Systat). If not otherwise

mentioned, a Kruskal-Wallis 1-way ANOVA on ranks was fol-

lowed by multiple comparison procedures (Dunn method) to test

for significant differences between groups. Statistical significance

was assumed at P � .05. All data are presented as mean � stan-

dard estimate of the mean, if not otherwise indicated.

RESULTS
In total, 73 patients were included in the present study. Women

made up 52.1% of patients, and the mean age was 68 � 2 years

(minimum: 18; maximum: 96). The NIHSS score at admission

was 13.2 � 0.75 (Table 1). The performed CTP showed an average

ischemic core of 29 � 5 cm3 and an average penumbra or tissue-

at-risk of 85 � 6 cm3 (Fig 1A).

FIG 1. A, Chart shows initial sizes of the infarct core and the penumbra in CTP. The average final infarct size after MTE (striped pattern) is smaller
than the predicted infarct core. B, Good recanalization of TICI score 3/2b results in a significantly smaller infarction compared with a less
sufficient recanalization.

Table 1: Patient data
Age, y 68.2 � 2 (minimum, maximum: 18, 96)

Sex 52.1% women
NIHSS on admission 13.2 � 0.75
NIHSS at discharge 6.9 � 0.71
Time to recanalization 254 � 111 minutes
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MTE was performed subsequently, and 78.1% of all patients

could be sufficiently recanalized, with a TICI score of 3 or 2b

(Table 1). There was no significant difference in baseline values

concerning patients with a sufficient versus insufficient recanali-

zation concerning either the epidemiologic data or the treatment

modalities such as time to treatment or time to reperfusion. Also,

there was no significant difference in the ASPECTS before MTE,

with a score of 8.1 � 0.9 in patients with a recanalization result of

TICI 2a or worse and 8.2 � 1.1 in patients with TICI 3/2b. The

measured infarct size after MTE in our patient group was 19.60 �

3 cm3. The patients with a sufficient recanalization of TICI 3/2b

had a significantly smaller infarct size of 14.5 � 2.1 cm3 compared

with the infarct size of 38.1 � 9 cm3 (P � .001) after a poorer

MTE result of TICI 2a or worse (Fig 1B). As an internal quality

reference, the ASPECTS was assessed before and after MTE,

and the difference was calculated. In analogy to our acquired

infarct volumes, the difference in ASPECTS after successful

recanalization TICI score of 3/2b resulted in a decline of 1.9 �

1.4, compared with significantly higher degradation of 3.7 �

1.7 after a less sufficient recanalization, with a resulting TICI

score of 2a or worse (Fig 2A).

The sum of the infarct core and penumbra represents the po-

tential size of the final infarction. Therefore, we were able to cal-

culate the amount of rescued brain volume. A TICI score of 3/2b

resulted in the rescue of 81% � 5.2% of endangered brain tissue,

whereas only 39% � 28.3% could be salvaged after MTE TICI

score of 2a or worse (P � .001) (Fig 3). The difference was espe-

cially dramatic in light of the group with large-tissue rescues. Fur-

thermore, in 54.4% of the patients with a good MTE result, �90%

of their potential infarction was rescued in contrast to only 6.25%

of all patients with poorer MTE results (Fig 4). Again, the

ASPECTS was used as an internal reference. There was a signifi-

cant correlation between the difference in ASPECTS before and

after MTE on the one hand and the corresponding amount of

rescued brain tissue on the other. Whereas the rescue of �90% of

endangered brain tissue resulted in a deterioration of ASPECTS

of 1.6 � 0.2, the ASPECTS worsened by 3.7 � 2.4 points when

�50% of endangered brain tissue could be rescued (Fig 2B)

(Table 2).

Three examples of different MTE results that led to different

amounts of final infarct and rescued brain tissue are shown in

Fig 5.

Regarding the short-term clinical outcome, there was a highly

significant correlation between the percentage of rescued brain tissue

and the difference in the NIHSS score between admission and dis-

charge (P � .02) (Fig 6). The greater the amount of rescued brain

tissue, the more dramatic was the clinical improvement (Fig 6A).

Again, the post-MTE TICI score was highly significantly associated

with short-term NIHSS development. A recanalization TICI score of

3/2b resulted in an NIHSS improvement of 7.3 � 0.8 points, whereas

a poorer recanalization improved on the NIHSS by only 2.5 � 1.5

points (P � .01; Fig 6B) over time. Thus, the benefit of a good MTE

result with consideration of the short-term NIHSS improvement was

striking (global odds ratio, 1.4 for NIHSS improvement �10 points;

95% CI, 1.2–1.7).

DISCUSSION
CTP is an easy-to-use and widely available diagnostic tool for

measuring and visualizing the amount of endangered brain tissue

FIG 2. A, Successful recanalization resulted in a significantly lower deterioration of ASCPECTS after MTE compared with a less sufficient
recanalization. B, There is a clear correlation between the amount of rescued tissue at risk identified by CTP and the final infarct growth
measured by the difference in ASPECTS before and after MTE.

FIG 3. MTE of TICI score 3/2b was able to rescue �80% of the en-
dangered brain tissue at risk (evaluated by pre-MTE CTP). Less than
half of that tissue could be rescued by a poor MTE.
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after acute occlusion of an intracranial blood vessel and the sub-

sequent breakdown in oxygen supply and other nutrients to neu-

rons. Since its first description,25 the concept of the penumbra has

changed the view of ischemic stroke among treating physicians

from a “catastrophe to be accepted” to a “treatable” disease. Gen-

erally, the penumbra is defined as a hypoperfused tissue in which

the cerebral blood flow is too low to maintain neuronal electro-

physiologic activity, which will lead to infarct after some time.

In the present study, we showed that the penumbra, as de-

tected by CTP, is a potential target for rescue by endovascular

mechanical recanalization. With a complete recanalization in

78.1% of our patient group, we found significantly higher re-

canalization rates than in the now more historical MERCI and the

Multi-MERCI trials. Even compared with recently published

studies such as IMS-III and MR RESCUE, we can show signifi-

cantly higher recanalization rates with the use of second-genera-

tion stent retrievers compared with recanalization rates of �45%

in IMS-III and 67% in MR RESCUE.26,27 Both studies used a

more generous definition of the term “successful” recanalization

than the definition that we used, with a definition of TIMI 3/2 in

IMS-III and TICI 3–2a in MR RESCUE. Both studies would have

an even smaller recanalization rate with our definition of a “suc-

cessful” recanalization with a TICI score of 3/2b. These low recan-

alization rates may be the main reason why both studies could not

show the superiority of endovascular treatment compared with

intravenous tPA alone; the SWIFT study proved that there is a

clearly positive correlation between successful recanalization and

clinical improvement, measured by the mRS28 or the NIHSS, as

we show in the present work. As a result of these trials, in our

opinion, a fast and preferably complete recanalization is the main

goal of every (not just endovascular) stroke therapy and is, besides

the time to treatment,29 the single most important independent

prognostic factor.

In our study, the final infarct size after good recanalization

was significantly smaller than after poor or unsuccessful MTE.

Both subgroups did not show any significant differences between

age, sex, initial NIHSS score, or initial infarct size measured by the

ASPECTS. Parsons et al4 showed in 2005 that without major rep-

erfusion, the final infarct size closely matches the size initially

predicted by CTP. Although this concept is still often discussed, it

was successfully implemented in a recent study to select patients

undergoing a new intravenous thrombolysis.30 Hence, we can

postulate that the difference between the initial deterioration in

CTP and the final infarct size can be attributed predominantly to

the treatment effect of endovascular mechanical recanalization.

Although other factors (size of the clot, location of the clot, etc)

might also play a role, the fact that we found a significant differ-

ence in the amount of rescued brain tissue between different MTE

results further supports the conclusion that the benefit can be

attributed to the treatment. Therefore, we suggest that the large

difference between final infarct size and initial CTP must be at-

tributed to the quality of recanalization.

Considering the impressive amount of rescued brain tissue

FIG 4. Stacked bar chart shows the grouped percentage of rescued brain tissue. After TICI score 3/2b recanalization in �50% of all cases, �90%
of the tissue at risk could be rescued, whereas that rate dropped to �10% after MTE with a TICI score of 2a or less. Additionally, the number of
cases in which �50% of tissue at risk could be rescued nearly quadrupled with a poor recanalization.

Table 2: Patient data after MTE
TICI Score
after MTE

No. of
Patients

Final Infarct
Size, cm3

Salvaged
Penumbra

0 4.1% (3) 21 � 25 67 � 26%
1 1.4% (1) NA NA
2a 16.4% (12) 38 � 44 69 � 22%
2b 45.2% (33) 14 � 11 89 � 16%
3 32.9% (24) 9 � 23 92 � 20%

Note:—NA indicates not applicable.
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specified as possibly endangered, with a prolonged MTT in CTP,

the highly significant difference between the recanalization results

was striking. Although one must admit that the infarct size in early

CCTs after MTE tends to be underestimated compared with that

in DWI, and therefore the �80% rescue rate may be exaggerated,

we performed a method less prone to examiner bias: the

ASPECTS, which is known to be nearly as sensitive to ischemic

changes as DWI31 when used by trained examiners. With the help

of this well-established tool, we found the same highly significant

correlation between recanalization result and amount of rescued

brain tissue. We tried to minimize the underestimation of the

infarct by having 2 people independently assess the CCTs in 3

separate rounds. Nevertheless, one of the major weaknesses of the

present study is the use of CT-based techniques rather than an

MRI-based protocol. Although this MRI-based patient selection

and protocol to investigate the development of the infarct lesions

after endovascular treatment may be more advanced, it is a setup

that few centers can keep on hand. Even in our high-volume neu-

rointerventional center, follow-up MRI after MTE has been es-

tablished as a routine for approximately 2 years. Therefore, our

aim was to investigate whether it was possible to achieve the same

goal with a technically less demanding and especially less time-

consuming method.

Besides the limitations with the use of a CT-based evaluation

rather than an MRI-based approach, we must admit that the pres-

ent study is designed as retrospective and did not recruit in a

prospective manner. All consecutive patients matching the inclu-

sion and exclusion criteria were enrolled, minimizing the bias of a

retrospective study. Additionally, we did

not recruit a control group. However, in

the present work, patients with a futile or

partially successful recanalization served

as an internal control group.

Although there have been some indi-

cations that the use of CBF is superior to

CBV in determining and predicting the

final infarct size and infarct core, respec-

tively,4 we used the MTT/CBV ratio on pur-

pose because most commercial semi-auto-

matic CTP evaluation tools in a clinical

setup still use the ratio. Therefore, in our

opinion, it was justified to use this somehow

“old-fashioned” method.

Similar to recently published re-

sults,32,33 we also found a clear correla-

tion between the volume of rescued brain

tissue and short-term clinical improve-

ment, as measured by the difference in the

NIHSS. In our opinion, this finding is

particularly important because both suc-

cessful recanalization and minimizing the

infarct size for no clinical benefit may be

FIG 5. A, CTP indicated a large penumbra in the right MCA territory (black arrow). MTE was
unsuccessful with a TICI score of 0. In the post-MTE CCT, a large infarction (larger than the initial
penumbra, possibly caused by swelling effects) developed (white arrow). In the following days,
a progressive herniation occurred and the patient died. B, In CTP, an infarct core in the left
frontal MCA territory is detected (black dashed arrow) with a large surrounding penumbra
(black arrow). After MTE TICI score of 3, the infarct core became infarcted (white dashed
arrow) where the penumbra could be rescued. C, In CTP, a large area of tissue at risk in the left
MCA territory without any significant infarct core can be detected (black arrow). After MTE TICI
score of 3, no sign of infarction could be detected in post-MTE CCT.

FIG 6. A, There is a clear correlation between the amount of rescued brain tissue and short-term NIHSS development: the greater the amount
of brain tissue that was rescued, the more dramatic the clinical improvement, as measured by the difference in NIHSS at admission and on the
day of discharge. B, Again, the results of MTE predict the short-term outcome, as measured by the improvement in NIHSS.
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satisfying for the interventionalist but meaningless for the patient

and the treating clinician. However, it would be useful to have a

tool for early prediction of the short- to mid-term outcome. In

light of our data and the above-mentioned previous studies, we

propose that the evaluation of infarct size and amount of rescued

brain tissue could be used as a tool to sensitively predict the clin-

ical course over the days and possibly weeks after ischemic stroke.

CONCLUSIONS
In the present work, we found that acute ischemic stroke treatment

with stent-retriever–based endovascular mechanical recanalization

and subsequent fast and lasting cerebral reperfusion can result in the

rescue of a large amount of endangered brain tissue with a highly

significant correlation to the clinical improvement of the patients.
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ORIGINAL RESEARCH
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Hemorrhagic Complications after Endovascular Treatment of
Cerebral Arteriovenous Malformations

H. Baharvahdat, R. Blanc, R. Termechi, S. Pistocchi, B. Bartolini, H. Redjem, and M. Piotin

ABSTRACT

BACKGROUND AND PURPOSE: Intracranial hemorrhage is the most severe complication of brain arteriovenous malformation treatment.
We report our rate of hemorrhagic complications after endovascular treatment and analyze the clinical significance and potential
mechanisms, with emphasis on cases of delayed hemorrhage after uneventful embolization.

MATERIALS AND METHODS: During a 10-year period, 846 embolization procedures were performed in 408 patients with brain AVMs. Any
cases of hemorrhagic complications were identified and divided into those related or unrelated to a periprocedural arterial tear (during
catheter navigation or catheter retrieval). We analyzed the following variables: sex, age, hemorrhagic presentation, Spetzler-Martin grade,
size of the AVM, number of embolized pedicles, microcatheter used, type and volume of liquid embolic agent injected, and the presence
of a premature venous occlusion. Univariate and multivariate multiple regression analyses were performed to identify risk factors for
hemorrhagic complications.

RESULTS: A hemorrhagic complication occurred in 92 (11%) procedures. Forty-four (48%) complications were related to a periprocedural
arterial perforation, and 48 (52%) were not. Hemorrhagic complications unrelated to an arterial perforation were located more commonly
in the cerebral parenchyma, caused more neurologic deficits, and were associated with worse prognosis than those in the arterial
perforation group. Only premature venous occlusion was identified as an independent predictor of hemorrhagic complication in the
nonperforation group. Premature venous occlusion was significantly related to the ratio of Onyx volume to nidus diameter.

CONCLUSIONS: Higher injected volume of embolic agent and deposition on the venous outflow before complete occlusion of the AVM
may account for severe hemorrhagic complications.

ABBREVIATIONS: AP � arterial perforation; EVT � endovascular treatment; HC � hemorrhagic complication; NAP � non-arterial perforation; S-M � Spetzler-
Martin; Vea � volume of liquid embolic agents

Treatment of cerebral arteriovenous malformation is challeng-

ing and requires a multidisciplinary approach involving sur-

gery with AVM removal, endovascular treatment (EVT) with em-

bolization, or radiosurgery. Each technique can be combined and

has its own advantages and complications. A conservative ap-

proach is an important aspect of the management of AVMs. EVT

can be used for presurgical or preradiosurgical treatment of

AVMs or as a stand-alone procedure for curative purposes. Onyx

(Covidien, Irvine, California) is currently the most commonly

used embolic agent; in some instances, cyanoacrylate glue can be

used. The most serious complication of AVM embolization is

hemorrhage, reported in 4%–15% of patients treated by EVT.1-3

The group of patients who experience delayed hemorrhage after

EVT remains poorly understood, with multiple classifications4-6

and explanations7-9 and deserves further study. To investigate the

potential mechanisms of hemorrhages following EVT, we report

our rate of hemorrhagic complications (HCs) and their clinical

significance and focus on those not related to an arterial lesion

secondary to navigation or microcatheter retrieval.

MATERIALS AND METHODS
Patients and AVM Characteristics
Approval was obtained from our institutional ethics board to re-

view the data from patients with AVMs who underwent endovas-

cular procedures between January 2000 and March 2010. From

our prospectively acquired data base, we collected patients’ base-

line characteristics, AVM modes of presentation, and total num-

Received July 29, 2013; accepted after revision September 29.

From the Department of Interventional Neuroradiology (H.B., R.B., S.P., B.B., H.R.,
M.P.), Fondation Adolphe de Rothschild, Paris, France; Neurosurgical Department
(H.B.), Ghaem Hospital, Mashhad University of Medical Sciences, Iran; and Depart-
ment of Neurology (R.T.), Vali-Asr Hospital, Tehran, Iran.

Please address correspondence to Raphaël Blanc, MD, MSc, Department of Inter-
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ber of sessions per patient. The preprocedural neurologic condi-

tion was recorded, and outcomes were measured according to the

modified Rankin Scale at patient discharge from the hospital and

at 1 month.

AVMs were classified according to the Spetzler-Martin (S-M)

grade.10 The presence of intranidal aneurysms or aneurysms lo-

cated on the arterial feeders to the malformations was recorded.

The AVM venous outflow was scrutinized for venous ectasia or

stenosis and the presence of a deep or single venous drainage.

AVMs were localized as cortical, for cortical and subcortical su-

pratentorial lesions; deep, for lesions located in the basal

ganglia, thalamus, corpus callosum, and internal capsules; and

infratentorial.

Endovascular Procedure
At our institution, patients were allocated to a treatment tech-

nique after multidisciplinary discussion, with EVT (with the goal

of complete obliteration of the nidus in 1 or multiple sessions)

being the first-choice treatment for cerebral AVMs. In very large

cerebral AVMs, the objective was to reduce the risk of hemor-

rhage, seizure, and neurologic symptoms or to reduce the size of

the nidus to permit another treatment technique. EVTs were per-

formed with the patient under general anesthesia according to our

standard protocol. In the study period, Onyx was the most com-

monly used agent for embolization of AVMs. Occasionally, cya-

noacrylate glue (Histoacryl; Braun, Melsungen, Germany) or

Glubran2 (GEM, Viareggio, Italy) was injected during the proce-

dure for high-flow fistulas or arterial perforation. The number of

pedicles catheterized and the total volume of liquid embolic

agents (Onyx or cyanoacrylates) injected were recorded. For small

or single-compartment AVMs, the procedure was stopped when

complete occlusion was achieved or when there was �2-cm reflux

of Onyx. For large AVMs, the goal was to embolize 30%–50% in 1

session. If necessary, multiple pedicles were embolized in 1 ses-

sion. A head CT scan was performed (mobile CT scan until 2006,

at which time the flat panel CT became available) in the operating

room after each procedure or immediately if any perforation

occurred.

After the procedure, all patients were admitted postoperatively

to the intensive care unit with strict control of systolic blood pres-

sure at �110 mm Hg for 24 – 48 hours. The patients were dis-

charged within 4 –5 days after embolization if there were no sig-

nificant complications. The interval between the 2 procedures was

1– 4 months. If an HC occurred, the patient was managed medi-

cally or surgically, depending on the volume of hematoma and the

patient’s condition. On the basis of the location of the hematoma,

the surgery included hematoma evacuation or decompressive cra-

niotomy. If patients were unconsciousness, intracranial pressure

was monitored.

Data on procedural or postprocedural complications were

collected, including catheter-related complications, the presence

of a postembolization HC, or ischemic events. The angiographic

results of AVM exclusion were considered complete if the nidus

was excluded with no residual arteriovenous shunt and incom-

plete if any residual venous drainage was visible. The pattern of a

premature venous occlusion, defined as occlusion of the venous

drainage before complete nidal exclusion (either spontaneously

or secondary to deposition of liquid embolic), was recorded. EVT

was considered “completed” if complete angiographic occlusion

of AVM was achieved, if endovascular access to the AVM was no

longer possible, or if patients were sent for radiosurgery or surgery

to complete the treatment. EVT was considered “ongoing” if an-

other session was scheduled.

Hemorrhagic Complications
Any HC (subarachnoid, intraventricular, intraparenchymal hem-

orrhage) that occurred during or within 1 month of embolization

was recorded.

The cause of the hemorrhage was categorized as either of the

following:

1) Arterial perforation (AP) when related to an arterial perfora-

tion during microcatheterization or microcatheter retrieval

(shown by extravasation of contrast during the procedure or

visible on the CT scan after the procedure)

2. Nonarterial perforation (NAP) if the hemorrhage was not

caused by arterial perforation during the procedure.

Statistical Analysis
Descriptive statistics were used to summarize the baseline charac-

teristics of the procedures, patients, and procedures with HC.

Continuous data are presented as means � SDs. Statistical com-

parisons were performed by the �2 test, Student t test, and Fisher

exact test for normally distributed data and the Mann-Whitney U

test for data not normally distributed. Univariate analysis was

performed to identify the effect of sex, age, hemorrhagic presen-

tation, largest nidus diameter, injected volume of Onyx in each

procedure, total injected volume of liquid embolic agents includ-

ing Onyx and glue in each procedure (Vea), ratio of Onyx volume

to largest diameter of nidus, ratio of Vea to the largest diameter of

the nidus, number of embolized pedicles, premature venous oc-

clusion, and microcatheter used on HC in the NAP group. Mul-

tivariate analysis was performed by logistic regression to test the

real effect of the variables identified as risk factors of HC in uni-

variate analysis. Model selection was performed by a stepwise

continuous procedure. A P value � .05 was statistically signifi-

cant. The data were analyzed by using the Statistical Package for

Social Sciences (Version 16.0; IBM, Armonk, New York).

RESULTS
Between January 2000 and March 2010, four hundred eight pa-

tients with brain AVMs underwent 846 endovascular procedures;

230 were men (56%), and the mean age was 33.3 � 14.1 years.

Table 1 shows the basic characteristics of the patients and the

AVMs. The median number of procedures for each case was 2

(range, 1–12). Nineteen procedures failed due to inability to ac-

cess the appropriate point for embolization. Of the 827 successful

procedures, Onyx 18 was used in 669 (81%) and cyanoacrylate in

251 (30%), including both liquid embolic agents in 93 (11%)

sessions. The mean injected volume of Onyx in each procedure

was 2.1 � 2.0 mL. Of the 408 AVMs, EVT was completed in 282

(69%). Complete obliteration was achieved in 198 AVMs (ie, 70%

AVMs with completed EVT or 49% of all AVMs). According to

the Spetzler-Martin grade, overall cure (complete obliteration)
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was 87% in grade I, 82% in grade II, 55% in grade III, 57% in grade

IV, and 50% in grade V in 198 patients who completed EVT.

Overall, 22 (5%) of the 408 patients were sent to radiosurgery,

and 15 (4%), to surgery.

Because no complication was noted during the 19 failed ses-

sions, these procedures were excluded from the analysis and data

from the remaining 827 procedures were analyzed.

Among 827 procedures, complications were reported in 206

(25%), including HCs in 92 (11%), postoperative ischemia in 53

(6%), catheter entrapment in 49 (6%), and catheter rupture in 12

(2%). Overall complications were 27% in grade I, 24% in grade II,

28% in grade III, 25% in grade IV, and 29% in grade V.

Among 408 patients, permanent disability was seen in 5% of

S-M grade I, 6% of S-M grade II, 14% of S-M grade III, 19% of

S-M grade IV, and 21% of S-M grade V. Fatal events occurred in

0% of S-M grades I and II, in 3% of S-M grade III, in 1% of S-M

grade IV, and in 5% of S-M grade V.

Characteristics of Hemorrhagic Complications
Hemorrhagic complications occurred in 92 of 827 (11.1%) pro-

cedures: 20% of S-M grade I, 11% grade II, 12% grade III, 8%

grade IV, and 12% grade V (Table 2).

Forty-four (48%) HCs were classified as related to an AP, of

which the most frequently reported was subarachnoid hemor-

rhage (71%). In most cases, the hemorrhage was detected during

the procedure. Forty-eight (52%) HCs were classified as NAP, 39

(81%) of which occurred in the hours or days following the pro-

cedure (mean time between procedure and event, 34.4 � 50.1

hours). Thirty-four of the NAP cases (71%) were intraparenchy-

mal hemorrhage. The HCs in the NAP group were located

more commonly in cerebral parenchyma compared with the AP

group. Eight HCs (17%) occurred following a premature venous

occlusion.

Outcomes of Hemorrhagic Complications
Procedures with HCs were associated with a new disability that

was persistent at 1 month in 31 cases (patient morbidity related to

an HC of 7.6%). Death occurred in 6 patients with HCs (patient

mortality related to an HC of 1.6%) and in none of those without.

As shown in Tables 2 and 3, compared with AP events, NAP events

more commonly caused neurologic deficits and were associated

with a worse prognosis (mRS � 2). Despite more deaths occur-

ring in the NAP group, there was no statistical difference between

the 2 groups.

In the AP group, 12 patients showed a new neurologic defi-

cit after the procedure, which was transient in 9, and 1 death

occurred.

In the NAP group, 37 patients showed a new neurologic defi-

cit, including 28 cases (58%) of permanent disability; 5 (10%)

patients died. Twenty-one (44%) patients were independent

(mRS � 2) at the time of discharge.

Risk Factors for Hemorrhagic Complication
in the NAP Group
Premature venous occlusion (P � .001), volume of Onyx injected

(P � .02), total volume of embolic agent (P � .03), ratio of Onyx

volume to the largest diameter of the nidus (P � .01), and ratio of

Vea to the largest diameter of nidus (P � .01) were associated with

HC in univariate analysis (Table 4). Only premature venous oc-

Table 1: Basic characteristics of patients and AVMs
Variablea Patients (n = 408)

Age (yr) 33.3 � 14.1
Men 230 (56)
Presenting symptoms

Hemorrhage 196 (48)
Seizure 115 (28)

Spetzler-Martin grade
I 41 (10)
II 124 (30)
III 143 (35)
IV 81 (20)
V 19 (5)

AVM location
Cortical 312 (76)
Deep 66 (16)
Infratentorial 30 (7)
Eloquent 231 (59)

AVM characteristics
Deep drainage 159 (39)
Intranidal aneurysm 55 (14)

Number of procedure
1 Session 157 (38)
2 Sessions 118 (29)
3 Sessions 75 (18)
� 3 Sessions 58 (14)

a No. (%); mean � SD.

Table 2: Characteristics of procedures with hemorrhagic complications
Variablea Overall (n = 92) AP (n = 44) NAP (n = 48) P Value

AVM location
Cortical 77 (84) 41 (93) 36 (75) �.041
Deep 11 (12) 3 (7) 8 (17)
Infratentorial 4 (4) 0 (0) 4 (8)
Eloquent 53 (58) 17 (39) 36 (75) �.001

Type of HC
Intraparenchymal hemorrhage 46 (50) 12 (27) 34 (71) �.001
Subarachnoid hemorrhage 35 (38) 31 (71) 4 (8)
Intraventricular hemorrhage 11 (12) 1 (1) 10 (21)

Timing of rupture
Hemorrhage during procedure 52 (59) 43 (98) 9 (18) �.001
Delay between procedure and hemorrhagic events, hours (range) 17.2 (0–240) 0.05 (0–2) 34.4 (0–240) �.001

Craniotomy for hematoma evacuation, decompressive
craniotomy or EVD

15 (16) 3 (7) 12 (25) �.019

Note:—EVD indicates external ventricular drainage.
a No. (%), mean � SD or range.
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clusion remained an independent predictor on multivariate anal-

ysis (� � 3.8; P � .001; 95% CI, 11–175). If premature venous

occlusion occurred during the procedure, the probability of HCs

increased by 45-fold.

Risk Factors for Hemorrhagic Complications
according to AVM diameter
Both premature venous occlusion and total volume of embolic

agents were independent risk factors on multivariate analysis only

for small AVMs (Table 5). In the midsize AVMs, only premature

venous occlusion was a risk factor of HC on univariate and mul-

tivariate analysis. In large AVMs, no variables were risk factors for

HCs. The ratio of Onyx volume to the

largest diameter of the nidus was an inde-

pendent predictor of premature venous

occlusion on multivariate analysis (� �

1.4; P � .002; 95% CI, 1.8 –9.3).

DISCUSSION
In this series of 827 procedures, 11% were

complicated by hemorrhage, which is con-

sistent with the literature in which intracra-

nial hemorrhage during or after the proce-

dure was the most frequent complication of

AVM embolization, reported in 2%–12.5%

of procedures.8,9,11-15 Intracranial hemor-

rhage was the most common cause of new

disability after EVT.16 Our strategy of em-

bolization with curative intent in most pa-

tients leads to a higher cure rate compared

with series with adjunctive embolization;

nevertheless, this more aggressive approach

could explain the higher rate of mortality

and morbidity in this study. Periprocedural

bleeding not only can causes neurologic de-

terioration but can also can result in poor

outcome or death in many cases.9,11,13,14

Aggressive treatment and early evacuation

of the hematoma has minimized the neuro-

logic morbidity in severe cases.13,17,18 In our

series, more than one-third of patients with

HCs experienced a new permanent disabil-

ity and a further 7% died. The overall rate of

patient permanent morbidity due to a hem-

orrhagic complication following endovas-

cular treatment for AVMs was, therefore,

7.6%, and the mortality rate was 1.6%.

Several studies classify HCs of AVM

embolization into immediate (ie, occur-

ring during or immediately after embolization) or delayed (oc-

curring after uneventful and successful embolization and believed

to be related to premature venous occlusion).7,8,12 We included,

in our study, any hemorrhage detected on immediate postproce-

dural CT or that occurred within the month following treatment.

Almost half of the HCs were related to microwire or microcath-

eter perforation during navigation or arterial tear at catheter re-

trieval at the end of embolization, corresponding to a subarach-

noid hemorrhage confirmed by flat panel CT with mostly a

favorable outcome. In most instances, they are managed by rever-

sal of heparin with protamine and lowering blood pressure, which

Table 3: Outcomes in procedures with versus without hemorrhagic complications

Variablea
Overall
(n = 827)

Without HC
(n = 735)

With HC
(n = 92)

P Value
(without vs with HC)b

Type of Hemorrhagic Complications

AP (n = 44) NAP (n = 48) P Value (AP vs NAP)b

New disability 127 (15) 78 (11) 49 (53) �.001 12 (27) 37 (77) �.001
Transient 71 (9) 53 (7) 18 (20) 9 (20) 9 (19)
Permanent 56 (7) 25 (3) 31 (34) 3 (7) 28 (58)
Death 6 (1) 0 (0) 6 (7) �.001 1 (2) 5 (10) �.207

a No. (%).
b �2 or Fisher exact test for cells �5.

Table 4: Univariate predictors of hemorrhagic complications

Variablea
No Hemorrhagic

Complications (n = 735)
NAP

(n = 48)
P

Value
Age (yr) 32.2 � 13.7 33.9 � 14.4 .405
Hemorrhagic presentation 316 (43) 18 (38) .419
Nidus diameter (cm) 4.1 � 3.8 3.9 � 3.5 .553
Spetzler-Martin gradeb III III .874
AVM involving eloquent area 443 (60) 36 (75) .164
Deep venous drainage 317 (43) 21 (44) .660
Intranidal aneurysm presence 107 (15) 6 (13) .513
Venous stenosis 40 (5) 5 (10) .227
Venous ectasia 372 (51) 25 (3) .596
Premature venous occlusion 3 (0.4) 8 (17) �.001
Complete occlusion of AVM 181 (25) 18 (38) .114
Detachable microcatheter 127 (17) 7 (15) .606
Onyx volume (mL) 2.1 � 2.0 2.9 � 1.9 �.02
Total embolic agent volume (mL)c 2.5 � 1.9 3.2 � 1.6 �.03
Ratio of Onyx volume (mL)/nidus diameter (cm) 0.6 � 0.6 0.8 � 0.6 �.01
Ratio of Vea (mL)/nidus diameter (cm)c 0.7 � 0.6 0.9 � 0.6 �.01
No. of pedicles embolized in each procedureb 1 1 .629

a Mean � SD (median) (interquartile range) or count (%).
b Median.
c Sum of Onyx and glue used in each procedure.

Table 5: Independent predictors of hemorrhagic events in AVM size subdivisions of the no
arterial perforation group

Variable � Odds Ratio 95% Confidential Interval P Valuea

Small AVMb

Premature venous occlusion 3.8 44.3 4.24–462.04 �.001c

Total embolic agent volume 0.3 1.4 1.07–1.85 �.013c

Constantd �3.6 0.03 �.001
Mid-size AVMb

Premature venous occlusion 3.1 23.4 3.7–148.4 �.002c

Constantd �2.7 0.06 �.001
Large AVMb

Premature venous occlusion 24.2 3.2�10 .00 1.00e

Constantd �3.0 0.05 �.001
a Binary logistic regression.
b Small AVM, the largest diameter �3 cm; mid-size AVM, the largest diameters �3 cm and �6 cm; large AVM, the
largest diameter �6 cm.
c Significant.
d A mathematic constant (no clinical interpretation).
e Nonsignificant.
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can stop the bleeding,7 or they can be controlled by glue injection

to prevent progression of hemorrhage. New detachable-tip cath-

eters19 or techniques with a second microcatheter placed in the

same artery20 are used for management of bleeding at retrieval of

the wedged microcatheter. HCs occurring during catheterization

are reported in 2% of EVT procedures, which is less than in our

series (5%); however, it is likely that some of these complications

are not mentioned because of their minor clinical significance,

because they tend not to have clinical sequelae.1,11,12,21 Also our

standard technique of AVM treatment primarily uses Onyx and

thus requires wire-directed navigation and dimethyl-sulfoxide–

compatible catheters or detachable-tip microcatheters, which are

stiffer. This navigation technique might account for the high in-

cidence of periprocedural arterial perforation. Despite a benign

prognosis in most cases, patients who develop HCs should be

followed closely after the procedure to detect any hematoma pro-

gression or neurologic deterioration.

HCs not related to an arterial perforation clearly show differ-

ent characteristics, with a delayed appearance, mostly symptom-

atic intraparenchymal hemorrhage, and with a much poorer clin-

ical prognosis (58% permanent disability and 10% death).

Many terms from the surgical and endovascular literature

have been proposed to explain the mechanisms of the NAP hem-

orrhagic group: normal perfusion breakthrough,22 venous over-

load,23 occlusive hyperemia,24 nidus congestion,6 venous occlu-

sion by liquid embolic agents (Onyx or glue), progressive venous

occlusion due to flow slowing and thrombosis, and inflammatory

reaction or mural necrosis induced by the embolic mate-

rial.7,9,11,12,25 The importance of impaired venous drainage in the

appearance of postoperative hemorrhage is well-recognized.

al-Rodhan et al24 reported that edema and hemorrhage after

AVM resection are attributable to obstruction of the venous out-

flow system of brain tissue adjacent to the AVM, with subsequent

worsening of the existing hypoperfusion and ischemia. The pres-

ence of impaired venous drainage before an operation has been

recognized as a factor for the appearance of postoperative hem-

orrhage.26 The brain parenchyma rendered hypoxic or ischemic

by longstanding venous hypertension may not tolerate the in-

crease in arterial flow after AVM resection. Careful examination

of AVM drainage patterns is thus mandatory, with AVMs with

more extensive patterns of draining veins requiring greater pre-

operative embolization and a staged return of normal circulatory

patterns.

Ovalle et al8 showed that of 13 potential factors, the volume of

the embolic agent was the only one predictive of a delayed hem-

orrhagic complication. Our results agree with both univariate and

multivariate analyses only in the subdivision of small AVMs (�3

cm). In addition, we identified premature occlusion of the venous

outflow before complete obliteration of the nidus as an indepen-

dent predictor of hemorrhage, especially in small and midsize

AVMs (�6 cm). We also found that a predictive factor of prema-

ture venous occlusion is the ratio of Onyx volume to the largest

diameter of the nidus. Using cyanoacrylates, Picard et al9 reported

that 80% of cases with a delayed hemorrhagic complication re-

ceived �1 mL of glue, a much smaller quantity than commonly

used now with Onyx (the mean volume by session was 2 mL in our

study). This highlights the importance of careful delivery of liquid

embolic agent and emphasizes the need for thorough anatomic

and hemodynamic knowledge of the AVM compartment and

veins draining the nidus.27 Venous deposition of the embolic

agent can be difficult to see when a large volume has been injected

or when multiple embolizations have already been performed be-

cause the attenuation of Onyx prevents visualization.

Our study has some limitations. It is a retrospective analysis of

the angioarchitecture of AVMs and of EVT results, which might

not be simple with interobserver and intraobserver variability.

This, combined with the relative small sample size of HC groups,

could affect the analysis of the complications or result in nonsig-

nificant differences.

CONCLUSIONS
Hemorrhagic complications are the most common and severe

events following cerebral AVM embolization. Our study shows

that premature venous occlusion is an independent predictive

factor of hemorrhagic complications. Attention to the volume of

the embolic agent used and prevention of premature venous oc-

clusion by refined angioarchitecture analysis and liquid embolic

delivery during EVT may reduce the incidence of these events.

With regard to the risk of flow imbalance resulting in increased

intranidal pressure and secondary rupture, our angiographic an-

atomic knowledge of the venous outflow of AVMs remains insuf-

ficient. There is, thus, a need for improvement of a preprocedural

anatomic description of the nidus and its venous drainage as well

as development of new embolic agents not obscuring the visual-

ization of the nidal and venous anatomy.

ACKNOWLEDGMENTS
Sophie Rushton-Smith, PhD, provided editorial assistance in the

final version of the manuscript and was funded by the authors. We

thank Oriane Lambert and Said Akhlaghi for assistance in statis-

tical analysis of the data of study.
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Temporary Solitaire Stent–Assisted Coiling: A Technique for
the Treatment of Acutely Ruptured Wide-Neck

Intracranial Aneurysms
F. Signorelli, B. Gory, and F. Turjman

ABSTRACT

BACKGROUND AND PURPOSE: Wide-neck intracranial aneurysms in patients with acute SAH are often challenging lesions to treat by
neurosurgical and endovascular approaches. The aim of this study was to investigate the feasibility, safety, and efficacy of the use of
temporary Solitaire AB stent–assisted technique with coiling for the treatment of acutely ruptured wide-neck aneurysms without
perioperative antiplatelet therapy.

MATERIALS AND METHODS: A retrospective review of our endovascular data base identified all patients treated in the acute phase with
a temporary stent–assisted technique by use of a fully resheathable Solitaire AB stent and coiling. One-year clinical and angiographic
outcomes were evaluated.

RESULTS: Eight patients (5 women and 3 men; mean age, 57.5 years) with 8 ruptured wide-neck aneurysms were treated. There were 3
complications without clinical impact. Postoperative complete occlusion was achieved in 5 aneurysms, and 3 had a neck remnant. Three
patients had an mRS score of 0, and 1 an mRS score of 3. Among the 4 patients admitted with a World Federation of Neurological Societies
grade of V, 1 died, 1 improved to an mRS score of 1, and the other 2 achieved mRS scores of 4 and 5. Five had a stable occlusion, and 2 of the
3 incompletely occluded aneurysms underwent recanalization.

CONCLUSIONS: In this small series, temporary placement of the Solitaire AB stent during coiling was a feasible and effective treatment
for acutely ruptured wide-neck aneurysms. This technique, avoiding the need for perioperative antiplatelet therapy, could be a valuable
option for the treatment of such lesions when the balloon remodeling technique is either not an option or unsuccessful.

ABBREVIATIONS: EVD � external ventricular drain; SAC � stent-assisted coiling; WFNS � World Federation of Neurological Societies

Endovascular treatment of ruptured intracranial aneurysms is

an established technique,1 but it can be technically challenging

when the neck is large. Numerous devices, including remodeling

balloons2-4 and stents,5 have been developed to assist the endo-

vascular treatment of wide-neck aneurysms. However, such

techniques carry a great risk of hemorrhagic complications if

they are applied in the acute phase of SAH because of the need

for dual antiplatelet therapy.6,7 In the recent review of acutely

ruptured aneurysms treated with stent-assisted coiling (SAC)

performed by Bodily et al,7 clinically significant intracranial

hemorrhagic complications occurred in 27 (8%) of 339 pa-

tients, including 9 (10%) of 90 patients known to have external

ventricular drains (EVDs) who had ventricular drain–related

hemorrhages.

To avoid the use of antiplatelet therapy in patients with acute

SAH, the technique of temporary stent–assisted neck remodeling

has been reported with the Enterprise stent (Codman & Shurtleff,

Raynham, Massachusetts)8 and recently with the support of the

Solitaire AB stent (Covidien, Irvine, California) in 3 cases.9 How-

ever, all patients received aspirin before the procedure, and 1 of 3

patients required antiplatelet therapy after the intervention.9 The

aim of this study was to investigate the feasibility, safety, and effi-

cacy of the use of temporary Solitaire AB SAC for the treatment of

acutely ruptured wide-neck aneurysms without perioperative an-

tiplatelet therapy.

MATERIALS AND METHODS
The institutional review board of our hospital approved this

study. A retrospective review of our data base identified all pa-
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tients treated in the acute phase with a temporary stent–assisted

technique by use of a fully resheathable Solitaire AB stent and

coiling from April 2008 to December 2008. Patients presented

with a ruptured aneurysm in the acute phase (�72 hours) of SAH;

a neck size of �4 mm and/or a dome-to-neck ratio of �1.0; and

unfavorable anatomy, causing the balloon remodeling technique

to be unsuccessful or unfeasible as the sole technique for support-

ing the coil mass. Patients were included with agreement of the

treating neurosurgeon.

Characteristics of the Solitaire AB Stent
The Solitaire AB stent is a fully deployable and retrievable de-

vice that self-expands when the delivery microcatheter is with-

drawn.10 Its distal markers clearly show its position inside the

artery at all times and in different projections. Its closed cell

design and high cell deformation resistance provide flexibility

and scaffolding to prevent coil herniation into the parent ves-

sel. Moreover, it is provided with a system that allows for its

retrieval.

Treatment Technique
All procedures were performed with the patient under general

anesthesia and systemic heparinization (80 IU/kg). No antiplate-

let therapy was given. A bilateral femoral approach by use of 6F

or 8F guiding catheters was undertaken. One guiding catheter

was used for the stent microcatheter (Prowler Select Plus, Cod-

man & Shurtleff), and the other was used for the coil micro-

catheters (Echelon 14, Covidien and Prowler 14, Codman &

Shurtleff). Coiling was achieved by a jailing technique with the

use of a fully retrievable 4 � 20-mm stent, the Solitaire AB. The

placement of the undetached stent was performed after micro-

catheter placement in the sac, and the neck was sufficiently

covered in 6 patients. In the other 2 patients, a complementary

balloon remodeling technique was used (HyperForm; Covi-

dien) to prevent the coil from migrating distally into nearby

arteries. In these 2 patients, the coil microcatheter and balloon

were placed through the same guiding catheter. After packing

of the aneurysm, the stent was retrieved by pushing the micro-

catheter and resheathing the stent, not by pulling the stent

back.

Outcome Evaluation
Clinical outcome was assessed by means of the mRS at discharge;

at 3, 6, and 12 months; and yearly thereafter (F.T.).11

Occlusion of the aneurysm was assessed angiographically at

the end of the intervention, and at 3- and 12-month follow-up

(F.T.). It was defined by use of the simplified 3-point Raymond

classification scale: complete occlusion, neck remnant, and

aneurysm remnant.12 Recanalization was defined as a worsening

of classification: complete occlusion to neck remnant, neck rem-

nant to aneurysm remnant, or complete occlusion to aneurysm

remnant.

RESULTS
Eight patients (5 women, 3 men; mean age, 57.5 years) with 8

aneurysms were treated with the temporary Solitaire AB SAC

technique. Initial clinical features are summarized in Table 1.

Among the 8 patients, 1 patient also presented with a bilateral

subdural hematoma and 1 patient bled twice before treatment.

Four patients were in good clinical condition (World Federation

of Neurological Societies [WFNS] grade I) and 4 were in poor

clinical condition (WFNS grade V). One patient with poor grade

improved to grade III soon after EVD placement before

embolization.

The mean aneurysm width was 10.6 mm (range, 3–22 mm),

mean height of the sac 7.8 mm (range, 2.5–16 mm), and mean

diameter of the neck was 5.8 mm (range, 3–10 mm) (Table 1).

Most aneurysms (75%) were located in the anterior circu-

lation. Aneurysm locations are summarized in Table 1. All pa-

tients were treated successfully with the use of this technique.

Placement of the undetached stent was easily performed and

sufficiently covered the aneurysm neck in 6 patients, whereas

concomitant balloon placement was required in 2 patients to

protect a branch from distal coil migration (patients 1 and 7).

The coil position was stable during and after stent retrieval in

all patients.

Procedural Complications
One perforation of the aneurysm sac occurred during coil place-

ment without clinical consequence (patient 5, mRS 0). One

thromboembolic adverse event occurred during inflation of the

balloon in the inferior MCA branch, which resulted in no clinical

disability (patient 7, mRS 1). In another patient, premature de-

tachment of 1 coil resulted in the placement of a portion of the coil

in the basilar artery (patient 2, mRS 4). We did not retrieve the

migrated coil because the free coil strand was stable in the basilar

artery and did not cause distal flow reduction. Stent retrieval was

uneventful.

Table 1: Clinical and angiographic features

Patient Sex/Age, y Fisher Score WFNS Grade Aneurysm Location Sac Size, mm Neck Size, mm
Complementary

Technique
1 Male/55 II I AcomA 4 � 2.5 4 RB
2 Male/51 III V Medium-basilar 21 � 13 8
3 Female/58 IV V Right carotido-ophthalmic 12 � 10 6
4 Female/77 II I Vertebrobasilar junction 9 � 10 10
5 Female/43 IV I Left PcomA 4 � 3.5 3.5
6 Female/81 IV I Left PcomA 3 � 2.5 3
7 Female/52 III Va Right MCA 10 � 5 5 RB
8 Male/43 IV V Left PcomA 22 � 16 7

Note:—AcomA indicates anterior communicating artery; RB, remodeling balloon; PcomA, posterior communicating artery.
a WFNS grade improved to III after EVD placement.
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Clinical Outcomes
Clinical outcomes are summarized in Table 2. Favorable outcome

(mRS �2) was observed in 4 patients (50%). Among the 4 pa-

tients admitted with a WFNS grade of V, 1 died, 2 achieved mRS

scores of 4 and 5 at discharge, respectively, and did not subse-

quently improve, and 1 improved to an mRS score of 1. Four

patients required EVD placement after (and 1 before) SAC.

Angiographic Outcomes
Angiographic outcomes are summarized in Table 2. Postopera-

tive angiographic results were the following: complete occlusion,

5 aneurysms (62.5%); and neck remnant, 3 aneurysms (37.5%).

At 1-year follow-up, 2 of 3 patients showed recanalization and

were treated electively with definitive stent placement, whereas 1

incomplete occlusion remained stable and was not treated be-

cause of the patient’s persistent vegetative state.

Illustrative Cases

Case 1. A 55-year-old man (patient 1) presented with severe head-

aches and mild confusion (WFNS grade I). CT demonstrated

SAH and bilateral subdural hematomas. The angiogram revealed

an aneurysm of the anterior communicating artery associated

with the median artery of the corpus callosum (Fig 1A). The

broad-based aneurysm (dome, 4 � 2.5 mm; neck size, 4 mm) was

impossible to coil by the conventional technique because the coils

did not remain within the aneurysm, even

with the balloon-assisted technique (Fig

1B). In the same setting, a 4 � 20-mm

self-expanding Solitaire AB stent was

placed but not detached in the left A1 and

right A2 segments from the left. Coil im-

plantation again resulted in coil hernia-

tion in the left A2. Thus, the stent was re-

trieved, a HyperForm balloon, 4 � 7 mm,

was placed in the left A2, the stent was

deployed again in the left A1–right A2

(Fig 1C), and 5 detachable coils were in-

troduced. The balloon and then the stent

were retrieved. The postprocedural an-

giogram demonstrated complete occlu-

sion of the aneurysm (Fig 1D). Clinical

examination at discharge and at 3- and

12-month follow-up revealed no neuro-

logic deficits and an mRS score of 0.

Case 2. A 52-year-old woman (patient 7)

was admitted with a WFNS grade V SAH

from a right bilobed, broad-based (dome,

10 � 5 mm; neck size, 5 mm) MCA bifur-

cation aneurysm (Fig 2A, -B). The patient

had an additional paraophthalmic aneu-

rysm, considered unruptured given its

small size. Her WFNS grade improved to

III after EVD placement. Embolization

was carried out immediately thereafter.

First, a HyperForm balloon, 4 � 7 mm,

was placed to protect the inferior trunk

from coil migration, and the undeployed

stent was positioned across the superior

trunk. The coil microcatheter was then

positioned in the aneurysmal sac through

the same guiding catheter as that used for

the remodeling balloon, and the stent was

deployed (Fig 2C). A vasospasm was ob-

served in the stented artery. Aneurysm

FIG 1. A 55-year-old man (patient 1) with a ruptured anterior communicating artery (AcomA)
aneurysm. A, Initial angiogram shows a wide-neck AcomA aneurysm associated with the median
artery of the corpus callosum. B, Balloon is positioned across the aneurysm neck and the first
coil is inserted into the aneurysm with the balloon inflated. The first coil prolapses into the right
A2 when the balloon is deflated (arrow). C, The deployed but undetached stent is positioned in
the left A1 and right A2 segments from the left (arrowhead); the balloon is placed in the left A2
(arrow) and the microcatheter into the aneurysmal sac. D, Postprocedural angiogram demon-
strates complete aneurysm occlusion after stent retrieval.

Table 2: Clinical and angiographic outcomes

Patient
mRS Score at

Discharge
Aneurysmal Occlusion/
Initial 1-Year Follow-Up

Further
Treatment

1 0 Complete/Complete None
2 4 Complete/Complete None
3 5 Neck remnant/Neck remnant None
4 0 Neck remnant/Recanalization SAC (complete

occlusion)
5 0 Complete/Complete None
6 3 Neck remnant/Recanalization SAC (complete

occlusion)
7 1 Complete/Complete None
8 6 Complete/Complete None
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packing was then performed (Fig 2D), and the stent and balloon

were retrieved. A thromboembolic adverse event was noted at the

end of the procedure in the inferior MCA branch (Fig 2E, -F),

without ischemic complications on the postoperative CT scan. At

the 1-year follow-up, the patient had an mRS score of 1 and had

resumed all previous activities.

DISCUSSION
Since the advent of self-expandable stents, SAC is a commonly

adopted technique used in the coiling of wide-neck aneurysms.5

In these cases, the most important function of the stent is to pre-

vent herniation of coils into the parent artery.13,14 However, peri-

operative antiplatelet treatment is mandatory to prevent in-stent

thrombosis, which is a major concern in patients with acute

SAH.6,7,15 For this reason, stent placement is generally used only

as a rescue technique in acutely ruptured aneurysms. In a recent

systematic review of 339 patients with ruptured aneurysms who

were treated acutely with SAC, clinically significant intracranial

hemorrhagic complications occurred in 8% and clinically signif-

icant thromboembolic events occurred in 6%.7

The technique of temporary stent–assisted neck remodeling

has been reported with the Enterprise stent8 and recently with the

Solitaire AB stent.9 Contrary to a series by Almekhlafi et al,9 we

did not use antiplatelet therapy; thus theoretically reducing the

risk of hemorrhagic complications linked to intraprocedural rup-

ture of the aneurysm and to subsequent surgical interventions to

treat intracranial hypertension such as EVD placement or decom-

pressive craniectomy.16 In our series, 4 of the 8 patients under-

went emergent EVD placement, and no hemorrhagic complica-

tion was noted. Moreover, 1 patient had an intraoperative

aneurysm rupture that was successfully managed by coil pack-

ing. The other concern with this technique is the patency of the

stented parent artery during the deployment of the stent. In 1

of our 8 cases, there was an intraprocedural thromboembolic

complication. This event occurred in the inferior branch of the

MCA in which the balloon was inflated with no clinical

impact.

The risk of entanglement of the coils was perceived as the

major risk of this technique. After placement of a coil in contact

with the stent, the latter was partially resheathed to assess this

possibility. If the stent moved freely, the coil detachment was de-

cided. After completing the coiling of the aneurysm, the stent was

carefully completely resheathed to reduce the risk of endothelium

damage and of subsequent vasospasm.

The balloon remodeling technique is the other option appli-

FIG 2. A 52-year-old woman (patient 7) with a complex MCA aneurysm. A and B, Initial angiogram shows a broad-based, bilobed MCA
bifurcation aneurysm. An additional paraophthalmic aneurysm is noted. C, The undeployed stent is positioned across the superior trunk (arrow)
and the balloon placed to protect the inferior trunk from coil migration. A vasospasm in the superior division of MCA was observed. D, The stent
is deployed (arrow), and aneurysm packing is performed. The distal stent markers appear to be outside the vessel wall, an appearance that is
related to vasospasm. E and F, A thromboembolic adverse event occurred during inflation of the balloon in the inferior MCA branch, which
resulted in no clinical disability.
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cable to treat wide-neck aneurysms2-4; it had a higher rate of ad-

equate postoperative occlusion than did standard coiling with

comparable safety17 and had the advantage to overcome anti-

platelet therapy. However, in our case series, we focused on wide-

neck intracranial aneurysms in which the balloon remodeling

technique had failed (patients 1 and 7) or was thought technically

challenging because of the difficulty of navigating the balloon

across the aneurysm neck. The Solitaire AB stent is a highly flex-

ible device that easily conforms to vessel tortuosity and caliber

variations because of its flexibility, which is not reduced by the

closed cell design that offers a high outward radial force. Thus, the

Solitaire AB efficiently accommodates curved and tapered vessels,

bridging the aneurysm neck with virtually no limits in width and

supporting the vessel lumen by avoiding recoil of coils.10 There

was no coil prolapse or herniation into the parent vessel during or

after stent retrieval. Another advantage of this technique is the

avoidance of anterograde flow arrest associated with repeated

balloon inflations, which may cause ischemic stroke, given its

reduced tolerance to ischemia in the setting of acute SAH.5,18

Furthermore, balloon inflation may be associated with throm-

boembolic complications, especially when the parent artery

diameter is small as in the illustrative case 2 of our series (pa-

tient 7).

Although this study has several limitations, including its ret-

rospective nature, a relatively small number of cases, and limited

follow-up duration, temporary SAC by use of the Solitaire AB

stent has acceptable rates of technical failure and appears to be

safe. Except for 1 case of asymptomatic vasospasm, there were no

device-related adverse events, and the clinical outcome was favor-

able in 4 of 8 patients, whereas it was negatively affected by the

clinical course of SAH in the other 4 patients. No rebleeding oc-

curred during the observation period.

Complete aneurysm occlusion was achieved in most cases

(62.5%); this suggests that this new technique could be an effec-

tive treatment. Although all aneurysms included in this series

were ruptured, the recurrence rate is in line with the results of the

systematic review of 7865 aneurysms coiled as performed by Ferns

et al.19

CONCLUSIONS
Our preliminary experience with temporary SAC by use of the

Solitaire AB stent suggests that it is a feasible, safe, and effective

treatment alternative for wide-neck aneurysms in the setting of

SAH when the balloon remodeling technique is either not an op-

tion or unsuccessful.
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ORIGINAL RESEARCH
INTERVENTIONAL

Acute Basilar Artery Occlusion: Outcome of Mechanical
Thrombectomy with Solitaire Stent within 8 Hours of

Stroke Onset
J.M. Baek, W. Yoon, S.K. Kim, M.Y. Jung, M.S. Park, J.T. Kim, and H.K. Kang

ABSTRACT

BACKGROUND AND PURPOSE: Mechanical thrombectomy with a stent retriever applied shortly after symptom onset could increase
good functional outcomes and improve survival in patients with acute basilar artery occlusion, but this has not yet been studied. This study
evaluated the efficacy and safety of mechanical thrombectomy with a Solitaire stent within 8 hours of stroke onset in patients with acute
basilar artery occlusion.

MATERIALS AND METHODS: We analyzed 25 consecutive patients with acute basilar artery occlusion who were treated with mechanical
thrombectomy by use of the Solitaire stent within 8 hours of stroke symptom onset. Successful recanalization was defined as TICI grade
2b or 3. Good outcome was defined as mRS score of 0 –2 at 3 months. Clinical and radiologic data in patients with good outcomes were
compared with those with poor outcomes.

RESULTS: Successful recanalization was achieved in 96% (24/25) of patients, and 48% (12/25) of patients had good outcomes. Eighty-eight
percent (22/25) of patients survived to 3 months. The median NIHSS score on admission was significantly lower in patients with good
outcomes than in those with poor outcomes (9.5 versus 14, P � .005). Procedure-related complications occurred in 2 patients (8%). No
symptomatic intracerebral hemorrhages occurred.

CONCLUSIONS: The current study suggests that mechanical thrombectomy by use of a Solitaire stent within 8 hours of stroke onset
increases good outcomes and improves survival in patients with acute basilar artery occlusion.

ABBREVIATIONS: BAO � basilar artery occlusion; IA � intra-arterial; BASICS � Basilar Artery International Cooperation Study

Acute basilar artery occlusion (BAO) is associated with a very

poor outcome and has the highest mortality rate among in-

tracranial large-vessel occlusions.1,2 In a prospective, observa-

tional study (BASICS [Basilar Artery International Cooperation

Study]), 27 patients were treated conservatively because the pa-

tients were either comatose (n � 26) or tetraplegic (n � 1) at the

time of presentation; 96.3% (26/27) of these patients died, and the

1 remaining patient had an mRS score of 5 at 1 month.2

Clinical outcomes were unsatisfactory, even when patients

with acute BAO were treated with intravenous or intra-arterial

(IA) pharmacologic thrombolysis. A systematic analysis includ-

ing 420 patients showed that the rates of death or dependency

were 78% (59/76) in patients treated with IV thrombolysis and

76% (260/344) in those treated with IA thrombolysis.3

In the past few years, the introduction of stent-type clot re-

moval devices (stent retrievers) have initiated a new era in endo-

vascular stroke therapy. Two randomized, controlled trials and

many case series showed that stent retrievers can achieve a high

rate of successful recanalization of up to 90%, thus improving the

clinical outcome in patients with acute intracranial large-vessel

occlusion.4-11 Most studies were focused on anterior circulation

stroke.

The efficacy of stent retrievers for treating acute BAO was re-

ported in several recent case series.12-14 These previous studies

used a longer time window of up to 24 hours for mechanical

thrombectomy in patients with acute BAO. However, BASICS

showed that early recanalization therapy in patients with acute

BAO is associated with a more favorable outcome, and all patients

with severe stroke treated �9 hours after symptom onset had

poor functional outcome despite IV or IA thrombolysis.15 In this

regard, the use of mechanical thrombectomy with a stent retriever

within a shorter time period from symptom onset would increase
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the patient’s chances for a good functional outcome and decrease

the mortality rate in patients with acute BAO, but this has not yet

been studied. The aim of this study was to evaluate the efficacy and

safety of mechanical thrombectomy with a stent retriever (Soli-

taire; Covidien, Irvine, California) as a first-line endovascular

therapy within 8 hours of stroke onset in patients with acute BAO.

MATERIALS AND METHODS
Patients
Since December 2010, we prospectively collected data of patients

with acute ischemic stroke treated with mechanical thrombec-

tomy. The clinical and angiographic data for 25 patients who un-

derwent mechanical thrombectomy with the Solitaire stent for

acute BAO were identified from this data base between December

2010 and December 2012. During this period, a total of 133 con-

secutive patients with acute ischemic stroke caused by intracranial

large-artery occlusion were treated with mechanical thrombec-

tomy by use of the Solitaire stent as first-line endovascular ther-

apy. The institutional ethics committee approved this retrospec-

tive analysis and waived informed consent on the basis of study

design.

On admission, all patients were evaluated by a stroke neurol-

ogist and assessed by means of the NIHSS. All patients underwent

an initial imaging protocol that included non-enhanced CT scan

and multimodal MR imaging. The inclusion criteria for endovas-

cular treatment were as follows: 1) baseline NIHSS score �4; 2)

no intracerebral hemorrhage detected on the cranial CT or MR

imaging; 3) BAO detected with MR angiography and conven-

tional angiography; 4) no bilateral diffuse pontine ischemia on the

DWI; and 5) the start of the procedure within 8 hours after symp-

tom onset. IV rtPA (0.9 mg/kg) was administered in patients pre-

senting within 4.5 hours from symptom onset. Subsequent endo-

vascular treatment as a rescue therapy was considered within 1

hour of IV rtPA in patients with no neurologic improvement,

defined as a NIHSS score unchanged from baseline or a worsening

neurologic deficit.

Endovascular Treatment
All endovascular therapy was performed by 1 interventional neu-

roradiologist with 10 years of experience in neurovascular inter-

vention. Written informed consent for endovascular therapy was

obtained from a family member of all patients. Cerebral angiog-

raphy and endovascular therapy were performed by means of a

femoral approach under conscious sedation. In cases of agitation,

an IV bolus of midazolam was given and repeated if necessary.

After an arterial occlusion was demonstrated with diagnostic an-

giography, a diagnostic catheter was exchanged for a 6F or 7F

guide catheter, which was placed in the most accessible or domi-

nant vertebral artery. A balloon guide catheter was not used in any

patient.

In all patients, mechanical thrombectomy with a Solitaire

stent, which was 4 mm in diameter and 20 mm long, was used

as a first-line endovascular treatment method. A microcatheter

with a 0.021-inch internal diameter was navigated distal to the

clot over a 0.014-inch microwire. The Solitaire stent was then

introduced through the microcatheter and fully deployed across

the occluded segment. After the stent was maintained in place for

1–3 minutes, the fully deployed stent and the delivery microcath-

eter were slowly pulled back together and withdrawn outside the

body through the guide catheter. During clot retrieval, continu-

ous manual aspiration with a 50-mL syringe at the guide catheter

was performed. After removal of the Solitaire stent and micro-

catheter, another 10 mL of blood was aspirated from the guide

catheter to prevent re-embolization of a vagrant clot. A control

angiogram was performed to assess the recanalization status and

possible distal embolic events. If recanalization was unsuccessful,

the procedure was repeated. A maximum of 5 retrieval attempts

was allowed.

When Solitaire thrombectomy was unsuccessful, additional

rescue endovascular procedures were performed, including forced

suction thrombectomy by use of a reperfusion catheter (Penum-

bra, Alameda, California) or aggressive mechanical clot disrup-

tion and IA urokinase infusion. The details of the technique for

aggressive mechanical clot disruption have been described previ-

ously.16 If an underlying atherosclerotic stenosis was revealed

during the procedure, balloon angioplasty with or without stent

placement was performed after the Solitaire thrombectomy.

During the procedure, heparin or glycoprotein IIb/IIIa inhib-

itor was not administered—IV or IA—in any patient. Patients

who underwent intracranial angioplasty with or without stent

placement received aspirin and clopidogrel (Plavix) for at least 3

months after the procedure. After the procedure, patients were

admitted to an intensive care unit. All patients underwent non-

enhanced CT scans immediately following and 24 hours after en-

dovascular therapy. The start of endovascular therapy was defined

as the moment the needle punctured the common femoral artery.

Recanalization status was assessed on the final angiogram and

classified according to the modified TICI scale.17 Successful re-

canalization was defined as a TICI grade of 2b or 3. Assessment of

angiographic images was performed by the consensus of 2 expe-

rienced neuroradiologists who were blinded to the procedure.

Outcome Measures
For all patients, we analyzed medical records to determine age,

sex, risk factors, stroke subtype according to the Trial of Org

10172 in Acute Stroke Treatment classification, baseline NIHSS

score, use of IV rtPA, time to IV rtPA and endovascular therapy,

duration of the procedure, presence or absence of symptomatic

hemorrhage, recanalization status, procedure-related vessel per-

foration and dissection, NIHSS score at discharge, and clinical

outcome. Symptomatic hemorrhage was defined as a parenchy-

mal hematoma that caused a mass effect on CT scans, with clinical

deterioration defined as a �4-point increase in the NIHSS score

or a 1-point deterioration in the level of consciousness. Vessel

perforation was defined as obvious angiographic contrast extrav-

asation that occurred during the procedure. Arterial dissection

was defined as an identifiable intimal flap on the control angio-

gram obtained after mechanical thrombectomy. Neurologic eval-

uation was performed immediately by a stroke neurologist, 24

hours and 3 months after treatment, when any change occurred in

clinical symptoms, and before the patient was discharged. Clinical

outcome was assessed by means of the mRS by a stroke neurolo-

gist 3 months after treatment. Good clinical outcome was defined

as an mRS score �2.
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Statistical Analysis
Statistical analyses were performed with the use of SPSS software

(Version 19.0; IBM, Armonk, New York). The relationship be-

tween the characteristics and 3-month clinical outcome was de-

termined by bivariate analysis. The �2 test was used for categoric

variables and the Mann-Whitney U test for continuous variables.

A value of P � .05 was considered significant.

RESULTS
Data from 25 patients (14 men and 11 women) were analyzed.

Baseline patient characteristics according to clinical outcome are

shown in the Table. Twenty-three patients had BAO only, and 2

patients had long segment occlusion from the distal intracranial

segment of the vertebral artery to the basilar artery.

The median NIHSS score on admission was 11, with scores

ranging from 3–25. The median time from symptom onset to

endovascular therapy was 285 minutes (range, 110 – 470 min-

utes), the median procedure time was 30 minutes (range, 13–100

minutes), and the median time to recanalization was 310 minutes

(range, 132–560). IV rtPA was administered in 6 patients (24%)

before mechanical thrombectomy.

Successful recanalization was achieved in 96% (24/25) of pa-

tients, and complete recanalization (TICI grade 3) occurred in

76% (19/25) of patients. Successful recanalization with the Soli-

taire thrombectomy alone was achieved in 84% (21/25) of pa-

tients. In this study, rescue treatment was needed in 4 patients

after Solitaire thrombectomy failed. One patient (patient 1) re-

ceived aggressive mechanical clot disruption and low-dose IA

urokinase infusion after unsuccessful Solitaire thrombectomy.

Urokinase (80,000 IU) was given as a single bolus injection in this

patient. Three patients (patients 10, 20, and 23) received forced

suction thrombectomy with the Penumbra reperfusion catheter.

Additional successful recanalization occurred in 3 of 4 patients

who underwent rescue treatments. Three patients who under-

went rescue forced suction thrombectomy with Penumbra reper-

fusion catheter achieved complete recanalization (TICI grade 3).

One patient failed to achieve successful recanalization after ag-

gressive mechanical clot disruption and IA urokinase infusion,

and the patient’s final recanalization grade was TICI 2a.

Six patients (24%) had underlying atherosclerotic stenosis in

the distal intracranial vertebral artery (n � 3), basilar artery (n �

2), or both the distal vertebral and basilar arteries (n � 1). In these

6 patients, angioplasty, with or without stent placement, was per-

formed to treat underlying stenosis after successful recanalization

with a Solitaire thrombectomy. Of these 6 patients, 4 patients

received angioplasty with stent placement and 2 patients received

angioplasty alone. No angioplasty-related complication occurred

in these 6 patients.

No patient had symptomatic hemorrhage during their hospi-

tal stay. At discharge, the NIHSS score was improved (decrease

�4 points) in 15 patients (60%; range, 0 –24; median, 4). At the

3-month follow-up, 12 patients (48%) showed a good clinical

outcome. Eighty percent (12/15) of patients with hypertension

had a poor clinical outcome and 90% (9/10) of those without

hypertension had a good outcome; this difference was statistically

significant (P � .001). Median NIHSS scores on admission (9.5

versus 14, P � .005) and at discharge (2 versus 9, P � .003) were

significantly lower in patients with a good outcome than in those

with a poor outcome. Other variables including age, sex, risk fac-

tors other than hypertension, stroke subtype, time to treatment,

and procedure time were not statistically associated with a good

clinical outcome. There was a good outcome in 50% (3/6) of

patients who received a Solitaire thrombectomy after failed IV

Baseline characteristics of the study population
Good Outcome (n = 12) Poor Outcome (n = 13) Total (n = 25) P

Age, y (mean � SD) 63.2 � 16.86 71.8 � 11.92 68 NS
Sex, male, n (%) 6 (50%) 8 (61.5%) 14 (56%) NS
Risk factors

Hypertension 3 (25%) 12 (92.3%) 15 (60%) .001
Atrial fibrillation 5 (41.7%) 4 (30.8%) 9 (36%) NS
Diabetes mellitus 4 (33.3%) 4 (30.8%) 8 (32%) NS
Dyslipidemia 4 (33.3%) 2 (15.4%) 6 (24%) NS
Smoking 3 (25%) 3 (23.1%) 6 (24%) NS
History of stroke or TIA 0% 4 (30.8%) 4 (16%) NS
Coronary artery disease 0% 2 (15.4%) 2 (8%) NS
Patent foramen ovale 1 (8.3%) 0% 1 (4%) NS
Valvular heart disease 1 (8.3%) 0% 1 (4%) NS
Atrioventricular block 0% 1 (8.3%) 1 (4%) NS

Intravenous thrombolysis 3 (25%) 3 (23.1%) 6 (24%) NS
Time to procedure, min 260 � 100.32 290 � 74.42 285 � 88.48 NS
Procedure time, min 27.5 � 24.21 30 � 20.35 30 � 21.91 NS
Time to recanalization, min 300 � 110.03 310 � 91.23 310 � 99.91 NS
Rescue treatment

Clot disruption with intra-arterial urokinase 1 (8.3%) 0% 1 (4%) NS
Angioplasty with or without stenting 3 (25%) 3 (23.1%) 6 (24%) NS

Baseline NIHSS score 9.5 � 3.13 14 � 5.75 11 .005
Discharge NIHSS score 2 � 2.57 9 � 8.21 4 .003
Stroke etiology

Large-artery atherosclerosis 4 (33.3%) 5 (38.5%) 9 (36%) NS
Cardioembolic 6 (50%) 6 (46.2%) 12 (48%) NS
Undetermined 2 (8.3%) 2 (15.4%) 4 (16%) NS

Note:—NS indicates non-significant.
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thrombolysis and in 47% (9/19) of those who received a Solitaire

thrombectomy as an initial treatment (P � .910). The median

time from symptom onset to endovascular therapy tended to be

shorter in patients with a good clinical outcome than in those with

a poor clinical outcome (270 versus 313 minutes, P � .301).

Procedure-related complications occurred in 2 patients (8%).

There was 1 vessel rupture unrelated to the Solitaire device. Active

contrast extravasation caused by perforation of the thalamoper-

forating artery by a microwire was observed in 1 patient (patient

16). This patient exhibited a localized hematoma in the left para-

median thalamus, which was resolved on follow-up CT and had

no neurologic worsening. One patient (patient 14) had SAH on

the immediate posttherapeutic CT scan. This patient exhibited no

postprocedural neurologic deterioration or associated symptom-

atic parenchymal hemorrhage. There were no device-related

complications. The mortality rate was 12% (3/25) at 3 months.

Two patients died 10 and 18 days after stroke onset because of

extensive brain stem infarction. One patient with mRS score

of 5 at discharge died 90 days after an initial stroke because of

pneumonia.

DISCUSSION
The present study demonstrates that mechanical thrombectomy

by use of the Solitaire stent within 8 hours of stroke onset in acute

BAO is associated with increased rates of both good outcome and

survival compared with previous studies. In our study, 88% (22/

25) of patients survived for 3 months, and more than half of the

survivors (55%, 12/22) had a good outcome.

There are still only a few studies that have investigated the

clinical results of mechanical thrombectomy with stent retrievers

in patients with acute BAO.12-14 In contrast to our study, these

previous studies included patients treated within 24 hours of

stroke symptom onset. In a series of 14 patients treated with a

Solitaire thrombectomy, Mordasini et al12 reported that 28.6%

(4/14) had a good outcome (mRS 0 –2), and the mortality rate was

35.7% (5/14). In their study, a Solitaire thrombectomy was not

the first-line endovascular treatment, and the median time from

symptom onset to first angiogram was 414 minutes (range, 176 –

1440 minutes). Espinosa et al13 reported a series of 18 patients

with acute BAO who were directly treated with mechanical

thrombectomy with either the Solitaire stent (n � 10) or the

Trevo stent (n � 8). In their study, good functional outcome

(mRS 0 –2) was achieved in 50% (9/18), the mortality rate was

22.3% at 3 months, and time from symptom onset to groin punc-

ture was 366 minutes. Most recently, in a series of 31 patients

treated with Solitaire thrombectomy as the first-line endovascular

treatment, Mourand et al14 reported that 35% (11/31) had a good

outcome, the mortality rate was 32% (10/31), and mean time

from symptom onset to recanalization was 512 minutes. This

group did not provide data regarding the time to treatment.

In comparison with these previous studies, the good outcome

rate in our study is among the highest, and the mortality rate is

among the lowest. In our study, the median time to treatment was

�5 hours (285 minutes) and the median time to recanalization

was �6 hours (310 minutes). The shorter time window for me-

chanical thrombectomy could be one of the factors that contrib-

uted to the good clinical results obtained in our study. A recent

post hoc analysis of the BASICS trial found that early recanaliza-

tion therapy in patients with BAO was associated with a more

favorable outcome with a significantly increased chance of a poor

outcome when recanalization therapy was started �6 hours after

symptom onset.15 In the BASICS trial, 85% of patients who were

treated �9 hours after stroke onset had a poor functional out-

come, whereas only 62% of those treated at �3 hours had a poor

outcome.15 The results of our study suggest that the same situa-

tion also holds true for mechanical thrombectomy with stent re-

trievers in patients with acute BAO.

Several other prognostic factors have been described that pre-

dict a good clinical outcome in patients with acute BAO receiving

recanalization therapy and include recanalization status, baseline

NIHSS score, and the extent of ischemic changes on the pretreat-

ment imaging studies.18-22

A systematic review including 316 patients in 10 IA thrombol-

ysis studies found that recanalization was associated with a sub-

stantial reduction in mortality rates in patients with acute BAO

(mortality rate of 87% in non-recanalized compared with 39% in

recanalized patients; P � .001).18 The overall recanalization rate

of these 10 studies was 64%, with a 56% mortality rate. Recent

studies with the use of mechanical thrombectomy with stent re-

trievers reported significantly increased recanalization rates rang-

ing from 74 –100% in patients with acute BAO.12-14 In our study,

we achieved successful recanalization (TICI grades 2b to 3) in

96% (24/25) of patients, which is in line with previous reports.

Successful recanalization with only the Solitaire stent occurred in

84% (21/25) of patients. This high rate of recanalization might

also have contributed to the good results obtained in our study.

In a series of 106 patients with BAO treated with IA thrombol-

ysis from 1992–2010, Jung et al19 found that lower NIHSS score

on admission was an independent predictor of good or moderate

clinical outcome (mRS 0 –3) (P � .0001) and survival (P � .012)

at 3 months. The results of our study are in line with Jung’s study.

In our study, the median NIHSS score at admission was signifi-

cantly lower in patients with a good outcome (mRS 0 –2) than in

those with a poor outcome (9.5 versus 14, P � .005). With regard

to baseline NIHSS score, the median NIHSS score on admission

in our study population was 11, which was lower than those of

previous studies. Lower baseline NIHSS score could also be one of

the factors that contributed to the good results obtained in our

study.

The extent of early ischemic changes on pretreatment imaging

studies can be used as a prognostic factor of clinical outcome in

patients treated with recanalization therapy.20-22 Puetz et al20

showed that the posterior circulation ASPECTS on CT angiogra-

phy source images predicts good outcome or death within 1

month in the subgroup of the BASICS registry population. Of

158 patients, 23% (18/78) of patients with a posterior circulation

ASPECTS �8 had a good outcome, whereas 11% (9/80) of those

with a posterior circulation ASPECTS �8 had a good outcome.

The mortality rate was 32% (25/78) in patients with a posterior

circulation ASPECTS �8 and 55% (44/80) in patients with a pos-

terior circulation ASPECTS �8. We did not assess the extent of

early ischemic changes on pretreatment CT or MR imaging in this

study.

In our study, rescue treatment was needed in 4 patients (forced

992 Baek May 2014 www.ajnr.org



suction thrombectomy in 3 and mechanical clot disruption with

IA urokinase in 1) after unsuccessful Solitaire thrombectomy. Of

these 4 patients, subsequent successful recanalization after a res-

cue treatment occurred in 3 patients who underwent forced suc-

tion thrombectomy with the Penumbra catheter, and 2 of these 4

patients showed a good outcome at 3 months. Therefore, adding

suction thrombectomy with the Penumbra device appears to be

promising in cases of unsuccessful thrombectomy with the Soli-

taire stent in patients with acute BAO. The effectiveness of such

treatment must be confirmed in future studies.

Our study confirms the safety of mechanical thrombectomy

with the Solitaire stent in patients with BAO. There was no symp-

tomatic hemorrhage after mechanical thrombectomy in this

study, and no vessel rupture or arterial dissections related to the

Solitaire device occurred. There was 1 rupture of a perforating

artery because of microwire perforation and 1 SAH, neither of

which caused postprocedural neurologic deterioration. A recent

study suggested that SAH might occur after mechanical throm-

bectomy with the Solitaire stent because of angiographically oc-

cult ruptures of small vessels caused by mechanical stretch during

stent retrieval and that this had a benign clinical course.23 Mor-

dasini et al12 reported no device-related complications or symp-

tomatic hemorrhage. Espinosa de Rueda et al13 reported 1 SAH in

18 patients with BAO treated with primary mechanical thrombec-

tomy with the Solitaire stent. They reported a symptomatic hem-

orrhage rate of 0%, similar to that in our study. In a series of 31

patients with BAO treated with a Solitaire thrombectomy,

Mourand et al14 reported that vertebral artery dissection occurred

in 1 patient, and no vessel perforation was observed. They also

reported that symptomatic hemorrhage occurred in 16% (5/31)

of patients, which is quite frequent compared with other reports.

They did not describe the use of rescue treatments, including IA

thrombolysis, in their report.

The limitations of our study included the small number of

patients and the lack of a control group.

CONCLUSIONS
The current study suggests that a good clinical outcome can be

safely achieved in nearly half of patients with acute BAO by use of

mechanical thrombectomy with the Solitaire stent if treatment is

started within 8 hours of symptom onset. In addition, such treat-

ment can significantly reduce the mortality rate in this subset of

patients with acute stroke, who otherwise have an extremely poor

prognosis.
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ORIGINAL RESEARCH
INTERVENTIONAL

Temporal Correlation between Wall Shear Stress and In-Stent
Stenosis after Wingspan Stent in Swine Model

M. Fujimoto, H. Takao, T. Suzuki, Y. Shobayashi, F. Mayor, S. Tateshima, M. Yamamoto, Y. Murayama, and F. Viñuela

ABSTRACT

BACKGROUND AND PURPOSE: A recent randomized clinical trial on intracranial atherosclerosis was discontinued because of the higher
frequency of stroke and death in the angioplasty and stent placement group than in the medical treatment group. An in-depth under-
standing of the relationship between biologic responses and flow dynamics is still required to identify the current limitations of intracranial
stent placement.

MATERIALS AND METHODS: Five Wingspan stents were deployed in tapered swine ascending pharyngeal arteries. Temporal wall shear
stress distributions and in-stent stenosis were evaluated at days 0, 7, 14, and 28 after stent placement. The physiologic role of wall shear
stress was analyzed regarding its correlation with in-stent stenosis.

RESULTS: In-stent stenosis reached a peak of nearly 40% at day 14 and decreased mainly at the distal stent segment until day 28. The wall
shear stress demonstrated a characteristic pattern with time on the basis of the in-stent stenosis change. The wall shear stress gradient
increased from the proximal to distal segment until day 14. At day 28, the trend was reversed dramatically, decreasing from the proximal
to the distal segment. A significant correlation between the in-stent stenosis growth until day 14 and low wall shear stress values just after
stent placement was detected. In-stent stenosis regression between days 14 and 28 was also associated with the high wall shear stress
values at day 14.

CONCLUSIONS: These data suggest that the physiologic wall shear stress can control the biphasic in-stent stenosis change in tapered
arteries.

ABBREVIATIONS: CFD � computational fluid dynamics; IS � in-stent stenosis; ISR � in-stent restenosis; WSS � wall shear stress

The Wingspan Stent System (Stryker, Kalamazoo, Michigan) is

the only endovascular device for symptomatic intracranial

atherosclerosis approved by the US Food and Drug Administra-

tion.1 Although this system has achieved high technical success,

the long-term (�12-month) stroke complication rate ranges

from 6.4%–20.5%.2-7 Furthermore, the only randomized con-

trolled trial, the Stent placement and Aggressive Medical Manage-

ment for Preventing Recurrent stroke in Intracranial Stenosis

(SAMMPRIS) trial, showed that aggressive medical treatment was

superior to percutaneous transluminal angioplasty and stent

placement. In particular, in-stent restenosis (ISR) occurred in ap-

proximately 30% of cases after stent treatments and was a major

cause of late-phase stroke.8-10 Although revascularization for ISR

is relatively safe, 50% of treated patients experience recurrent re-

stenosis.11 An in-depth understanding of ISR after Wingspan

stent placement is valuable to identify the current limitations of

endovascular treatments of intracranial atherosclerosis and will

help to improve this treatment methodology.

Stent placement can prevent arterial recoil and negative

remodeling after angioplasty.12 ISR mainly involves neointi-

mal hyperplasia characterized by the migration of proliferating

smooth muscle cells from the media. The neointimal hyperpla-

sia is proportional to the degree of inflammation, such as that

caused by medial damage or penetration of the stent into a

lipid core.13,14 In addition to the local stent-artery interaction,

flow dynamics have been analyzed in their role in the biologic
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response after endovascular treatment. In particular, low wall

shear stress (WSS) reportedly correlates significantly with neo-

intimal hyperplasia in both clinical and animal models.15-19

Optimization of stent design on the basis of WSS has been

attempted.20

Neointimal hyperplasia is suddenly initiated by arterial wall

injury induced by endovascular devices and is stabilized for a lim-

ited period. Although drastic structural change can affect subse-

quent flow dynamics, there are no reports on evaluation of the

temporal hemodynamic alterations that occur after stent place-

ment. In our study, we focused the physiologic role of WSS on

in-stent stenosis (IS) after Wingspan stent placement in a swine

ascending pharyngeal artery.

MATERIALS AND METHODS
Animal Care
All animal experiments followed policies set by the Chancellor’s

Animal Research Committee of the University of California,

Los Angeles. A total of 5 ascending pharyngeal arteries in 3 healthy

Yorkshire swine (age range, 3– 4 months; weight range, 30 – 40 kg)

were included in this study. All endovascular procedures were

performed by use of the Allura Xper FD10 System (Philips

Healthcare, Best, the Netherlands) as described previously.21 In

brief, a 6F guiding catheter was positioned in the common carotid

artery via the right femoral approach. Special interest was paid to

the ascending pharyngeal artery, which corresponds to the human

internal carotid artery. A segment without large branching and

with a proximal diameter of � 2.0 to �3.0 mm was chosen, and

the Wingspan stent was delivered. The Wingspan stent is a self-

expandable straight stent with an open-cell design, which is made

of nickel-titanium alloy. The stent diameter was followed to the

manufacturer’s recommendation to exceed the diameter of the

referenced arterial diameter by 0 – 0.5 mm. Three 3.0 � 9-mm

and two 2.5 � 9-mm stents were used. Three-dimensional rota-

tional angiography was conducted before and after stent place-

ment to construct the arterial models. As for 3D rotational an-

giography, the C-arm was rotated over 240° (120° right anterior

oblique to 120° left anterior oblique) during 4.1 seconds with

x-ray acquisition speed at 30 frames per second. During the rota-

tional run, a total of 122 isocentric images were generated, result-

ing in a 2563 isotropic image volume.

Nine cross-sectional areas at 1.5-mm intervals, including the

1.5 mm proximal and distal to the stent, were evaluated immedi-

ately after stent placement (Fig 1A). Follow-up angiograms were

performed at days 7, 14, and 28 after stent placement. The cross-

sectional area was measured from the 3D reconstructed image. IS

was defined as a reduction of the sectional area, compared with

the area just after stent placement.

Computational Fluid Dynamics Modeling and Analysis
Condition
Steady- and pulsatile laminar-flow analyses were performed as

described previously.22 The ascending pharyngeal artery was ex-

tracted from the reconstructed 3D data and was converted to a

stereolithography-triangulated surface by use of Real Intage (Cy-

bernet Systems, Chiyoda, Tokyo). Surface smoothing was per-

formed with Amira (Visage Imaging, San Diego, California). A

volumetric mesh was prepared from the smoothed stereolithog-

raphy by ICEM CFD 13.0 (ANSYS, Canonsburg, Pennsylvania).

The mesh was composed of unstructured grids with mainly tetra-

hedrons. A mesh-convergence study focusing on the number of

mesh elements was performed as reported previously.22 The av-

erage number of nodes in these models was 1 million. Computa-

tional fluid dynamics (CFD) analysis was performed on the volu-

metric meshes by use of a finite-volume method solver from the

general-purpose CFD analysis tool, CFX13.0 (ANSYS). For a typ-

ical geometry of the blood vessels, the laminar flow was assumed

with a Reynolds number of 250. The Reynolds number was de-

fined as the average velocity and the diameter of an inlet artery.

Blood was applied to be a Newtonian fluid with an attenuation of

1100 kg/m3 and viscous coefficient of 0.0036 Pa � s. The inlet

condition was 0.0035 kg/second as a mass flow rate, which was

comparable to the human wave form at a 0-second point.23 Rel-

ative pressure on the outlet was set to 0 Pa. As for the time-step-

ping parameter, we calculated a total of 1.8 seconds as 2 pulsations

and 3601 steps in a time-step size of 0.005 second. WSS value was

evaluated as the average of WSS for the simulation time course.

The Navier-Stokes equations were used to simulate blood flow on

FIG 1. Nine cross-sectional areas at 1.5-mm intervals, including the 1.5 mm proximal and distal to the stent (A). Temporal area change after
Wingspan stent placement, at days 0, 7, 14, and 28, was demonstrated in comparison with the preprocedural area (B).
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the computational mesh. We applied a high-resolution scheme

for the advection and a second-order backward Euler scheme for

the transient term. The maximal calculation error was 1.7% be-

tween the result of CFX software and the theoretic value by use of

the formula in a Poiseuille flow study.

Statistical Analysis
Statistical comparisons were conducted by use of STATA 12.0

(StataCorp, College Station, Texas). The normality was con-

firmed by the D’Agostino-Pearson test. The correlation between

the area variation and WSS was evaluated by use of the Pearson

correlation test. P values of � .05 were considered statistically

significant.

RESULTS
Angiographic Change
The ascending pharyngeal artery showed a tapered shape. The

preprocedural luminal ratio of the distal segment (Line 8) to the

proximal segment (Line 2) was 81.3% � 7.5% (Fig 1A). The tem-

poral area changes at 1.5-mm intervals are shown in Fig 1B. Im-

mediately after stent placement, the artery was dilated mainly at

the distal stent segment. At days 7–14 after stent placement, IS

reached a peak of nearly 40% for the entire stented artery. At day

28, the IS decreased by up to 4% at the distal stent segment.

CFD Simulations
Stent placement in a tapered artery resulted in marked hemody-

namic changes with time (Fig 2). Just after stent placement, the

WSS gradient increased from the proxi-

mal to the distal segment according to

the tapering lumen. At day 14, WSS val-

ues were elevated because of the IS. The

distribution pattern of WSS was almost

identical to that immediately after stent

placement. At day 28, the trend was dra-

matically reversed and decreased from

the proximal to the distal segment.

Correlation between IS Change and
WSS
The correlation between area variations

of IS and the initial WSS values was an-

alyzed in the following 2 periods: the

growth period from days 0 –14 and the

regression period from days 14 –28 (Fig 3). Between days 0 and 14,

the IS growth correlated significantly with the low WSS values at

day 0 (R2 � 0.73; P � .001). A mild correlation between the IS

regression between days 14 and 28 and the high WSS values at day

14 was observed (R2 � 0.19; P � .03).

DISCUSSION
Shear stress is essential for maintenance of arterial wall function.

Disturbed flow, such as that caused by low WSS or oscillatory

shear stress, is reportedly associated with atheromatous plaque

initiation, progression, and composition.24,25 Hemodynamic

stress is also responsible for the biologic response after endovas-

cular treatment. From a clinical standpoint, WSS has been shown

to correlate inversely with neointimal hyperplasia after coronary

stent placement.15,17 In addition to WSS, several hemodynamic

factors such as the WSS gradients or oscillatory shear stress have

been analyzed for their roles in IS in animal models.16,18,19 Al-

though atherosclerosis and ISR demonstrate many similarities in

their process of formation, atherosclerosis is pathophysiologically

characterized by progressive lipid accumulation, inflammation,

and smooth muscle cell proliferation that continue for many

years.12 In contrast, neointimal hyperplasia is primarily a self-

limited intimal hyperplastic process after arterial wall injury in-

duced by endovascular devices. The physiologic role of WSS in

ISR may not necessarily correspond to that in atherosclerotic dis-

ease. Temporal IS changes need to be clarified from a flow dynam-

ics standpoint.

FIG 3. Correlation between IS change and the initial WSS for 2 terms, from days 0 –14 (A) and days
14 –28 (B).

FIG 2. Temporal change of angiography and WSS distributions in a tapered artery. Immediately after stent placement (A) and at day 14 (B) and
day 28 after stent placement (C).
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In our study, a characteristic gradient of IS with time was dem-

onstrated after Wingspan stent placement in a tapered swine ar-

tery. The IS achieved a peak in whole at day 14 and regressed

mainly at the distal stent segment at day 28. As a result, the WSS

trend was dramatically reversed to demonstrate a decrease from

the proximal to the distal segment at day 28. The WSS correlated

significantly with both periods of growth and regression. In par-

ticular, the augmented IS in the growth phase correlated strongly

with the low WSS. Low WSS was shown to upregulate proinflam-

matory genes, leading to smooth muscle cell proliferation and

migration.26 Our results of intracranial self-expandable Wing-

span stent placement corresponded with those in previous reports

of balloon-expandable stent placement.15-19 Furthermore, a mild

association between high WSS and the regression of IS between

days 14 and 28 was demonstrated. Physiologic increases in WSS

from IS may be involved in the regression process. High WSS

decreased the inflammation associated with endothelial cell and

smooth muscle cell proliferation.27,28 Purposefully augmented

WSS created by arterial venous shunting or flow-dividing devices

has been demonstrated to decrease neointimal hyperplasia.29-31

The residual IS at the proximal segment at day 28 may have been

caused by both the growth of IS at the proximal segment with low

WSS and the regression of IS at the distal segment with high WSS.

In clinical practice, there is often a marked difference in diam-

eter between the proximal and distal segments of an artery, and in

such cases of tapering, there is no option but to choose a stent that

fits the proximal diameter. An oversized stent at the distal portion

of an arterial wall injury can exaggerate the neointimal hyperpla-

sia.19 A straight stent with high solid mechanical value can be

associated with a higher incidence of restenosis or asymptomatic

occlusion than a tapered stent.32,33 In addition to solid mechan-

ics, WSS may contribute to both growth and regression of ISR.

Further simulation study should evaluate which factors are most

responsible for ISR after Wingspan stent placement. A temporal

analysis of ISR may be required.

Study Limitations
Although the WSS change because of the IS can be a reasonable

mechanism to explain the biologic response in a tapered artery,

our results were limited by the simplified animal model, such as

extremely small sample size, lack of any control information, and

a straight arterial segment rather than a tortuous segment. Other

flow dynamic parameters can be associated with the IS.18 Further-

more, temporal IS regulation by WSS may not always be applied

for clinical cases with a wide variety of characteristics. Exhaustive

analysis with a larger sample size would be desired. Also, our

technical limitation of this study was an evaluation method for IS.

All area measurements were derived from 3D reconstructed im-

ages. The image artifacts by stent markers could make it difficult

to evaluate the cross-sectional area at the ends of the stent.

CONCLUSIONS
We presented the temporal correlation between simulated WSS

and IS elicited by Wingspan stent placement in a swine artery. The

WSS showed a characteristic pattern in a tapered segment of the

artery on the basis of change in IS. The physiologic WSS may play

a large role in both the growth and decrement of IS. These insights

into time-dependent flow dynamics will be useful for the under-

standing of biologic responses and for the development of an

optimal stent design.

Disclosures: Hiroyuki Takao—RELATED: Grant: Siemens Japan K.K*; UNRELATED:
Grants/Grants Pending: FujiFilm,* NTTdocomo.* Yuichi Murayama—UNRELATED:
Consultancy: Stryker, ASAHI INTECC, Kakeka; Grants/Grants Pending: Siemens,
FujiFilm; Royalties: Stryker. *Money paid to institution.

REFERENCES
1. Bose A, Hartmann M, Henkes H, et al. A novel, self-expanding, ni-

tinol stent in medically refractory intracranial atherosclerotic
stenoses: the Wingspan study. Stroke 2007;38:1531–37

2. Chimowitz MI, Lynn MJ, Derdeyn CP, et al. Stenting versus aggres-
sive medical therapy for intracranial arterial stenosis. N Engl J Med
2011;365:993–1003

3. Li J, Zhao ZW, Gao GD, et al. Wingspan stenting with modified
predilation for symptomatic middle cerebral artery stenosis. Cath-
eter Cardiovasc Interv 2011;78:286 –93

4. Jiang WJ, Yu W, Du B, et al. Outcome of patients with >/�70%
symptomatic intracranial stenosis after Wingspan stenting. Stroke
2011;42:1971–75

5. Costalat V, Maldonado IL, Vendrell JF, et al. Endovascular treatment
of symptomatic intracranial stenosis with the Wingspan stent sys-
tem and Gateway PTA balloon: a multicenter series of 60 patients
with acute and midterm results. J Neurosurg 2011;115:686 –93

6. Yu SC, Leung TW, Lee KT, et al. Angioplasty and stenting of athero-
sclerotic middle cerebral arteries with Wingspan: evaluation of
clinical outcome, restenosis, and procedure outcome. AJNR Am J
Neuroradiol 2011;32:753–58

7. Fiorella DJ, Turk AS, Levy EI, et al. U.S. Wingspan Registry: 12-
month follow-up results. Stroke 2011;42:1976 – 81

8. Levy EI, Turk AS, Albuquerque FC, et al. Wingspan in-stent resteno-
sis and thrombosis: incidence, clinical presentation, and manage-
ment. Neurosurgery 2007;61:644 –50; discussion 650 –51

9. Albuquerque FC, Levy EI, Turk AS, et al. Angiographic patterns of
Wingspan in-stent restenosis. Neurosurgery 2008;63:23–27; discus-
sion 27–28

10. Turk AS, Levy EI, Albuquerque FC, et al. Influence of patient age and
stenosis location on Wingspan in-stent restenosis. AJNR Am J Neu-
roradiol 2008;29:23–27

11. Fiorella DJ, Levy EI, Turk AS, et al. Target lesion revascularization
after Wingspan: assessment of safety and durability. Stroke
2009;40:106 –10

12. Kibos A, Campeanu A, Tintoiu I. Pathophysiology of coronary ar-
tery in-stent restenosis. Acute Card Care 2007;9:111–19

13. Farb A, Weber DK, Kolodgie FD, et al. Morphological predictors of
restenosis after coronary stenting in humans. Circulation
2002;105:2974 – 80

14. Welt FG, Rogers C. Inflammation and restenosis in the stent era.
Arterioscler Thromb Vasc Biol 2002;22:1769 –76

15. Wentzel JJ, Krams R, Schuurbiers JC, et al. Relationship between
neointimal thickness and shear stress after Wallstent implantation
in human coronary arteries. Circulation 2001;103:1740 – 45

16. LaDisa JF Jr, Olson LE, Molthen RC, et al. Alterations in wall shear
stress predict sites of neointimal hyperplasia after stent implanta-
tion in rabbit iliac arteries. Am J Physiol Heart Circ Physiol
2005;288:H2465–75

17. Papafaklis MI, Bourantas CV, Theodorakis PE, et al. The effect of
shear stress on neointimal response following sirolimus- and pacli-
taxel-eluting stent implantation compared with bare-metal stents
in humans. JACC Cardiovasc Interv 2010;3:1181– 89

18. Morlacchi S, Keller B, Arcangeli P, et al. Hemodynamics and in-stent
restenosis: micro-CT images, histology, and computer simulations.
Ann Biomed Eng 2011;39:2615–26

19. Chen HY, Sinha AK, Choy JS, et al. Mis-sizing of stent promotes

AJNR Am J Neuroradiol 35:994 –98 May 2014 www.ajnr.org 997



intimal hyperplasia: impact of endothelial shear and intramural
stress. Am J Physiol Heart Circ Physiol 2011;301:H2254 – 63

20. Gundert TJ, Marsden AL, Yang W, et al. Optimization of cardiovas-
cular stent design using computational fluid dynamics. J Biomech
Eng 2012;134:011002

21. Fujimoto M, Shobayashi Y, Tateshima S, et al. Biomechanical re-
sponses after Wingspan stent deployment in swine ascending pha-
ryngeal artery. Neurol Res 2013;35:90 –94

22. Takao H, Murayama Y, Otsuka S, et al. Hemodynamic differences
between unruptured and ruptured intracranial aneurysms during
observation. Stroke 2012;43:1436 –39

23. Ford MD, Alperin N, Lee SH, et al. Characterization of volumetric
flow rate waveforms in the normal internal carotid and vertebral
arteries. Physiol Meas 2005;26:477– 88

24. Samady H, Eshtehardi P, McDaniel MC, et al. Coronary artery wall
shear stress is associated with progression and transformation of
atherosclerotic plaque and arterial remodeling in patients with cor-
onary artery disease. Circulation 2011;124:779 – 88

25. Eshtehardi P, McDaniel MC, Suo J, et al. Association of coronary
wall shear stress with atherosclerotic plaque burden, composition,
and distribution in patients with coronary artery disease. J Am
Heart Assoc 2012;1:e002543

26. Chatzizisis YS, Coskun AU, Jonas M, et al. Role of endothelial shear
stress in the natural history of coronary atherosclerosis and vascu-

lar remodeling: molecular, cellular, and vascular behavior. J Am
Coll Cardiol 2007;49:2379 –93

27. Ueba H, Kawakami M, Yaginuma T. Shear stress as an inhibitor of
vascular smooth muscle cell proliferation. Role of transforming
growth factor-beta 1 and tissue-type plasminogen activator. Arte-
rioscler Thromb Vasc Biol 1997;17:1512–16

28. Sheikh S, Rainger GE, Gale Z, et al. Exposure to fluid shear stress
modulates the ability of endothelial cells to recruit neutrophils in
response to tumor necrosis factor-alpha: a basis for local variations
in vascular sensitivity to inflammation. Blood 2003;102:2828 –34

29. Carlier SG, van Damme LC, Blommerde CP, et al. Augmentation of
wall shear stress inhibits neointimal hyperplasia after stent
implantation: inhibition through reduction of inflammation? Cir-
culation 2003;107:2741– 46

30. Wentzel JJ, Gijsen FJ, Stergiopulos N, et al. Shear stress, vascular
remodeling and neointimal formation. J Biomech 2003;36:681– 88

31. Mattsson EJ, Kohler TR, Vergel SM, et al. Increased blood flow in-
duces regression of intimal hyperplasia. Arterioscler Thromb Vasc
Biol 1997;17:2245– 49

32. Brown KE, Usman A, Kibbe MR, et al. Carotid stenting using ta-
pered and nontapered stents: associated neurological complica-
tions and restenosis rates. Ann Vasc Surg 2009;23:439 – 45

33. Auricchio F, Conti M, De Beule M, et al. Carotid artery stenting
simulation: from patient-specific images to finite element analysis.
Med Eng Phys 2011;33:281– 89

998 Fujimoto May 2014 www.ajnr.org



ORIGINAL RESEARCH
EXTRACRANIAL VASCULAR

Reproducibility of Cerebrospinal Venous Blood Flow and
Vessel Anatomy with the Use of Phase Contrast–Vastly
Undersampled Isotropic Projection Reconstruction and

Contrast-Enhanced MRA
E.M. Schrauben, K.M. Johnson, J. Huston, A.M. del Rio, S.B. Reeder, A. Field, and O. Wieben

ABSTRACT

BACKGROUND AND PURPOSE: The chronic cerebrospinal venous insufficiency hypothesis raises interest in cerebrospinal venous blood
flow imaging, which is more complex and less established than in arteries. For accurate assessment of venous flow in chronic cerebrospinal
venous insufficiency diagnosis and research, we must account for physiologic changes in flow patterns. This study examines day-to-day
flow variability in cerebrospinal veins by use of 4D MR flow and contrast-enhanced MRA under typical, uncontrolled conditions in healthy
individuals.

MATERIALS AND METHODS: Ten healthy volunteers were scanned in a test-retest fashion by use of a 4D flow MR imaging technique and
contrast-enhanced MRA. Flow parameters obtained from phase contrast-vastly undersampled isotropic projection reconstruction and
contrast-enhanced MRA scoring measurements in the head, neck, and chest veins were analyzed for internal consistency and interscan
reproducibility.

RESULTS: Internal consistency was satisfied at the torcular herophili, with an input-output difference of 2.2%. Percentages of variations in
flow were 20.3%, internal jugular vein; 20.4%, azygos vein; 6.8%, transverse sinus; and 5.1%, common carotid artery. Retrograde flow was
found in the lower internal jugular vein (4.8%) and azygos vein (7.2%). Contrast-enhanced MRA interscan � values for the internal jugular
vein (left: 0.474, right: 0.366) and azygos vein (�0.053) showed poor interscan agreement.

CONCLUSIONS: Phase contrast–vastly undersampled isotropic projection reconstruction blood flow measurements are reliable and
highly reproducible in intracranial veins and in the common carotid artery but not in veins of the neck (internal jugular vein) and chest
(azygos vein) because of normal physiologic variation. Retrograde flow normally may be observed in the lower internal jugular vein and
azygos vein. Low interrater agreement in contrast-enhanced MRA scans was observed. These findings have important implications for
imaging diagnosis and experimental research of chronic cerebrospinal venous insufficiency.

ABBREVIATIONS: CCSVI � chronic cerebrospinal venous insufficiency; IJV � internal jugular vein; AV � azygos vein; PC-VIPR � phase contrast–vastly under-
sampled isotropic projection reconstruction; COM � conservation of mass; LOA � limits of agreement; CE � contrast-enhanced

In the hypothesis attributed to Zamboni et al1 known as chronic

cerebrospinal venous insufficiency (CCSVI),1 obstructed ve-

nous outflow from the brain and spinal cord promotes tissue iron

deposition that triggers the neuroinflammation characteristic of

MS. Zamboni reported results of 100% sensitivity and specific-

ity in distinguishing subjects with MS from non-MS subjects

by use of cerebrospinal venous flow–specific criteria.2 This hy-

pothesis in the diagnosis and potential treatment of MS has

increased interest in both intra- and extracranial venous flow

measurements, namely in the deep cerebral veins, the internal

jugular veins (IJVs), and the azygos vein (AV). In the wake of

invasive venoplasty and “liberation” stent placement proce-

dures being conducted and published results that are contrary

to Zamboni’s findings,3,4 the CCSVI hypothesis has prompted

much interest in the accuracy and reproducibility of cerebro-

spinal venous flow measurements, which have not yet been

established.

The diagnosis of CCSVI uses duplex (gray-scale and color

Doppler) ultrasonography. Intracranial arterial blood flow mea-
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surements have well-known limitations including “acoustic win-

dow” issues and operator dependence. Special training for Zam-

boni’s examination is required, and blinding of examiners to the

disease status of subjects is difficult, potentially leading to study

bias. MR can be implemented in the diagnosis of CCSVI to over-

come these issues and is being used at some sites.5 It has benefits

compared with ultrasonography: it is established in MS diagnosis;

acquires fewer user-dependent measurements with repeatable

protocols from patient to patient; entire vessels can be assessed,

including those inaccessible to sonography; and examiner bias

can be removed through blinding. Drawbacks of MR imaging

include non–real-time, electrocardiography-gated acquisitions

that last several cardiac cycles, giving much lower temporal reso-

lution compared with 2D ultrasonography. Additionally, all mea-

surements must be conducted in the supine position, in which

positional flow changes cannot be assessed.2

Phase contrast–vastly undersampled isotropic projection

reconstruction (PC-VIPR)6,7 is a 4D MR flow-sensitive tech-

nique that uses a 3D time-resolved radial acquisition scheme.

The outer portions of k-space are undersampled, allowing for

faster acquisition compared with a standard 3D Cartesian sam-

pling scheme. Because of high image contrast and sparse signal

representation, PC-VIPR has relatively benign undersampling

artifacts that yield high temporal resolution capabilities, im-

portant in assessing blood velocity changes. PC-VIPR covers a

large volume with high, isotropic spatial resolution. The acqui-

sition allows for retrospective selection of flow analysis

planes,8 as detailed below. The accuracy and reproducibility of

PC-VIPR has been established in arteries, specifically for ve-

locity measurements in the carotid and cerebral arteries,7

aorta,9 liver,10 and renal arteries11 and for pulsatility in large

cerebral arteries.12 Venous PC-VIPR accuracy and reproduc-

ibility had yet to be investigated at the time of this study.

Although much has been made of potential diagnosis and

treatment possibilities that CCSVI has to offer, relatively little

effort has been made to investigate the reproducibility of ve-

nous blood flow measurements and luminography, especially

by use of MR.13 MR flow imaging and MRA have historically

concentrated on arteries; therefore relatively little is known

about the accuracy and reproducibility of venous flow assess-

ment with phase-contrast MR and lumen assessment with

MRA. Previous studies have shown that venous flow (particu-

larly in the neck) is sensitive to body position,14 head position/

rotation,15,16 respiratory state,17 hydration level,16 and other

contributing factors.14 Venous luminography is additionally

difficult to accomplish because, unlike rigid, muscular arteries,

veins have thin, nonmuscular walls that make for an easily

compressible or distensible lumen.

The aims of this study were 3-fold: First, internal consistency

of PC-VIPR venous blood flow measurements was evaluated in

cerebral veins. Second, test-retest reproducibility of venous blood

flow measurements by use of PC-VIPR was assessed in a healthy

volunteer population and compared with arterial blood flow mea-

surements. Finally, image quality and reproducibility of venous

luminography by use of contrast-enhanced MRA (CE-MRA)

were assessed.

MATERIALS AND METHODS
Experimental Subjects and Study Design
Under an institutional review board–approved protocol, 10

healthy adult volunteers (7 women; age, 36 � 14 years) under-

went anatomic CE-MRA and flow-sensitive (PC-VIPR) MR im-

aging on a 3T clinical scanner (Discovery MR750; GE Healthcare,

Milwaukee, Wisconsin). Each subject was scanned twice on sep-

arate days in a test-retest fashion (14 � 9 days between scans),

yielding 10 matched pairs of acquired examinations. Subjects

were selected to exclude any known vascular, neurologic, or psy-

chiatric disorders.

Data Acquisition
A 3-station PC-VIPR examination was performed in the head,

neck, and chest to obtain flow measurements in the cerebral veins,

IJVs, and AV, respectively. To limit coil switching time, a high-

definition 8-channel neurovascular coil (USA Instruments, Au-

rora, Ohio) was used for the head and neck scans. Cardiac triggers

were recorded for retrospective cardiac gating. Sample MR imag-

ing parameters for the PC-VIPR head scan were 3D radial free-

breathing acquisition, TR � 15.9 ms, flip angle � � 25°, FOV �

24 � 24 � 16 cm3, acquired spatial resolution � (0.6 mm)3, 7:30

scan time. Similar parameters were used for the neck and chest

scans; velocity encoding sensitization was set at 20 cm/s for the

head and chest and 70 cm/s for the neck. These values were chosen

to capture maximum possible velocities determined by test scans

in the veins of interest in a healthy population. Because the pur-

pose of this study was to examine the reproducibility of cerebro-

spinal venous blood flows under normal conditions, potential

confounds were not controlled.

A 2-station CE-MRA neck and chest examination consisted of

a single injection of gadofosveset trisodium (Ablavar; Lantheus

Medical Imaging, North Billerica, Massachusetts) at a dose of

0.03– 0.05 mmol/kg and rate of 3 mL/s. Ablavar binds to serum

albumin, giving longer intravascular presence and allowing for a

single injection to be used for all CE-MRA and PC-VIPR exami-

nations. This requires less contrast volume than would be needed

with the use of extravascular contrast agents.

Data Analysis
PC-VIPR datasets were reconstructed by use of a temporal

filter as previously described for time-resolved CE-MRA with a

3D radial acquisition,18 similar to view sharing in a Cartesian

acquisition.19 High frequency k-space contributions from

neighboring timeframes increase the ability to visualize small

vessels, but blood flow is captured almost entirely by low fre-

quency and central k-space, collected during each TR with a

radial acquisition. Twenty cardiac timeframes were recon-

structed for each scan, giving velocity and magnitude images

gated to the cardiac cycle. Temporal resolution is determined

from the heart rate. For instance, a heart rate of 60 bpm gives 1

second per heartbeat divided by 20 frames per heartbeat or

temporal resolution equal to 50 ms. Image sets were segmented

by use of commercial software (Mimics; Materialise, Leuven,

Belgium) and exported by use of an in-house magnitude and

velocity conversion tool (Matlab; MathWorks, Natick, Massa-

chusetts). Velocity data were then visualized (Ensight; CEI
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Software, Apex, North Carolina) and measured over the car-

diac cycle20 at specific 2D cut planes, retrospectively selected.

PC-VIPR encodes velocity in 3D plus time, so that flow rate

is integrated velocity within vessel area for a given cardiac

timeframe. Vessel boundaries are hand-drawn over complex-

difference 2D cut planes. To quantify reflux, percent retro-

grade flow (%RF) was calculated as total negatively directed

flow (away from the heart) divided by total positively directed

flow (toward the heart) over the cardiac cycle. Total flow (Q, in

mL) was also calculated as the integration of flow rate over the

cardiac cycle.

Cerebral Veins
As a test of internal consistency, a conser-

vation of mass (COM) criterion was ap-

plied at the confluence of venous sinuses,

or torcular herophili. COM requires that

total flow entering and exiting the conflu-

ence must be equal. Figure 1A shows the

placement of 2D cut planes used for these

COM measurements: straight sinus, su-

perior sagittal sinus, and left and right

transverse sinuses (TS). Example blood

flow waveforms for these 4 vessels are

shown in Fig 1B. Thus, the COM formula

to test becomes:

Qstraight sinus � Qsup. saggital sinus �

Qleft TS � Qright TS

Twenty inflow and outflow measurements

were compared to internally validate this

equation, with mean percent difference be-

tween inflow and outflow averaged over all

volunteers. Interscan reproducibility of Q

in the same 4 veins was tested by use of

Bland-Altman analysis.21 A modification of

Bland-Altman analysis accounting for re-

peated measurements within a subject was

used for limits of agreement (LOA) calcula-

tions. The modification sums the between-

subjects and within-subject variances to

find single differences between pairs of

measurements, slightly increasing the LOA.

Finally, %RF over the cardiac cycle was de-

termined for the same 4 veins as well as for

the visualized deep cerebral veins.

Internal Jugular Veins
IJV flow measurement reproducibility was assessed. Similar to

the analysis performed by Haacke (ms-mri.com), 3 measure-

ment planes were placed along the length of a centerline cubic

spline. Measurements were taken at the level just below the

jugular bulb (upper), at the midpoint of the spline (mid), and

just above the IJV junction with the subclavian vein (lower).

An example 3D rendering and placement of planes along the

spline are shown in Fig 2 (left). Interscan Bland-Altman 95%

LOA and biases across all levels and volunteers were calculated.

Figure 2 (right) shows sample IJV blood flow waveforms for

each location (left), with detection of retrograde flow in the

lower measurement plane. Comparing this lower waveform with a

Doppler ultrasound–acquired jugular flow waveform (Fig 3), PC-

VIPR is capable of resolving, both spatially and temporally, the

triphasic flow waveform typical in the IJV.

Azygos Vein
As the primary outflow route of blood from the spinal cord in the

upright position, Zamboni considered the detection of narrowing

in the AV by use of invasive venography to be an inherent corol-

FIG 1. Example of flow visualization for COM (A). Arrows: yellow indicates left/right transverse
sinus; red, sagittal sinus; green, straight sinus; blue, vein of Galen; internal cerebral veins: left
(orange), right (white). Planes mark location of flow measurement. Blood flow waveforms (B)
exemplify COM at the torcular herophili, with total flow measurements differing by only 0.37%.

FIG 2. Left: Example placement of measurement planes in the right IJV down a centerline cubic
spline and in the left common carotid artery. Right: Blood flow waveforms over the cardiac
cycle indicate increasing pulsatility proximal to the heart, with a portion of the lower waveform
showing retrograde flow (arrow). A indicates atrial systole; X, atrial relaxation; V, ventricular
systole; Y, tricuspid reopening; H, atrial refilling.

FIG 3. Left: B-mode anatomic location of right IJV blood flow. Right:
Doppler ultrasonography displays triphasic IJV blood flow waveform
as indicated in Fig 2. Arrow indicates minor normal reflux during the
tricuspid valve reopening.
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lary of CCSVI.1 From the chest PC-VIPR scan, measurements of

%RF were taken 2 cm from the AV junction with the superior

vena cava and were compared between scans within each

volunteer.

Venous/Arterial Comparison
To compare blood flow changes from one

scan to the next throughout the cerebro-

spinal venous system, Q was measured in

several locations: transverse sinuses, up-

per and lower IJV, and AV. To summarize

flow in the cerebrospinal venous system,

total flows were added from left and right

transverse sinus and IJVs, providing total

venous drainage at a single axial location.

Flows through the common left and right

carotid arteries were similarly analyzed to

compare arterial and venous flow repro-

ducibility across all volunteers. Percent

change, calculated as interscan difference

in total flow normalized to scan one

flow, was calculated at all locations. Aver-

age percent difference between scans and

paired t test P values were calculated

across all volunteers.

Contrast-Enhanced MRA
To assess the reproducibility of semi-

quantitative assessments of venous cali-

ber, CE-MRAs were scored by 2 experi-

enced radiologists blinded to subject

identity, date/sequence of scan, and each

other’s scores. The scoring followed the

scale introduced by Zivadinov et al23:

ability to assess the IJV and AV (1, poor; 2,

acceptable; 3, good; 4, excellent), AV

morphology (1, diffusely irregular/nar-

rowed; 2, focally narrowed at central aspect;

3, caliber increasing from peripheral to cen-

tral), and IJV morphology at its narrowest

point (1, absent; 2, pinpoint; 3, flattened; 4,

crescentic; 5, ellipsoidal/round). Cohen �

with linear weights was used to assess agree-

ment between ratings in scan 1 and scan 2

(with both readers combined) and between

readers (both scans combined). Kappa val-

ues were computed by means of the irr

package, R statistical computing software

(http://www.r-project.org/).

RESULTS
Cerebral Veins
Bland-Altman plots of cerebral venous flow

measurements between scans within an in-

dividual volunteer and for individual vessels

are shown in Fig 4. Interscan LOA for Q

across all 20 scans (40 vessels) were small

with respect to the mean (�2.924, 3.369

mL). Figure 5 displays Bland-Altman plots

for COM analysis. Pooled COM LOA

across both scans were also small (�1.985, 1.443 mL), with the aver-

age percent difference between inflow and outflow equal to 2.2%. All

visualized deep cerebral veins and large cerebral veins (Fig 1) yielded

zero retrograde flow (%RF � 0).

FIG 4. Interscan Bland-Altman plots for cerebral vein analysis within individual veins. Small
biases and LOA indicate reproducibility of PC-VIPR in assessment of cerebral venous flow.

FIG 5. Bland-Altman plots of COM analysis for scan 1 (left) and scan 2 (right), showing small
biases and LOA.
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Internal Jugular Veins
Measurements of Q at the 3 measurement planes along the length

of each IJV are presented in Table 1. “Zeroes” indicate no (or

negligible) detection of flow. Large differences can be observed

within single volunteers between scans. Asymmetric flow patterns

were observed, with complete side dominance in volunteers 1, 3, and

9. Average and peak %RF calculations over all volunteers are shown

(bottom row). Both increase as blood nears the heart. Bland-Altman

analysis across all measurement planes yielded interscan large LOA in

the left IJV (�2.06, 2.48 mL, bias: 0.21 mL) and in the right IJV

(�5.08, 3.92 mL, bias: �0.58 mL). Interscan LOA for %RF in the left

IJV were �14.187, 13.023%, bias: �0.58%; and in the right IJV were

�10.130, 9.143%, bias: �0.49%. Large LOA relative to the mean are

observed, indicating high variability between scan 1 and scan 2 and

across all measurement locations.

Azygos Vein
For both scan 1 and scan 2, we were unable to visualize the AV for

volunteers 8 and 10. From the remaining 16 measurements, 10

had significant (�1%) retrograde flow. The average detected

%RF among the 8 visualized veins was 7.2%.

Venous/Arterial Comparison
Figure 6 includes boxplots of Q, with average percent differences

from scan 1 to scan 2. Day-to-day variation in flow in the com-

mon carotid artery as measured by PC-VIPR is low (5.1 � 4.2%).

The venous flow measurements in the IJV and AV show much

larger variations, whereas variations in the transverse sinus are

comparable to those in the common carotid artery (6.8 � 7.6%).

Figure 7 displays percent change in total flows across all head/

neck/chest veins and volunteers. Eight of 10 volunteers exhibited

similar changes (increase/positive or decrease/negative) for 3 of

the 4 venous flow measurements.

Contrast-Enhanced MRA
Scoring average for all acquired scores and Cohen � for the

blinded radiologist scoring of the CE-MRA are presented in Table

2. Higher variations for morphology scores are observed. Inter-

scan results pooled for both radiologists indicate fair agreement

for left IJV and right IJV morphology and slight to no agreement

for the other 3 scores. Interrater results pooled for all scans show

slight to no agreement across all scores.

DISCUSSION
Although it is well known that phase-contrast MRA has intravoxel

dephasing because of the relatively long TE used,24 PC-VIPR has

isotropic resolution and small voxels. This allows for flow visualiza-

tion and quantification in the cerebral venous system, including the

relatively small deep cerebral veins such as the internal cerebral veins,

as demonstrated in Fig 1. With PC-VIPR, the user can retrospectively

select vessels to interrogate, unlike traditional MRV methods that

require selecting a limited subset of vessels a priori. Sample cerebral

venous flow waveforms in Fig 1B satisfy COM over the cardiac cycle.

Waveforms show little variation through time, indicating low pulsa-

tility far from the heart in the cerebral veins. This work confirms

earlier 2D phase-contrast MR work in the cerebral veins performed

by Stoquart-El Sankari et al.25 The lack of retrograde flow in all deep

cerebral veins and intracranial veins substantiates the work of Wat-

tjes et al,26 in which 2D phase-contrast MR was used to measure flow

in the straight sinus and internal cerebral veins in both healthy con-

trol subjects and patients with MS.

From Bland-Altman analysis in each cerebral vessel (Fig 4),

biases fall near the difference of zero, indicating that no consistent

bias from the 2 independent measurements of vessel flow was

detected. Tight interscan LOA with respect to mean values across

all vessels provide evidence of reproducibility in PC-VIPR mea-

surements of cerebral venous blood flow. In the Bland-Altman

COM analysis (Fig 5), small interscan difference in cerebral ves-

sels (2.2%) and tight LOA are further evidence of reproducibility

of intracranial venous blood flow measurements by use of PC-

VIPR. To our knowledge, this validation of internal consistency

by use of a COM test is the first of its kind in venous vasculature by

use of PC-VIPR. It points to the use of PC-VIPR as a reliable

measurement tool for venous blood flow. Our findings indicate

minimal day-to-day effect on the reproducibility of intracranial

venous flow. This may be useful in future CCSVI studies or in

other venous blood flow–related pathologies such as cerebral ve-

nous sinus thrombosis or idiopathic intracranial hypertension.

The tortuous and varied nature of the IJV causes difficulty in

measuring blood flow at various locations along its length. PC-

VIPR is ideal as a 4D flow measurement tool for this vascular

territory. Figure 2 (left) demonstrates the use of a centerline cubic

spline in the placement of measurement planes, permitting mea-

surements orthogonal to the expected direction of flow. Figure 2

Table 1: Total flow (mL/cardiac cycle), delineated by side, measurement level, and scan, in all volunteers

Volunteer

Left IJV Right IJV

Upper Mid Lower Upper Mid Lower

S1 S2 S1 S2 S1 S2 S1 S2 S1 S2 S1 S2
1 0 0 0 0 0 0 1.90 8.36 2.00 7.15 3.95 3.07
2 4.36 4.42 4.45 2.80 4.63 4.11 6.03 6.40 4.56 3.34 9.59 8.47
3 3.35 2.63 4.39 1.41 1.99 0.31 0 0 0 0 0 0
4 2.09 2.82 0.80 3.34 2.14 3.70 3.40 3.02 2.99 6.53 2.78 8.75
5 3.89 2.03 1.84 1.74 2.46 1.09 2.37 0.46 2.73 1.86 1.47 0.37
6 1.00 1.68 0.98 1.44 2.26 2.82 3.53 5.37 2.90 4.27 1.39 3.48
7 0.49 0.46 0.82 0.33 0.57 0.50 6.35 4.31 4.91 2.82 5.25 3.63
8 4.18 4.77 3.60 4.01 2.95 4.24 4.54 5.39 3.42 5.72 2.69 5.53
9 2.87 0.74 2.54 1.14 0.64 0.34 0 0 0 0 0 0
10 3.09 3.25 2.60 2.59 1.03 0.99 3.99 3.33 3.75 2.35 1.28 1.19
Average/Max %RF 0.79/6.15 2.98/14.39 6.02/24.59 0.30/4.83 1.19/12.31 3.52/29.46

Note:—Average and maximum retrograde flow percentages are presented (bottom row).
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(right) reveals differing pulsatility that axial locations along the

IJV exhibit. Each flow waveform is triphasic in nature. As we move

closer toward the beating heart, and incidentally to locations in

which the IJV is adjacent to and often physically touching the

common carotid artery, the IJV exhibits greater pulsatility. The

lower waveform of Fig 2 (right) exhibits retrograde flow over a

short period of the cardiac cycle. The triphasic waveform is ex-

pected, corresponding to variations in carotid pulsatile motion.27

An independent Doppler ultrasonographic examination of the

jugular vein (Fig 3) confirms the triphasic waveform and minor

retrograde flow seen in a healthy volunteer.

In analyzing %RF over the cardiac cycle (Table 1, bottom

row), average and peak values increase as

we measure in the superior to inferior di-

rection. This larger %RF is in part caused

by the greater pulsatility observed in

“lower” measurement planes across and

may reflect a normal result of greater os-

cillations in blood flow proximal to the

beating heart. Larger %RF and slow flow

also factor into Q values for a given axial

location within a single IJV. We see a gen-

eral lack of consistency within subject and

between scan locations as a result of vary-

ing %RF and territories with slow flow,

both appreciably affecting Q calculations.

Other factors may contribute to retro-

grade flow seen in a healthy population,

such as IJV valve incompetence.28 Despite

this finding, most measurement planes

had less than 1% retrograde flow for all

locations (81/120), indicating the strong

tendency of constantly anterograde blood

flow.

Table 1 illustrates the wide variance of

Q values and varying side dominance in

the IJV in a healthy control population,

confirming earlier work29 including flow

measured by MR imaging.25 The unpre-

dictable nature of venous anatomy and

blood flow characteristics are relevant be-

cause they convey difficulties that are

likely to be encountered in clinical situa-

tions. Considering the variables that were

not accounted for in this study, the inter-

scan heterogeneity within a volunteer

should be expected. These results are con-

trary to a previous work in ultrasonogra-

phy30 yet agree with a 3D MRV study.26

This work points to the need for control-

ling of variables that may affect venous

return.

The Bland-Altman results for the IJVs

indicate that there are no systematic dif-

ferences between test occasions. The small

biases (left: 0.209, right: �0.58) between

scans again lend support to the reproduc-

ibility of PC-VIPR; however, skewed distribution in the data in-

dicate that IJV flow is not repeatable within subjects. Error pro-

portional to the mean was observed in the interscan %RF Bland-

Altman analysis.

In the AV, high variability in %RF was seen. AV visualization

by means of PC-VIPR is difficult because of cardiorespiratory-

induced motion. Of the 20 chest PC-VIPR scans taken, the AV

was reliably visualized 80% of the time. The significant average

%RF (7%) additionally suggests that retrograde flow may be a

normal supine attribute of the AV measured 2 cm from its junc-

tion with the superior vena cava. This noninvasive probing of AV

flow exemplifies another benefit of the use of PC-VIPR.

FIG 6. Boxplot results for all measurement locations. Individual changes (blue lines) show high
variation in both the IJV and AV from scan to scan. No differences were considered significant
(P � .05).

FIG 7. Percent change in total flow from scan 1 to scan 2 across volunteers. Volunteers 5–10 have
similar directional changes in all measurements.
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Individual variations of flow exhibited on the boxplots (Fig 6)

reveal consistency in common carotid artery flow from one scan

to the next while also showing the many varied venous changes.

Low arterial variation (5.1 � 4.2%) confirms both physiologic

reproducibility of arterial flow and technical reproducibility of

PC-VIPR. Small variation (6.8 � 7.6%) was also observed in the

transverse sinuses. In contrast, large variations in neck and chest

venous flow (�20%) were observed, probably resulting from in-

terscan physiologic changes. Whereas total venous outflow from

the brain does not change, alternative drainage pathways proba-

bly arise for a certain physiologic state.25 Figure 7 confirms these

changes systemically affecting cerebrospinal venous blood flow.

The number of similar, one-sided changes across veins indicate a

physiologic (ie, not technical) change. These results strongly

point to the necessity of controlling for venous flow-altering

variables.

The scoring results from the CE-MRA analysis (Table 2) indi-

cate good image quality for both the IJV and AV, with higher

values for IJV (3.70 � 0.56 versus 3.08 � 0.89). This probably is a

result of the mitigating motion in the chest during prospectively

gated respiratory examinations versus the stationary neck exam-

inations. AV caliber increased as it neared the junction with the

superior vena cava. Turbulent flow from the much larger superior

vena cava naturally increases the venous lumen in the AV near its

junction with the superior vena cava. Left and right IJV morphol-

ogy scores had higher variances and averaged to a flattened or

crescentic appearance (3.0 � 1.1 and 3.7 � 1.3). Single volunteer

variation is again corroborated by observing the low agreement

from the interscan � values. Low interrater agreement in the pres-

ence of good image quality points to a lack of reproducible iden-

tification of IJV and AV morphology, in large part caused by the

varied sizes and shapes of venous structures across a healthy

population.

This study is not without its limitations. First, for the sake of

simplicity in measuring and presentation of data, vertebral veins

were not included. Second, although our larger CCSVI study col-

lects both ultrasonographic and PC-VIPR scans, this study did

not use ultrasonography as a reference standard. The method of

acquisition further limited the study not to investigate the “forced

exhalation” that Zamboni uses to determine retrograde flow. This

was planned because this study aimed to determine changes oc-

curring in the cerebrospinal venous system under a normal phys-

iologic state. Third, some of the chest scans and resulting AV

image quality were poor. This is a direct result of respiratory mo-

tion effects purposefully not accounted for in each of the PC-

VIPR scans. Fourth, to mitigate on the table scan time (and num-

ber of breath-holds) for each volunteer, Venc optimization scans

were not performed before PC-VIPR scans. Although no phase

aliasing was observed for any of the 60 PC-VIPR scans, low veloc-

ity in some of the IJVs caused both image quality- and the veloc-

ity-to-noise ratio to suffer, which would have been improved with

a lower Venc setting. Finally, despite good image quality, CE-

MRA results from this study differ from extracranial venous scor-

ing by McTaggart et al,31 in which a linearly increasing flattening

scale32 was used to assess the IJV caliber. Our semi-quantitative

approach to venous lumen morphology, though borrowed from

the literature, made decisions between available choices difficult.

This may have led to poor interobserver and interscan agreement

(Table 2), explaining the difference between this study’s results

and those of McTaggart et al. These results indicate that for ve-

nous CE-MRA to be valuable in assessing the CCSVI hypothesis, a

set scoring system must be in place.

CONCLUSIONS
The use of PC-VIPR as a reliable measurement tool for venous

flow has been demonstrated. Intracranial veins showed day-to-

day reproducibility on the order of arteries. Normal venous flow

in the neck (IJV) and chest (AV) has been shown to be much more

variable, presumably because of confounding variables related to

normal cardiorespiratory and positional effects that are damp-

ened in the intracranial veins. The detection of retrograde flow

has been shown to be a normal finding in the lower IJV and AV of

healthy volunteers. CE-MRA scoring interrater agreement was

low, indicating a need for a robust venous scoring system with

added information gained through flow measurements. These

findings have important implications in CCSVI in which normal

variation in venous flow may be construed as diagnostically

relevant.
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COMMENTARY

Cerebral Veins–Why Functional MR Imaging is Worth
the Trouble

The incidence of multiple sclerosis in North America is approx-

imately 5/100,000, and the peak of onset is 30 years of age.

Hence, MS is one of the most frequent chronic neurologic diseases

and the leading cause of disability in young and middle-aged in-

dividuals in the developed world.1 Strategies to prevent, treat, or

even cure MS are of the highest interest. Accordingly, the reintro-

duction of the chronic cerebrospinal venous insufficiency

(CCSVI) hypothesis by Zamboni in 20062 has attracted enormous

attention. Successive sonography and conventional angiography

studies of intracranial, cervical, and thoracic veins in patients have

suggested that there is a strong, previously unconsidered relation-

ship between individual pathologic blood flow of extracranial

veins and MS.3 Moreover, consecutive publications have sug-

gested that the so-called “liberation procedure” performed by

percutaneous transluminal angioplasty in venous stenosis could,

by improving individual hemodynamics, influence disease pro-

gression and thus offer a completely new approach for the treat-

ment of multiple sclerosis.4

Unfortunately, correlations reported by one research group2-4

were not reproducible by others by using venous sonography5,6 or

MR imaging.7,8 This discrepancy has created reasonable doubts

regarding the methodology used by Zamboni2 and regarding the

pathophysiologic concept of CCSVI.9 2D high-resolution sonog-

raphy is ideally suited to study blood flow in extra- and intracra-

nial veins.10,11 It is limited due to the 2-dimensionality and oper-

ator dependency and requires a high level of experience and an

adequate bone window for transcranial Doppler sonography.

However, sonography allows a very accurate visualization and

quantification of venous blood flow in both a supine or upright

position and during free breathing or a Valsalva maneuver. Po-

tential measurement errors can occur due to insufficient visual-

ization of intracranial veins, insufficient angle correction, and

compression of the extracranial veins by the sonography probe

and are discussed in detail by Valdueza et al.9

MR imaging has the potential to overcome these limitations.

However, previous MR venography studies were hampered by

their low specificity: Extracranial large veins may collapse with the

patient in a supine position and consequently lead to stenosis or

occlusions in MR angiography, which is physiologic and only

temporary.12,13 In the current issue of the American Journal of

Neuroradiology, Schrauben et al14 evaluate the accuracy and re-

producibility of blood flow analysis by using MR imaging in both

intra- and extracranial veins in 10 healthy volunteers. They used

both contrast-enhanced MR angiography and 3D phase-contrast

MR imaging with 3D velocity-encoding. The latter technique

(phase contrast with vastly undersampled isotropic projection re-

construction [PC-VIPR]) allows a time-resolved measurement of

blood flow in vivo and 3D visualization and quantification of

blood flow patterns, velocities, and flow. It is similar to another

flow-sensitive MR angiography (4D flow MR imaging) that has

been successfully applied to study blood flow within intracranial

arteries,15 carotid arteries,16 and liver veins,17 but not yet within

the veins of the neck and head.

The current study of Schrauben et al14 convincingly shows the

feasibility of this MR imaging technique for the assessment of

these vessels. It reveals plausible flow patterns that are familiar

from sonographic examinations and accurate quantification of

blood flow in the transverse sinus. In addition, tests for the “con-

servation of mass” at the confluence of the sinuses underscore this

plausibility by demonstrating that blood flow in the draining

proximal right and left transverse sinuses was very similar to

blood flow in the supplying superior sagittal and straight sinuses.

However, findings were limited if deep cerebral veins were evalu-

ated in repeat MR imaging examinations; this limitation is prob-

ably due to the diameter of only �2 mm in these vessels. In addi-

tion, results of PC-VIPR of the extracranial internal jugular and

azygos veins showed strong day-to-day variations. Comparable

with a previous MR venography study,12 the accuracy of contrast-

enhanced MR angiography of neck and thoracic veins in the study

of Schrauben et al was low. Accordingly, the impact of MR an-

giography seems to be limited for the assessment of extracranial

veins.

However, the strength of flow-sensitive MR angiography is the

ability to evaluate blood flow in intracranial large and small veins.

MR imaging provides the unique advantage of visualizing and

quantifying blood flow in the superior sagittal sinus and in the

superficial bridging veins that are hardly or not at all assessable by

sonography due to the lack of a sufficient bone window.10 Ac-
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cordingly, little is known about physiologic flow or about patho-

logic changes at these sites in patients with acute brain edema,

traumatic brain injury, sinus thrombosis, or idiopathic intracra-

nial hypertension. A comparison with sonography in reliably ac-

cessible vessels such as the transverse sinus10 or with high-

resolution 2D phase-conventional angiography8 as the reference

method is a prerequisite before this MR imaging technique can be

used in trials or in clinical routine. In particular, accurate quanti-

fication of blood flow in small cerebral veins (ie, straight sinus,

internal cerebral veins, basal veins, and the vein of Galen) is chal-

lenging and requires a spatial resolution of �0.25 mm3.

At present, to our knowledge, there is no evidence from high-

level randomized controlled trials (RCTs) that has proved the

value and safety of percutaneous transluminal venous angioplasty

for the treatment of multiple sclerosis.18 Patients with multiple

sclerosis are typically young and closely follow new developments

in diagnosis and treatment. Many are very open to undergoing

experimental therapies to prevent further progression of disabil-

ity, even if the efficacy has not yet been proved and if they poten-

tially expose themselves to serious adverse effects. Due to the re-

cent experience from several promising trials that have finally

failed to show a benefit of interventional compared with medical

treatment,19-21 patients with multiple sclerosis should not be

treated by venous angioplasty unless the 6 ongoing RCTs prove a

clear benefit.18 Until then, they should consistently receive estab-

lished (eg, interferons, glatiramer acetate) or newer and more

potent drugs (eg, natalizumab, fingolimod, fumaric acid) that

have already proved their efficacy and safety in large RCTs.
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ORIGINAL RESEARCH
PEDIATRICS

Metrics and Textural Features of MRI Diffusion to Improve
Classification of Pediatric Posterior Fossa Tumors

D. Rodriguez Gutierrez, A. Awwad, L. Meijer, M. Manita, T. Jaspan, R.A. Dineen, R.G. Grundy, and D.P. Auer

ABSTRACT

BACKGROUND AND PURPOSE: Qualitative radiologic MR imaging review affords limited differentiation among types of pediatric
posterior fossa brain tumors and cannot detect histologic or molecular subtypes, which could help to stratify treatment. This study aimed
to improve current posterior fossa discrimination of histologic tumor type by using support vector machine classifiers on quantitative MR
imaging features.

MATERIALS AND METHODS: This retrospective study included preoperative MRI in 40 children with posterior fossa tumors (17 medul-
loblastomas, 16 pilocytic astrocytomas, and 7 ependymomas). Shape, histogram, and textural features were computed from contrast-
enhanced T2WI and T1WI and diffusivity (ADC) maps. Combinations of features were used to train tumor-type-specific classifiers for
medulloblastoma, pilocytic astrocytoma, and ependymoma types in separation and as a joint posterior fossa classifier. A tumor-subtype
classifier was also produced for classic medulloblastoma. The performance of different classifiers was assessed and compared by using
randomly selected subsets of training and test data.

RESULTS: ADC histogram features (25th and 75th percentiles and skewness) yielded the best classification of tumor type (on average
�95.8% of medulloblastomas, �96.9% of pilocytic astrocytomas, and �94.3% of ependymomas by using 8 training samples). The resulting
joint posterior fossa classifier correctly assigned �91.4% of the posterior fossa tumors. For subtype classification, 89.4% of classic
medulloblastomas were correctly classified on the basis of ADC texture features extracted from the Gray-Level Co-Occurence Matrix.

CONCLUSIONS: Support vector machine– based classifiers using ADC histogram features yielded very good discrimination among
pediatric posterior fossa tumor types, and ADC textural features show promise for further subtype discrimination. These findings suggest
an added diagnostic value of quantitative feature analysis of diffusion MR imaging in pediatric neuro-oncology.

ABBREVIATIONS: EP � ependymoma; Gd � gadolinium; max � maximum; MB � medulloblastoma; PA � pilocytic astrocytoma; SVM � support vector machine;
TA � texture analysis

Diffusion MR imaging discriminates different types of adult

brain tumors.1-3 In the pediatric literature, the diffusion re-

striction has also been suggested to differentiate primitive neu-

roectodermal tumor/medulloblastoma (MB) and other supra-

and infratentorial tumors.4 Several studies demonstrated that pi-

locytic astrocytomas (PAs) are characterized by significantly

higher average ADC values than ependymomas (EPs) and medul-

loblastomas, but no clear difference was shown between EPs and

MBs (Table 1).3,5-7 However, by using the 75th percentile from

the ADC histogram, instead of an average ADC, a promising dis-

crimination of 90% was achieved,7 suggesting that individual tu-

mor components allow better classification or grading than aver-

aged metrics. This concept is well in line with the known

heterogeneity of underlying tumor biology and the current prac-

tice of histologic diagnosis based on the most characteristic tumor

parts.

Texture analysis (TA) is another powerful approach to char-

acterize and quantify the tumor matrix. TA features provide in-
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formation about spatial patterns in the distribution of image in-

tensities and have been successfully used to discriminate tumor

types8-11 and types of tissue for segmentation12,13 and to predict

prognosis.14 Most important, texture features offer the potential

to discriminate distinct genetic tumor subtypes15-17 by using

combinations of T1WI, gadolinium (Gd)-enhanced T1WI, T2WI

or FLAIR, and diffusion imaging in adult oligodendroglial

tumors.

Significant advances are being made in characterizing molec-

ular genetic tumor subtypes that predict differential survival and

treatment responsiveness, which are particularly promising for

future treatment stratification in medulloblastomas.18-20 There is

a great interest in developing novel imaging tools to noninvasively

predict tumor types and subtypes that may offer added value for

first-line surgical treatment planning before histologic and mo-

lecular diagnosis is available and in follow-up decision-making

when repeat biopsies are impractical. Most approaches to date

demand a significant increase in acquisition time (eg, MR spec-

troscopy) and may be expensive and not widely available (eg,
18F-PET). Dedicated advanced image processing may, instead,

offer improved brain tumor classification without the time pen-

alty based on the current standard brain tumor MR imaging pro-

tocol, which includes Gd-enhanced T1, T2, and diffusion MR

imaging.

The purpose of our study was to investigate the value of quan-

titative analysis of standard clinical MR imaging to discriminate

the main types of pediatric posterior fossa tumors (PA, MB, and

EP) and subtypes (eg, to discriminate classic MB from other pos-

terior fossa tumors). We compared the performance of individual

or combined features derived from shape, texture, and histogram

from anatomic T1WI and T2WI and diffusion map images. Mul-

tiple features were combined to train support vector machines

(SVMs), a widely used supervised learning approach that has been

previously suggested for tumor segmen-

tation.21,22 In SVM classifiers, features are

represented as n-dimensional vectors and

combined to create a model of a particular

class by using true and false training

examples.

MATERIALS AND METHODS
Patients
Before this study, informed consent was obtained from all partic-

ipating patients or their guardians to allow data collection and

analysis for research by the UK Child Cancer and Leukemia

Group Functional Imaging Group data base, a UK National

Health Service Research Ethics Committee–approved study.

Forty patients with posterior fossa tumors (17 MBs, 16 PAs, and 7

EPs; Table 2) were included. Inclusion criteria were confirmed

histologic diagnosis along with a World Health Organization

grading/subtype when applicable and a preoperative clinical MR

imaging (without previous therapy), including diffusion imaging

(Table 3).

MR Imaging
Because we only included preoperative MR imaging, acquisition

was undertaken by using standard pediatric neuro-oncologic pro-

tocols on several scanner platforms: 1.5T Signa (GE Healthcare,

Milwaukee, Wisconsin); and 1.5T Intera or 3T Achieva (Philips

Healthcare, Best, the Netherlands). For this analysis, Gd-en-

hanced spin-echo T1WI (TR � 598 – 647 ms, TE � 12–14 ms, and

0.4 – 0.5 � 0.4 – 0.5 � 4.0 –5.0 mm3 voxel size), fast spin-echo

T2WI (TR � 3000 ms, TE � 14 – 85 ms, and 0.4 – 0.5 � 0.4 – 0.5 �

4.0 –5.0 mm3 voxel size), and diffusion data were used. Diffusion

data were obtained with different sequences, ranging from 3-di-

rection diffusion-weighted imaging to 15-direction diffusion ten-

sor imaging, by using B0 � 0 s/mm2 and either bmax � 1000

s/mm2 or bmax � 800 s/mm2, TR � 4883–5800 ms, TE � 59 – 89

ms, and 1.9 –2.0 � 1.9 –2.0 � 3.0 – 4.0 mm3 voxel size. Missing

data or exclusion due to motion artifacts reduced the total num-

ber of cases per imaging sequence (Table 3). ADC maps were

generated by using the FMRIB Software Library toolbox (http://

www.fmrib.ox.ac.uk/fsl/). Two sample cases can be seen in Fig 1.

Normalization
T2WI and ADC maps were registered, by using the FMRIB Linear

Registration Tool (FLIRT), to the contrast-enhanced T1WI data

(in general, T1WI was acquired with a voxel size of 0.5 � 0.5 � 4.0

mm3; in 9 cases in which the dimensions were slightly different,

these were interpolated to a grid with 0.5 � 0.5 � 4.0 mm3 voxel

size by using cubic interpolation). To minimize heterogeneity in

image intensity caused by the use of different scanners and acqui-

sition sequences, we intensity normalized the data to the mean

value of normal-appearing white matter from 2 small ROIs drawn

bilaterally above the ventricles.

Tumor Segmentation
Whole-tumor ROIs were manually drawn by 2 clinical research

fellows with radiology training and 4 years (M.M.) and 1 year

(A.A.) of experience in neuroimaging research by using NeuROI

Table 1: Average tumor ADC values in pediatric posterior fossa tumors (�10�3mm2/s)
Yamasaki et al

20053
Rumboldt et al

20066
Schneider et al

20075
Bull et al

20127

No. (MB/EP/PA) (9/6/6) (8/5/17) (7/2/4) (16/5/11)
EP 1.05–1.33 0.97–1.29 �0.8–1.4 1.10–1.25
MB 0.68–0.99 0.48–0.93 �0.5–1.0 0.67–1.22
Sig. difference (MB/EP) Yes Yes No No

Note:—Sig. indicates significant.

Table 2: Demographics
Total PA EP MB

Sex (M/F) 9:7 2:5 9:8
Age (yr)
Mean 8.4 9.4 8.2 7.8
Range 1.1–18.4 2.6–18.4 1.1–15.5 3.6–16.0

Table 3: No. of cases used in the analysis per MR imaging
sequence

Type Subtype WHO Grade T1WI+Gd T2 ADC
PA I 13 14 15
MB Classic IV 14 14 12

Anaplastic IV 3 3 3
EP Classic II 6 5 4

Anaplastic III 1 1 1
Total 37 37 35

Note:—WHO indicates World Health Organization.
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(http://www.nottingham.ac.uk/research/groups/clinicalneurology/

neuroi.aspx). Tumor ROIs were defined on the T1WI�Gd im-

ages as areas of abnormal enhancement by using the coregis-

tered precontrast T2WI to identify and exclude peripheral

blood vessels adjacent to enhancing tumor and to include low-

contrast tumor or necrotic tissue, excluding perilesional

edema.

Shape, Histogram, and Texture Analysis
Shape, histogram, and texture features (Table 4) were extracted

for each technique and patient by using in-house software devel-

oped in Matlab R2010a (MathWorks, Natick, Massachusetts). For

shape features, values were computed on each section, and the

mean value was used to characterize the whole tumor. Histogram-

derived metrics and texture features were calculated from quan-

tized data, by using 80 bins for the range (0.5– 4.5 �10�3mm2/s)

(bin width � 0.05 � 10�3mm2/s). Histogram-derived metrics

were calculated from whole-tumor ROIs.

Texture features were calculated from

Gray-Level Co-Occurrence Matrices, as

per Haralick.23 As per the shape measures,

mean whole-tumor values were calcu-

lated across tumor sections. For each case,

several co-occurrence matrices were cal-

culated, corresponding to different dis-

tances (0.5, 1.0, 1.5, 2.0, and 2.5 mm). For

each distance, co-occurrence matrices for

several directions (0°, 45°, 90°) were

computed.

The effect of the number of bins (ie,

intensity quantization level) used for tex-

ture analysis on the ADC texture features

was investigated by recomputing the co-

occurrence matrices for different quanti-

zation levels (from 10 to 180 gray-level

intensities). This is an important aspect in

calculating co-occurrence matrices be-

cause it directly determines the pairs of

pixels with the same intensity that may be

found within a region of interest.

Tumor-Type SVM Classifiers
Shapes from region-of-interest, histogram,

and TA features from ADC, T1WI�Gd,

and T2WI were used independently or in combination to train

tumor-type specific binary classifiers for MB, PA, and EP. The

SVM classifiers used are part of the Bioinformatics Toolbox in

Matlab. They were implemented as linear classifiers that pro-

duced a true/false classification for each tumor type.

Single-feature classifiers were created for every shape, histo-

gram, and texture feature. In addition, combined classifiers (go-

ing only up to a maximum of 4 features, to avoid overtraining)

were produced by a systematic combination of all features.

These individual tumor-type classifiers were combined to pro-

duce a joint posterior fossa classifier (3 posterior fossa tumor classi-

fiers) by using a simple voting system based on single-classifier per-

formance. A diagram of the process can be seen in Fig 2.

Training was performed by randomly choosing both true (nT)

and false (nF) samples for each tumor type and by using the remain-

ing samples as a test set. Each classifier was retrained with different-

size training sets (nT � nF � 2, 3, 4) for each tumor type. For each

tumor type and training set size, the training and testing process was

repeated 500 times to obtain average classification rates for each

classifier.

Radiologic reports at our institution were reviewed to investi-

gate the accuracy of qualitative classification. Provisional diagno-

sis based on standard (including diffusion) MR imaging was re-

corded and matched to histopathology for MB, EP, and PA tumor

types. Cases in which no provisional diagnosis was provided were

considered as incorrectly classified.

Tumor-Subtype SVM Classifiers
In addition to tumor-type classifiers, a set of classic MB classifiers

was produced to investigate tumor-subtype classification. The

FIG 1. T1WI�Gd (left), T2WI (middle), and ADC map (right) of an anaplastic (top) and classic MB.
The overlaid region of interest (inside the green outline) is used to derive shape features and to
calculate histogram and texture features for each image sequence.

Table 4: Shape, histogram, and texture parameters used in
analysis

Parameter
Shape Volume, compactness, solidity
Histogram Mean variance, mode, maximum probability,

skewness, kurtosis, energy, entropy;
percentiles: 10%, 25%, 50%, 75%, and 90%

Gray-Level
Co-Occurrence
Matrix

Autocorrelation, contrast, correlation, cluster
prominence, cluster shade, dissimilarity,
energy, homogeneity, maximum probability,
sum of squares variance, sum average, sum
variance, sum entropy, difference variance,
difference entropy, information measure of
correlation, inverse difference normalized,
inverse difference moment normalized
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classic MB classifiers were based on ADC histogram and textural

features.

Statistics
For both tumor type and subtype, we predefined �75% discrimina-

tion accuracy as futile for potential clinical use. Group mean differ-

ences for average ADC were calculated by using 1-way ANOVA and

Tamhane T2 post hoc multiple comparison correction.

RESULTS
Between-Group Comparison of Metrics and Features
There was a substantial overlap among the 3 tumor types for all

metrics and features on all histogram and TA features investi-

gated. Group mean differences for average ADCs were significant

(Table 5).

Tumor-Type Classifiers
Average classification rates for those classifiers yielding at least

75% correct classification performance are shown in Table 6 for

joint posterior fossa classifiers based on T2WI and T1WI�Gd

features with 8 sample randomly selected training sets tested on the

remaining samples. The best classifier was based on a combination of

size, histogram, and textural features, and it achieved �80% correct

discrimination among the 3 groups. Classifiers trained with smaller

sample sizes produced lower correct classification rates.

Average classification rates for the best

performing joint posterior fossa classifi-

ers based on ADC features with 8 sample

randomly selected training sets and tested

on the remaining samples can be seen in

Table 7. Combined histogram-feature

classifiers performed better than single-

feature classifiers. Classifiers based on his-

togram metrics performed best with clin-

ically useful 91% 3-way discrimination

accuracy, which was better than that of

classifiers built on either texture in isola-

tion or combinations of histogram and

textural features. The best performing

ADC texture classifier based on entropy

and homogeneity failed to reach the pre-

defined minimum 75% accuracy level.

The best single-feature ADC classifier

for our dataset was the 25th percentile of

the ADC histogram (Table 7). Average

ADC classification performance was sub-

stantially lower at 71.9% (PA 87.2%, MB

70.6%, and EP 59.0%). The best multiple-

feature classifier was a combination of histogram percentiles and

skewness. The distributions for the 25th and 75th percentiles

(though the normalized distributions were used in the classifiers)

and skewness can be seen in Fig 3.

Neuroradiologists’ assessment at our institution according to

clinical reports for the same dataset produced the following cor-

rect classification rates: PA 65%, MB 53%, and EP 60%.

Tumor-Subtype Classifiers
Due to the low number of nonclassic MBs, tumor-subtype classi-

fication was investigated by discriminating classic MB from other

MBs (anaplastic MBs) and EPs, again by using a training set size of

up to 8 randomly selected samples and by using the remaining

samples as a test set. ADC texture-based features (best classifier:

sum average � sum variance, 89.4% average correct classifica-

tion) were more effective in discriminating classic MBs than ADC

histogram features (best classifier: 75th percentle � max proba-

bility, 68.0%) or T2WI and T1WI�Gd derived classifiers (best

classifier: 77.6%). The inclusion of shape features did not result in

increased performance.

Effect of the Number of Bins on Classification
All the histogram and texture features were calculated by using 80

bins (bin size � 0.05 � 10�3mm2/s). The effect of the number of

bins or the bin size on classification performance was investigated

by training a series of PA classifiers on the basis of histogram

features only (ADC 25th percentile) and another on the basis of

texture features only (ADC entropy � homogeneity) by using

different bin sizes. With a range from 10 bins (bin size � 0.4 �

10�3mm2/s) to 180 bins (bin size � 0.02 � 10�3mm2/s), classi-

fication rates can be seen in Fig 4. For classifiers based on histo-

gram metrics, a higher number of bins resulted in higher classifi-

cation rates. Texture-based classification decreased with both low

and high numbers of bins. For this dataset, it was observed that the

FIG 2. Training process to create single support vector machine classifiers for each tumor type
and a combination step to produce a posterior fossa classifier to be tested on the remaining
data.

Table 5: Average tumor ADC values (�10�3mm2/s)
PA EP MB P Valuea

Tumor
Mean/SD 1.70/0.26 1.34/0.29 0.85/0.18 �.05
Range 0.76–2.91 0.72–2.33 0.49–1.90

Normal-appearing
white matter

Mean/SD 0.72/0.03 0.76/0.04 0.81/0.06 �.05
Range 0.63–0.87 0.62–0.95 0.59–0.93

a Between-group means comparison for the 3 groups (using 1-way ANOVA and Tam-
hane T2 post hoc multiple comparisons correction) were all significant.
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range of 60 –90 bins (sized 0.07– 0.04 � 10-3mm2/s) produced the

best classification rates.

DISCUSSION
We show that quantitative feature analysis based on clinical MR

imaging allows discriminating the main pediatric posterior fossa

tumor types with an accuracy of 91% when using a combination

of diffusion histogram metrics. These were found to be the best-

performing metrics from a comparison of histogram and texture

analysis features derived from ADC, Gd-enhanced T1WI, and

T2WI scans. Conversely, textural ADC features predicted classic

MB on average in 89% of test runs, demonstrating the potential

for further tumor subtyping and highlighting the need for dedi-

cated task-specific classifier optimization.

Features from diffusion MR imaging allowed better diagnosis

of tumor type than textural features derived from conventional

imaging. In agreement with Bull et al,7 we found that histogram-

derived metrics also outperformed mean tumor metrics. In this

study, the 25th percentile expected to characterize the most cellu-

lar and hence most aggressive tumor part allowed the best classi-

fication. This is in partial contrast to the previously reported best

discrimination based on the 75th percentile,7 which also yielded a

good discrimination in our study. The difference may be ex-

plained by the exclusion of cystic components in their study but

deliberate inclusion in ours.

Quantitative analysis of tumor characteristics produced

higher correct classification rates than clinical radiology reports

provided by neuroradiologists in a tertiary neuroscience center.

This difference likely reflects both the added value of quantitative

analysis and the current lack of emphasis in radiology reporting of

predicting tumor type provided by histology. The proposed

approach yielding higher accuracy in predicting tumor types and

possibly subtypes opens new avenues of research to explore the

potential patient benefit based on noninvasive cancer classifica-

tion. The surge of promising stratified care concepts highlight the

need for parallel development of noninvasive classifiers to com-

plement histologic and genetic classification systems. High-qual-

ity diagnosis of tumor type/subtype preoperatively would allow

better planning of surgical resection extent and may become par-

ticularly useful for treatment guidance in residual/recurrent

disease.

The possibility of combining several features by using SVMs

was investigated to complement the discriminatory information

and therefore increase classification rates. The best performance

was achieved when combining the 25th percentile � 75th percen-

tile � skewness (91.4% average correct classification). This per-

Table 6: Average correct classification rates for joint posterior fossa classifiers (3-PFT) based on shape, T2WI, and T1WI�Gd histogram/
texture featuresa

T1WI+Gd and T2WI Features PA (%) MB (%) EP (%) 3-PFT C (%)
ROI volume � T1WI�Gd histogram energy � T1WI�Gd sum entropy 83.5 78.2 74.6 78.8
ROI volume � T1WI�Gd mean � T1WI�Gd sum entropy 80.0 81.9 69.7 76.4
T2WI histogram skewness � T2WI mean � T2WI cluster prominence � T2WI sum variance 76.7 78.1 71.3 75.2

Note:—3-PFT indicates 3 posterior fossa tumor; 3-PFT C, 3 posterior fossa tumor classifiers.
a The performance of the separate individual classifiers that make up the combined classifier is also shown.

Table 7: Average correct classification rates for joint posterior fossa classifiers (3-PFT) based on shape and ADC histogram/texture
featuresa

ADC Features PA (%) MB (%) EP (%) 3-PFT C (%)
Histogram 25th percentile � histogram 75th percentile � histogram skewness 96.9 95.8 94.3 91.4
Histogram 25th percentile � histogram median 95.6 92.0 91.8 89.2
ROI volume � histogram 75th percentile � histogram median � histogram entropy 96.2 91.3 83.9 87.4
Histogram 25th percentile 95.6 91.1 88.7 85.3
Histogram 75th percentile 96.1 89.7 85.1 83.5
Histogram median 92.3 89.9 82.2 78.9

Note:—3-PFT indicates 3 posterior fossa tumor; 3-PFT C, 3 posterior fossa tumor classifiers.
a The performance of the separate individual classifiers that make up the combined 3-PFT classifier is also shown. The bottom 3 rows correspond to the best single-feature
classifiers.

FIG 3. Distribution of 25th and 75th percentile values and skewness from ADC histograms for PAs, EPs, and MBs. White matter normalized values
are used in the classifiers.
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formance is similar to classifiers based on single-voxel proton MR

spectroscopy studies of pediatric posterior fossa tumors (85%–

93%).5,24,25 To date, MR spectroscopy is available in most neuro-

imaging centers but comes at a significant increase of acquisition

time and is limited to large nonhemorrhagic tumors. There is,

however, the potential for even higher classification rates of up to

98%26 when using well-defined research protocols with multiple

TE MR spectroscopy with even longer acquisition times. In con-

trast, we show here that a short single-technique ADC scan that is

applicable to all posterior fossa tumors regardless of size or hem-

orrhagic components affords a particular time-efficient classifica-

tion of tumors.

The shape measures and ADC textural features, separately or

in combination, neither yielded useful classification performance

nor improved further ADC histogram metrics-based perfor-

mance. Shape, textural, and histogram features from T1WI�Gd

and T2WI data achieved moderate classification only (78.8% for

the best classifier based on volume � T1WI�Gd histogram en-

ergy � T1WI�Gd sum entropy). This comparative quantitative

analysis provides further evidence that diffusion MR imaging is

particularly well-suited to tumor characterization, and, in con-

junction with advanced postprocessing, may overcome current

limitations in the discriminatory performance of conventional

MR imaging for posterior fossa tumors.

Most interesting, ADC textural features and not histogram

metrics provided the best tumor-subtype classification perfor-

mance, namely 89% correct classification of classic MBs. This was

achieved by using a combination of ADC textural features (sum

average and sum variance of the Gray-Level Co-Occurrence Ma-

trix). However, the classifier was only binary in that it specified

whether a sample was a classic MB. There were insufficient data to

train a similar anaplastic MB classifier, but these promising results

suggest that it may be possible to train subtype classifiers and

that there may be specific imaging features that best reflect

specific tumor phenotypes. T2WI tex-

tural features have been found to be

strongly predictive of genotype muta-

tions in low-grade gliomas.17

Feature selection for the classifiers in

this study consisted of a systematic com-

bination of up to 4 individual features for

each technique. Histogram and textural

features from different imaging sequences

(T1WI�Gd, T2WI, or ADC) were not

cross-matched. Some of those features

may provide an overlapping description

of the tumor characteristics (eg, histo-

gram percentiles describe slightly differ-

ent aspects of the same distribution), and

feature-reduction techniques such as

principal component analysis that pro-

duce orthogonal features may improve

classifier performance. Similarly, there

are techniques that can be used to com-

bine classifiers iteratively, such as Ada-

Boost,27 which operates by weighting the

combination of classifiers to minimize

training error. These techniques produce strong classifiers from

sets of weak classifiers that have the potential to further improve

tumor type and subtype classification. Last, the SVM method-

ology proposed here is flexible and can be used to incorporate

other shape and texture measures28 and wavelets29 and to com-

bine multimodal imaging data.

Limitations
The main limitations are the relatively small datasets used, in

which low numbers of tumor types (especially in EP) resulted in

small training sets (maximum training set size nT � nF � 8).

Using new data from other centers/scanners to train the SVM

classifiers can help to improve their robustness. Most important,

the presented classification is a best case scenario, given the data,

and despite the promising accuracy, the generated classifiers from

our dataset need to be prospectively tested on independent data to

determine their robustness.

CONCLUSIONS
SVM-based classifiers by using a small set of ADC features (his-

togram and/or textural) and a small training dataset yielded very

good discrimination among pediatric posterior fossa tumors,

even though the individual features substantially overlapped. Fea-

tures derived from ADC histograms yielded classification rates

similar to those in reports based on MR spectroscopy and higher

than those extracted from conventional T1WI�Gd or T2WI data.

ADC textural features showed promise in discriminating tumor

subtypes.
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Evaluation of SWI in Children with Sickle Cell Disease
A.M. Winchell, B.A. Taylor, R. Song, R.B. Loeffler, P. Grundlehner, J.S. Hankins, W.C. Wang, R.J. Ogg, C.M. Hillenbrand, and K.J. Helton

ABSTRACT

BACKGROUND AND PURPOSE: SWI is a powerful tool for imaging of the cerebral venous system. The SWI venous contrast is affected
by blood flow, which may be altered in sickle cell disease. In this study, we characterized SWI venous contrast in patients with sickle cell
disease and healthy control participants and examined the relationships among SWI venous contrast, and hematologic variables in the
group with sickle cell disease.

MATERIALS AND METHODS: A retrospective review of MR imaging and hematologic variables from 21 patients with sickle cell disease and
age- and sex-matched healthy control participants was performed. A Frangi vesselness filter was used to quantify the attenuation of visible
veins from the SWI. The normalized visible venous volume was calculated for quantitative analysis of venous vessel conspicuity.

RESULTS: The normalized visible venous volume was significantly lower in the group with sickle cell disease vs the control group (P � .001).
Normalized visible venous volume was not associated with hemoglobin, percent hemoglobin F, percent hemoglobin S, absolute reticu-
locyte count, or white blood cell count. A hypointense arterial signal on SWI was observed in 18 of the 21 patients with sickle cell disease
and none of the 21 healthy control participants.

CONCLUSIONS: This study demonstrates the variable and significantly lower normalized visible venous volume in patients with sickle cell
disease compared with healthy control participants. Decreased venous contrast in sickle cell disease may reflect abnormal cerebral blood
flow, volume, velocity, or oxygenation. Quantitative analysis of SWI contrast may be useful for investigation of cerebrovascular pathology
in patients with sickle cell disease, and as a tool to monitor therapies. However, future studies are needed to elucidate physiologic
mechanisms of decreased venous conspicuity in sickle cell disease.

ABBREVIATIONS: BOLD � blood oxygen level– dependent; mIP � minimum intensity projection; NVVV � normalized visible venous volume; SCD � sickle cell
disease

Stroke is one of the most devastating complications in children

with sickle cell disease (SCD).1 The cause of stroke in SCD has

both occlusive and hemodynamic contributions.2,3 The patho-

physiology of vaso-occlusion is related to the poor deformability

of sickled red blood cells and the increased endothelial interac-

tions of erythrocytes and inflammatory cells, which can induce

vascular injury.4 Hemodynamic contributions arise from a hemo-

lytic anemia, creating a hyperemic state to satisfy cerebral oxygen

demands.2,3,5 Transcranial Doppler sonography is routinely used

to screen for the risk for stroke, as the increase in cerebral blood

flow in the hyperemic state is known to increase the risk for

stroke.3,6-9 MR imaging and MRA are also routinely used to assess

parenchymal injury and the vascular integrity of the cerebrovas-

cular system to assess the risk for stroke in patients with SCD.10

In addition to MRA, SWI has evolved into an important tech-

nique for imaging of the cerebrovascular system.11 SWI enhances

the venous contrast in the brain by taking advantage of the differ-

ence in magnetic susceptibility between deoxyhemoglobin and

oxyhemoglobin. Because SWI is a blood oxygen level– dependent

(BOLD) sensitive technique, the image can be affected by CBF

changes, as reported in studies that have used carbogen or caffeine

challenges or anesthesia.12-14 Hyperemia is a well-described con-

dition in SCD.5,9,15,16 SWI has not been systematically investi-

gated in SCD and may be a useful tool to study venous flow in

conditions in which CBF is increased.

Received May 2, 2013; accepted after revision September 24.

From the Departments of Radiological Sciences (A.M.W., B.A.T., R.S., R.B.L., P.G.,
R.J.O., C.M.H., K.J.H.) and Hematology (J.S.H., W.C.W.), St. Jude Children’s Research
Hospital, Memphis, Tennessee.

Grant support: NIH HL070590 (Comprehensive Sickle Center Scholar), NIH
R01HD049888, and American Lebanese Syrian Associated Charities (ALSAC).

Please address correspondence to Kathleen J. Helton, St. Jude Children’s Research
Hospital, 262 Danny Thomas Place, Mail Stop 220, Memphis, TN 38105; e-mail:
Kathleen.helton@stjude.org

Indicates open access to non-subscribers at www.ajnr.org

http://dx.doi.org/10.3174/ajnr.A3794

1016 Winchell May 2014 www.ajnr.org



In this study, we quantitatively compared the venous contrast

in patients with SCD with that of age- and sex-matched healthy

control participants. The visible venous volume calculated in each

SWI examination was correlated with hematologic variables to

determine whether this quantitative SWI measurement could be

used as a biomarker of disease severity.

MATERIALS AND METHODS
Patient Demographics and MR Imaging
This retrospective study was approved by our hospital institu-

tional review board. We analyzed diagnostic SWI scans from pa-

tients with SCD treated at our institution between March 2010

and December 2010. Patients who were sedated,14 received sup-

plemental oxygen for the MR examination, had a history of

stroke, Moyamoya vasculopathy, encephalomalacia, or who had

severe stenosis (� 75%) or occlusion of major intracranial vessels

of the circle of Willis by MRA were excluded from analysis. Of the

29 eligible patients, 7 were excluded because of severe motion

artifacts on SWI, and 1 patient was excluded for the hemoglobin

SC genotype, yielding a final cohort of 21 patients with genotype

hemoglobin SS (12 female, mean age, 12.9 � 3.7 years; 9 male,

mean age, 12.3 � 3.9 years). Patients were also categorized by

treatment: hydroxyurea, long-term transfusion therapy, or no

therapy. Hemoglobin, percent hemoglobin F, percent hemoglo-

bin S, absolute reticulocyte count, and white blood cell count

(Table 1) obtained within 30 days of the MR examination were

used as covariates for SWI analysis in the SCD group. SWI exam-

inations were also analyzed from 21 sex- and age-matched healthy

control participants (12 females, mean age, 12.7 � 4.1 years; 9

males, mean age, 12.3 � 3.5 years). The healthy control partici-

pants were enrolled from the community in an institutional re-

view board–approved clinical trial examining neural substrates of

reading (National Institutes of Health R01HD049888). Hemato-

logic parameters were not available for the control group.

In the SCD group, 12 examinations were performed at 1.5T

(Avanto and Symphony; Siemens, Erlangen, Germany) and 9 ex-

aminations at 3T (Trio; Siemens). All control examinations were

performed at 3T. The SWI acquisition involved a 3D T2*-

weighted gradient-echo sequence with the following parameters:

TE, 25 ms; TR, 56 ms at 3T and TE, 40 ms; TR, 60 ms at 1.5T; flip

angle, 20°; section thickness, 2 mm; matrix size, 384 � 257 � 72;

FOV, 210 � 210 mm2; and a parallel imaging acceleration factor

of 2. Sliding minimum intensity projections (mIP, 16-mm thick)

were used in the image analysis.

Because SWI was performed at 1.5T and 3T in the SCD group,

another set of healthy adult volunteers underwent scanning at

1.5T and 3T by use of the respective SWI

parameters to evaluate any potential dif-

ferences in the SWI signal as a function of

field strength. Twelve healthy volunteers (3

females, mean age, 53.0�5.2 years; 9 males,

mean age, 38.1 � 14.9 years) were recruited

and underwent scanning consecutively at

1.5T and 3T after informed written consent

was obtained.

Image Analysis
The apparent venous contrast was quan-

tified by segmentation of the venous structures by a Frangi vessel-

ness filter17 in Matlab (MathWorks, Natick, Massachusetts). The

mathematic basis of the Frangi vesselness filter pertaining to vessel

segmentation has been shown previously,17-19 including the evalua-

tion of SWI contrast in multiple sclerosis.20 In general, the line inten-

sity profile of the hypointense vein seen in SWI can be described as a

Gaussian function with a uniform intensity along the vessel. The

second partial derivative of the image provided by the Hessian matrix

describes the local curvature along the vessel and its cross-section.

The degree of curvature is described in the eigenvalues of the Hessian

matrix. The Frangi vesselness filter analyzes the relationship of the

eigenvalues to remove “blob” or circlelike features and determines

the likelihood of tubelike structures.

Vein maps were created by first removing the skull from the mIP

images with the Brain Extraction Tool (FMRIB Software Library;

www.fmrib.ox.ac.uk/fsl).21 To provide a similar signal intensity

range for all images, the mIP images were normalized to 98% of the

maximum signal intensity before applying the 2D Frangi vesselness

filter. The 2 filter parameters (� and c), used to suppress bloblike

structures and background noise, were set to � � 0.5 and c � 20, as

suggested in previous studies.17,22 The spatial scale of the filter was

equal to the in-plane spatial resolution of the mIP (0.55 mm). The

filter result is a probability estimate of the venous vesselness. Vein

maps were created by accepting a probability estimate of � 60%.

The volume identified as veins above the level of the M1 segment

of the MCA was divided by the total intracranial volume above the

M1 segment to create a quantitative normalized visible venous

volume (NVVV). NVVV is a dimensionless ratio. Only the sec-

tions above the M1 segment were used to avoid possible misiden-

tification of these structures as veins due to inflow effects that are

sometimes seen in gradient recalled-echo acquisitions. This also

avoided susceptibility artifacts at the level of the paranasal sinuses.

All SCD and healthy control examinations were qualitatively

graded for hypointense arterial contribution above the M1 segments

on the mIP. An examination with no hypointense arterial vessels on

the mIP SWI in the Sylvian fissure received a grade of zero. Exami-

nations with a few arterial vessels in the anterior Sylvian fissure re-

ceived a grade of I. If the arterial vessels extended through the Sylvian

fissure to the posterior temporal lobe, the examination received a

grade of II. An examination received a grade of III if multiple tertiary

arterial branches were present in the Sylvian fissure.

Finally, to evaluate potential differences in the apparent ve-

nous contrast due to field strength and respective SWI parame-

ters, calculated NVVVs at 1.5T and 3T were compared in the

same volunteer. The NVVV was calculated following the same

Correlation of NVVV with hematologic parameters

Parameter N

Interval between SWI
and Laboratory

Measurements (d) Value R (P Value)*
Hemoglobin (g/dL) 21 �0.05 � 2.4 8.51 � 1.10 0.25 (.28)
Absolute reticulocyte count

(�106/L)
21 �0.05 � 2.4 0.23 � 0.10 0.10 (.66)

White blood cell count (�106/L) 21 �0.05 � 2.4 10.10 � 4.50 0.19 (.40)
Hemoglobin F (%) 18 �3.22 � 9.38 12.84 � 9.40 �0.09 (.71)
Hemoglobin S (%) 18 �3.22 � 9.38 68.06 � 18.22 �0.25 (.31)

Note:—Results presented as mean � standard deviation.
* R(P Value) value for the correlation of each hematologic parameter and NVVV.
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procedure as described above. However, to ensure similar sec-

tion position above the M1 segment, the 1.5T mIP images were

realigned to the 3T mIP images by use of FLIRT (FMRIB Soft-

ware Library)23 before the NVVV calculation.

Statistical Analyses
Statistical analysis was performed by use of Matlab. Variables

were expressed as means � standard deviations. Group differ-

ences were assessed by use of the Wilcoxon rank sum test. Differ-

ences between 1.5T and 3T NVVV in the healthy volunteers were

assessed by the Wilcoxon signed rank test. Linear dependencies of

other physiologic markers with NVVV were tested by the Pearson

correlation coefficient. Group differences or linear relationships

were considered significant if P � .05.

RESULTS
Of the 21 patients with SCD, 15 were receiving hydroxyurea ther-

apy (mean years of therapy, 5.4 � 1.8 years; 1.5T � 7; 3T � 8), 2

were receiving long-term transfusion therapy (mean years of ther-

apy, 3.85 � 0.91 years; 1.5T � 2), and 4 were not receiving therapy

(1.5T � 3; 3T � 1).

The SCD group had a visually lower venous contrast and over-

all visible venous vasculature than the control group (Fig 1). The

loss of visible venous vasculature in the SCD group appeared to be

global, with loss of venous contrast in both the deep medullary

and regional cortical veins. By radiologic review, there were no

focal regions of decreased or increased venous contrast. However,

the presence of arteries (grade I, II, or III) in the mIP SWI was

observed in 18 (grade I � 7; grade II � 9; grade III � 2) of the 21

SCD examinations and in none of the 21 healthy control exami-

nations. Larger arterial contributions (grade II or III) were more

prominent in the 1.5T cohort (all grades: grade 0 � 1; grade I � 1;

grade II � 8; grade III � 2) than in the 3T cohort (all grades: grade

0 � 2; grade I � 6; grade II � 1; grade III � 0). Arterial signal

contributions in the mIP SWI originated from hypointense signal

in the SWI magnitude images and not from the phase mask mul-

tiplication. Figure 2 illustrates that many of the hypointense-ap-

FIG 1. SWI, mIP SWI, and segmented vein maps for a representative control (top row, NVVV � 0.032) and patient with SCD (bottom row,
NVVV � 0.013). In the mIP SWI and segmented vein maps, there is visually less venous contrast in the examination from the patient with SCD.
The arrows point to loss of cortical venous conspicuity in the frontal (A), temporal (B), occipital (C), and deep medullary (D) areas,
indicating a global decrease in signal.
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pearing vessels on the mIP SWI corresponded to a hyperintense

arterial signal on the mIP MRA. Because the arterial contribution

could not be removed from the mIP SWI, NVVV is overestimated

in the SCD groups because of the inclusion of these hypointense

arterial vessels.

Because the examinations in the SCD group were acquired at 2

magnetic field strengths, the first test analyzed differences in the

NVVV by using the segmented vein mask of healthy volunteers

who underwent scanning at 1.5T and 3T. There was a significant

difference (P � .03) in the NVVV between the 1.5T (0.024 �

0.006) and 3T (0.028 � 0.009) examinations. This finding indi-

cates a bias toward higher NVVV at 3T. Figure 3 depicts a repre-

sentative mIP SWI from the same volun-

teer who underwent scanning at 1.5T and

3T.

The measured NVVV in the SCD

group was 0.013 � 0.004 (n�12) and

0.011 � 0.006 (n�9) at 1.5T and 3T, re-

spectively. The measured NVVV in the

healthy control participants at 3T was

0.031 � 0.009 (n�21; Fig 4). There was

no significant difference in NVVV mea-

sured at 1.5T and 3T in the SCD group

(P � .21). The field strength bias detected

in the volunteers was not observed in the

SCD group. No sex differences (P � .65)

or age-related changes (P � .38) in NVVV

were observed in the healthy control par-

ticipants and volunteers at 3T.

Because of the field bias observed in

the volunteer measurements, cohort dif-

ferences were only analyzed from the 9

patients with SCD at 3T and their corre-

sponding 9 sex- and age-matched healthy

control participants. There was a signifi-

cantly lower NVVV in the 3T SCD group

when compared with the healthy control

group (0.034 � 0.011; n�9; P � .001). So

we would not further reduce our SCD

sample size, we correlated NVVV with he-

matologic variables from all SCD exami-

nations. The correlation of NVVV with

hematologic variables was evaluated to

determine parameters that may influence

venous contrast in the SCD group. There

was no significant correlation of NVVV

(Table) with hemoglobin concentration

(R � 0.25; P � .28), hemoglobin F (R �

�0.09; P � .71), hemoglobin S (R �

�0.25; P � .31), absolute reticulocyte

count (R � 0.10; P � .66), or white blood

cell count (R � 0.19; P � .40).

DISCUSSION
This study was undertaken to compare

the BOLD-sensitive SWI venous con-

trast between patients with SCD and an

age- and sex-matched healthy popula-

tion and correlate these findings with hematologic variables in

patients with SCD. We found that SCD affects the venous con-

spicuity of SWI. The NVVV was significantly lower in patients

with SCD than in healthy control participants. From a quali-

tative perspective, SWI in patients with SCD produced a global

isointense signal, which was similar in appearance to the di-

minished venous conspicuity reported in high-flow conditions

found during anesthesia14 and carbogen challenges.12 To bet-

ter understand the pathophysiology of decreased venous con-

spicuity in SCD, we investigated the relationship between SCD

SWI venous contrast and hematologic variables. There were no

correlations between the hematologic variables and SCD

FIG 2. An SCD mIP SWI (A) with several hypointense-appearing vessels that could be inter-
preted as veins (black arrowheads). The corresponding MIP TOF (B) indicated that many of the
hypointense-appearing vessels on the mIP SWI correlate with a hyperintense arterial signal from
the TOF (white arrowheads). The arrows indicated arterial contribution of more distal branches
of the left and right (anterior to posterior) bilateral anterior, middle, and posterior cerebral
arteries. This example received a grade of II because of a hypointense arterial signal on the mIP
SWI in the anterior Sylvian fissure through to the posterior temporal lobe.

FIG 3. Representative mIP SWI from the same volunteer who underwent scanning at 1.5T (A) and
3T (B) depicts similar venous anatomy. The combination of higher SNR and venous contrast at 3T
results in an improved venous conspicuity and a higher venous vessel likelihood from the Frangi
filter. Several veins (eg, deep medullary veins) appear larger at 3T. The combination of larger-
appearing veins and a higher vessel likelihood we believe were attributed to the increased
conspicuity of NVVV at 3T.
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NVVV, suggesting that other or more complex mechanisms

affect venous conspicuity.

The Frangi vesselness filter was used to quantify venous con-

trast.17 The automated vesselness filter method is superior to a

qualitative categoric grading system of weak or strong contrast

because it provides a continuous variable with which physiologic

parameters can be correlated and is not subject to user-dependent

segmentation methods. The mIP images were used in the analysis

because they had higher conspicuity of the venous vasculature

than SWI, allowing better sensitivity of venous segmentation. The

use of mIP images with the same section thickness in both

the SCD and control groups allowed a direct comparison between

the groups. However, the use of mIP images will overestimate a

true venous volume because the same venous vessels are repli-

cated on multiple sections.

In this study, there was a significant difference in NVVV be-

tween patients with SCD and healthy control participants. This

difference is unlikely the result of a morphologic decrease in the

venous vasculature in patients with SCD but, instead, may be

caused by decreased venous contrast. We excluded patients with a

history of stroke, Moyamoya, encephalomalacia, severe stenosis,

or major vessel occlusion to eliminate any confounding variance

from known macrovasculature or microvasculature disease that

could influence NVVV. Failure of the linear flow compensation

observed in 86% of the SCD examinations resulted in the inclu-

sion of an arterial vessel signal in the NVVV. This results in an

overestimation of the true apparent NVVV and indicates a larger

difference between patients with SCD and healthy control partic-

ipants. A hypointense signal from arteries in a fully flow-compen-

sated SWI sequence could indicate nonlinear flow or high flow

acceleration. The tortuous arterial vessels reported in SCD24,25

could attribute to the difference in flow compensation perfor-

mance between the patients with SCD and healthy control

participants.

Given that SCD can affect the concentration of paramagnetic

deoxyhemoglobin,26 the source of contrast in SWI, it was

expected that hematologic variables such

as hemoglobin levels or absolute reticulo-

cyte count might correlate with the

amount of venous contrast in SWI. How-

ever, we did not find any significant cor-

relation between the hematologic vari-

ables and NVVV, which may be due to the

relatively small number of patients in our

study and the included arterial signal con-

tributions. However, changes in hemato-

logic variables such as hemoglobin con-

centration can affect other important

parameters such as CBF,16,27 which may

play a more primary role in affecting

NVVV. In this retrospective study, blood

flow or perfusion values were not avail-

able to investigate this relationship. From

a physiologic standpoint, because of the

lower oxygen-carrying capacity of hemo-

globin S and the chronic anemic state in

SCD, CBF increases to maintain a con-

stant oxygen extraction fraction.2,28 SWI is sensitive to CBF

changes,12-14 and CBF could be a cause for altered SWI contrast in

SCD. The elevated CBF reported in SCD,15,28 combined with the

decreased concentration of deoxyhemoglobin,26 may represent a

complex multifactorial physiologic mechanism that results in di-

minished SWI contrast in SCD.

There were no significant sex differences or age-related

changes in NVVV in either the patients with SCD or healthy con-

trol participants and volunteers at 3T. Volunteer measurements at

1.5T and 3T detected a bias of higher NVVV at 3T. One possible

mechanism for the difference is that the TEs were not scaled pro-

portionally for the change in magnetic field. To produce similar

phase effects, the product of magnetic field strengths and TE

should be equal.29 A TE of 40 ms at 1.5T only produces 80% of the

phase offset of a TE of 25 ms at 3T. SNR also increases with higher

field. The combination of higher SNR and larger-phase offset at

3T improved contrast to noise and conspicuity of smaller venous

vessels at 3T and, thus, a larger NVVV. However, NVVV was

higher at 1.5T than at 3T in the SCD cohort. The higher NVVV

could be attributed to a larger degree of arterial contribution

(grade II or III) in the 1.5T SCD examinations than in the 3T SCD

examinations.

A limitation of this retrospective study was the small number

of patients with SCD. Several factors could have impeded our

ability to elucidate hematologic effects with NVVV, which in-

cluded a small sample size, data at 2 different fields, and arterial

contribution. Further SWI sequence design to include accelera-

tion compensation or postprocessing techniques would be neces-

sary in future studies to eliminate an arterial signal to provide a

better estimate of NVVV. Another study limitation was the ab-

sence of flow data to determine its relationship with NVVV. The

small number of patients with SCD who did not receive treatment

or received transfusions did not allow an analysis of treatment-

related NVVV effects. A longitudinal prospective study at a single

field across different SCD treatment groups is needed with quan-

titative measures of cerebral flow to determine the relationship of

FIG 4. Boxplot of the NVVV in the SCD group (1.5T � 0.013 � 0.004; 3T � 0.011 � 0.006), control
group (3T � 0.031 � 0.009), and volunteers (1.5T � 0.024 � 0.006; 3T � 0.028 � 0.009). The
difference in NVVV between the 3T SCD and control groups was significant (P � .001) when
assessed by the Wilcoxon rank sum test. Volunteer measurements at 1.5T and 3T indicate
increased conspicuity of NVVV at 3T (P � .03) when assessed by the Wilcoxon signed rank test.
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NVVV in SCD, and to assess if quantitative SWI measures could

be used as surrogate markers of disease severity and treatment

success.

CONCLUSIONS
Our study is the first to describe a spectrum of SWI changes in

children with SCD across multiple therapies. SWI venous conspi-

cuity (NVVV) was significantly lower in patients with SCD than

in healthy age- and sex-matched control participants. Given that

SCD produces a complex physiologic response to maintain ade-

quate cerebral oxygenation, several factors, particularly cerebral

blood flow and perfusion, may play a role in this decreased con-

trast in SWI. Prospective studies that include concomitant

longitudinal hematologic and flow measurements are required to

determine the physiologic mechanisms of decreased venous con-

spicuity in SCD and their usefulness as a possible biomarker of

disease severity.
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ORIGINAL RESEARCH
PEDIATRICS

Quantitative Cerebral Perfusion Imaging in Children and Young
Adults with Moyamoya Disease: Comparison of Arterial

Spin-Labeling–MRI and H2[15O]-PET
R. Goetti, G. Warnock, F.P. Kuhn, R. Guggenberger, R. O’Gorman, A. Buck, N. Khan, and I. Scheer

ABSTRACT

BACKGROUND AND PURPOSE: Cerebral perfusion assessment is important in the preoperative evaluation and postoperative follow-up
of patients with Moyamoya disease. The objective of this study was to evaluate the correlation of quantitative CBF measurements
performed with arterial spin-labeling–MR imaging and H2[15O]-PET in children and young adults with Moyamoya disease.

MATERIALS AND METHODS: Thirteen children and young adults (8 female patients; age, 9.7 � 7.1 years; range, 1–23 years) with Moyamoya
disease underwent cerebral perfusion imaging with H2[15O]-PET (Discovery STE PET/CT, 3D Fourier rebinning filtered back-projection,
128 � 128 � 47 matrix, 2.34 � 2.34 � 3.27 mm3 voxel spacing) and arterial spin-labeling (3T scanner, 3D pulsed continuous arterial
spin-labeling sequence, 32 axial sections, TR � 5.5 seconds, TE � 25 ms, FOV � 24 cm, 128 � 128 matrix, 1.875 � 1.875 � 5 mm3 voxel spacing)
within less than 2 weeks of each other. Perfusion of left and right anterior cerebral artery, MCA, and posterior cerebral artery territories was
qualitatively assessed for arterial spin-labeling–MR imaging and H2[15O]-PET by 2 independent readers by use of a 3-point-Likert scale.
Quantitative correlation of relative CBF with cerebellar normalization between arterial spin-labeling–MR imaging and H2[15O]-PET was
evaluated in a volume-based approach for each vascular territory after 3D image coregistration.

RESULTS: Interreader agreement was good (� � 0.67– 0.69), and strong and significant correlations were found between arterial spin-
labeling–MR imaging and H2[15O]-PET for both qualitative perfusion scoring (� � 0.77; P � .001) and quantitative perfusion assessment of
relative CBF with cerebellar normalization (r � 0.67, P � .001).

CONCLUSIONS: In children and young adults with Moyamoya disease, quantitative evaluation of CBF is possible with the use of arterial
spin-labeling–MR imaging without ionizing radiation or contrast injection with a good correlation to H2[15O]-PET after cerebellar
normalization.

ABBREVIATIONS: ASL � arterial spin-labeling; rCBF � relative CBF

Children and young adults with Moyamoya disease have pro-

gressive bilateral stenosis of the supraclinoid ICA, anterior

cerebral artery, MCA, and to a much lesser extent, the posterior

cerebral artery, with formation of netlike collateral vessel net-

works, termed “Moyamoya” vessels.1 “Moyamoya” is the Japa-

nese term for “puff of smoke” and describes the characteristic

angiographic appearance of the collateral vessel networks typi-

cally formed at the skull base and around the basal ganglia in

Moyamoya disease. The condition is rare; however, it is impli-

cated in approximately 6% of childhood strokes.2 The main goal

of treatment of children with Moyamoya is the prevention of fu-

ture strokes by means of surgical revascularization.

To determine the optimal targets for revascularization proce-

dures as well as for postoperative follow-up, CBF studies with the

use of Xe-CT, SPECT, or PET have been shown to be of high

clinical value.3-7 However, these methods are associated with ion-

izing radiation, which should be minimized or avoided whenever

possible and especially in young patients. Recently, interest in MR

imaging techniques for CBF assessment has grown, and initial

evaluation of these techniques has been undertaken in patients

with Moyamoya disease. MR perfusion imaging by use of dy-

namic susceptibility contrast imaging, on the basis of the decrease

of T2/T2* times of tissue during the first pass of a gadolinium-

containing contrast agent through the cerebral capillary bed, has

been shown to correlate well with the reference standard of
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H2[15O]-PET8 in the assessment of cerebrovascular occlusive dis-

ease. Arterial spin-labeling (ASL) is an alternative MR imaging

technique for CBF imaging that is based on the T1 magnetization

state of electromagnetically tagged (ie, spin-labeled), freely diffus-

ible arterial water. Blood flow measurements with ASL have been

shown to correlate well with those from DSC imaging in children

with Moyamoya disease.9

As a method requiring neither ionizing radiation nor exoge-

nous contrast material injection, ASL could represent an ideal

technique for the assessment of cerebral perfusion in children.

The purpose of the present study was thus to assess the compara-

bility of ASL and the reference standard of H2[15O]-PET imaging

in children and young adults with Moyamoya disease.

MATERIALS AND METHODS
Patients
Children and young adults with angiographically proven Moya-

moya disease who underwent both MR imaging with ASL imaging

as well as H2[15O]-PET for preoperative assessment or postoper-

ative follow-up after surgical revascularization as a routine

work-up at our institutions between January 2011 and December

2012 were included in this retrospective study. The informed con-

sent requirement was waived by the institutional review board

because of the retrospective nature of the study.

Exclusion criteria were patient age �25 years (n � 0),

H2[15O]-PET not performed within 2 weeks of ASL (n � 11),

interventions or cerebrovascular incidents (ie, transient ischemic

attacks or strokes) between the 2 examinations (n � 0), postop-

erative status �6 months (n � 0), contraindications to sedation in

children �6 years old as evaluated by a board-certified anesthesi-

ologist (n � 0), contraindications to contrast-enhanced MR

imaging, such as noncompatible metallic implants or known pre-

vious allergic reactions to gadolinium-based contrast material

(n � 0), and nondiagnostic image quality of either ASL or

H2[15O]-PET studies (n � 1: nondiagnostic image quality of ASL

caused by motion artifacts).

Thirteen children and young adults (8 female patients and 5

male patients; age, 9.7 � 7.1 years; range, 1–23 years) met all

criteria and were thus included in the study. Suzuki stages of the

angiographically confirmed Moyamoya disease in these patients

were II (n � 4), III (n � 4), IV (n � 3), and V (n � 2). Anterior

watershed infarctions were present in 4 patients unilaterally and

in 1 patient bilaterally. The mean time interval between the 2

examinations was 2 � 3 days (range, 1–13 days). H2[15O]-PET

was performed first in 3 patients, whereas ASL was performed first

in 10 patients. Because of the retrospective nature of the study, the

order of acquisition was not randomized.

MR Imaging Protocol and Image Reconstruction
MR imaging was performed with the use of a 3T scanner (HD.xt

TwinSpeed; GE Healthcare, Milwaukee, Wisconsin) equipped

with an 8-channel receive-only head coil for signal reception in all

patients. Patients under the age of 6 years (n � 6), were sedated

with propofol (Propofol-Lipuro; Braun Medical, Melsungen,

Germany) and monitored by a board-certified anesthesiologist

during the examination. A standardized MR imaging protocol for

patients with Moyamoya disease consisting of multiplanar T2WI,

T1WI, FLAIR, DWI, 3D-TOF, ASL, and contrast-enhanced DSC

as well as multiplanar postcontrast T1WI was performed in all

patients without complications.

ASL images were acquired as 32 axial sections by use of a back-

ground-suppressed, pulsed continuous arterial spin-labeling se-

quence, with a 3D stack of spiral fast spin-echo readout.10 The

labeling duration was 1.5 seconds, and a postlabeling delay of 1.5

seconds was used to reduce errors from transit time effects.11 Fur-

ther imaging parameters of the ASL sequence were TR, 5500 ms;

TE, 25 ms; FOV, 24 cm; matrix, 128 � 128; section thickness, 5

mm; and number of excitations, 3. The reconstructed voxel spac-

ing was 1.875 � 1.875 � 5 mm3. The total scan time was 5 min-

utes, 34 seconds.

Quantitative CBF maps were calculated from the ASL data by

use of the standard on-line perfusion image reconstruction pro-

vided by the scanner manufacturer. This reconstruction calcu-

lates the perfusion images according to the model described by

Wang et al,12 with an additional factor included to correct for

incomplete recovery of the magnetization in the reference image

caused by a saturation pulse applied 2 seconds before imaging.13

No further preprocessing was performed. CBF was calculated ac-

cording to the following equation.11,13

f �
�

2�T1b� 1 � e�
�

T1b�
�Sctrl � S1b1	� 1 � e�

tsat

T1g�
Sref

e
w

T1b

In this equation, f is blood flow (in mL/min per 100 mg), Sctrl-Slbl

is the difference image (control-label), and Sref is a proton-attenua-

tion–weighted reference image; � is the blood-brain partition coeffi-

cient (0.9), � is the inversion efficiency, T1b is the T1 of blood (1600

ms), T1g is the T1 of gray matter (1200 ms), w is the postlabeling delay

(1.5 seconds), and � is the labeling duration (1.5 seconds).9,12,13 To

investigate the effects of variations in blood T1 across the patient

group, the blood T1 was calculated for n � 11 patients from venous

hematocrit levels according to the equation T1 � 1/(0.83 Hct 
 0.28).

ASL perfusion values were calculated by use of an assumed blood T1

of 1600 ms and by use of the individual blood T1 for the patients in

whom hematocrit data were available.

PET Protocol and Image Reconstruction
The PET data were acquired in 3D mode on a full-ring PET/CT

scanner (Discovery STE; GE Healthcare) and corrected for atten-

uation, scatter, random photons, and dead time by use of the

corresponding low-dose CT (120 kV/80 mA). The scanner’s axial

FOV covered 15.3 cm, and transaxial images were reconstructed

by use of a 3D Fourier rebinning filtered back-projection algo-

rithm resulting in a 128 � 128 � 47 matrix with 2.34 � 2.34 �

3.27 mm3 voxel spacing; 400 – 800 MBq H2[15O] was adminis-

tered intravenously by use of an automatic injection device that

delivered the predefined tracer dose over a period of 20 seconds.

Patients under the age of 6 years (n � 6, the same as in ASL) were

sedated with the use of Propofol-Lipuro and monitored by a board-

certified anesthesiologist during the examination. The emission data

were acquired as a series of eighteen, 10-second frames.

Parametric images of CBF were generated by means of a re-

ported method14 in which a standardized arterial input function
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and image scaling on the basis of the washout rate (k2) of H2[15O]

are used to derive CBF. This technique, which is based on the

Alpert method, exploits the fact that k2 is related to the shape and

not the scale of the arterial input function and proportional to

relative CBF (rCBF): (k2 � K1/p, where p is the partition

coefficient).15

MR Imaging and PET Image Analysis

Qualitative Analysis. ASL and H2[15O]-PET CBF maps were as-

sessed separately by 2 blinded and independent radiologists with 5

years and 7 years of experience. CBF was visually categorized on a

3-point Likert scale (1: normal, 2: reduced, 3: severely reduced) in

the color-coded CBF maps (Fig 1) of each technique for anterior

cerebral artery, MCA, and posterior cerebral artery territories on

each side by comparison to cerebellar perfusion, which was as-

sumed to be normal.

Quantitative Image Analysis. Semi-automated image analysis

was performed in PMOD (version 3.4; PMOD Technologies, Zu-

rich, Switzerland). With the use of a PET perfusion template im-

age (SPM5, average H2[15O] image from 12 subjects), ASL and

PET perfusion maps were normalized to the stereotaxic spatial

array of the Montreal Neurological Institute brain template by

applying a mutual information– based registration including 12-

parameter affine and elastic transformations and transitional im-

age smoothing with a 6-mm full width at half maximum Gaussian

kernel. Successful normalization was verified visually with the aid

of image-outlining contours. After normalization, a volume-of-

interest template defining the vascular territories (left/right, ante-

rior cerebral artery, MCA, and posterior cerebral artery) and cer-

ebellum was used to extract average perfusion by territory.

This volume-of-interest template was

generated by attributing the predefined

brain regions outlined by the Hammer

N30R83 atlas16 to the respective vascular

territories and was identical in size and

shape for both H2[15O]-PET and ASL

data (Fig 2). Relative CBF values (rCBF),

that is, cerebellar normalized values, were

calculated by dividing the CBF value of

the respective supratentorial territory by

cerebellar CBF.

Statistical Analysis
Cohen � statistics were used for the as-

sessment of interreader agreement in the

evaluation of qualitative cerebral perfu-

sion. Kappa values were interpreted as

follows: � 	 0.81, excellent; � � 0.61–

0.80, good; � � 0.41– 0.60, moderate; � �

0.21– 0.40, fair; and � 
 0.20, poor

agreement.

The correlation between H2[15O]-

PET and ASL was assessed by use of

Spearman rank correlation coefficient for

qualitative perfusion scores and by Pear-

son correlation coefficient for quantita-

tive CBF values and quantitative relative

CBF values after cerebellar normalization. Bland-Altman analysis

was used to compare mean differences in CBF and rCBF between

H2[15O]-PET and ASL.

Paired t tests were used to compare CBF and rCBF values be-

tween H2[15O]-PET and ASL, and unpaired t tests were used to

compare CBF and rCBF between territories with normal (quali-

tative perfusion score of 1) and reduced perfusion (score of 2 or 3)

for both H2[15O]-PET and ASL. Differences in CBF and rCBF

between territories grouped by perfusion scores were assessed

by means of 1-way ANOVA with Tukey honestly significant

differences post hoc analysis. All statistical tests were per-

formed with the use of the statistical package R17 (http://

www.r-project.org/) and the R frontend RKWard Version

0.6.1 (http://rkward.sourceforge.net/). Statistical significance

was inferred at P � .05.

RESULTS
Qualitative Image Analysis
Interreader agreement for qualitative perfusion assessment was

good for both H2[15O]-PET (� � 0.67) and ASL (� � 0.69). A

strong and significant correlation between perfusion scores in

ASL and H2[15O]-PET was found (� � 0.77; P � .001). No pos-

terior circulation involvement that could have influenced cerebel-

lar normalization was found in our patient cohort.

Reduced perfusion in the visual qualitative assessment was

found in 33 of 78 (42%) territories in 11 of 13 (85%) patients with

H2[15O]-PET and in 32 of 78 (41%) territories in the same 11 of

13 (85%) patients with ASL. An overview of the qualitative per-

fusion assessment per vascular territory in both H2[15O]-PET and

ASL is provided in the Table.

FIG 1. Example of CBF maps from H2[15O]-PET (upper row) and ASL (lower row) in the same
2-year-old girl with Moyamoya disease show reduced perfusion in the bilateral anterior and
middle cerebral artery territories, more pronounced on the left (score 3) than on the right
(score 2).
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Quantitative Image Analysis
Quantitative image analysis revealed a strong and significant corre-

lation between H2[15O]-PET and ASL (r � 0.67, P � .001) after

cerebellar normalization (rCBF), with a regression slope of 1.0061

and intercept of �0.0057 (Fig 3). For absolute CBF values, the cor-

relation was much weaker (r�0.26, P� .015) using a literature value

(1600 ms) for the blood T1 in the ASL perfusion quantification. The

correlation was not improved with the use of an individual blood T1

on the basis of the hematocrit (r � 0.14, P � .025).

Mean CBF values (across all perfusion

territories) were 30.58 � 7.56 mL/min per

100 g in H2[15O]-PET and 28.38 � 9.15

mL/min per 100 g in ASL. Bland-Altman

analysis showed a mean difference of

2.19 � 10.23 mL/min per 100 g between

H2[15O]-PET and ASL (P � .062). After

cerebellar normalization, mean rCBF val-

ues (all territories) were 0.958 � 0.165 for

H2[15O]-PET and 0.951 � 0.247 for ASL,

with a mean difference of 0.007 � 0.186

(P � .737) (Fig 4).

Territories with normal qualitative

perfusion (score 1) showed similar values

in H2[15O]-PET and ASL (P � .497).

Similar values were also found for territo-

ries with reduced perfusion (score 2) in

H2[15O]-PET and ASL (P � .162). For

territories with severely reduced perfu-

sion (score 3), values tended to be higher

in H2[15O]-PET (CBF: 23.00 � 3.70 mL/min per 100 g; rCBF:

0.677 � 0.161) than in ASL (CBF: 16.06 � 5.18 mL/min per 100 g;

rCBF: 0.507 � 0.098), though not at a statistically significant level

(P � .085). An overview of all quantitative perfusion values is

provided in the Table. Quantitative perfusion values were signif-

icantly lower in territories with reduced qualitative perfusion

scores (ie, scores 2 and 3) compared with those with normal qual-

itative perfusion for both H2[15O]-PET (CBF: P � .025, rCBF:

FIG 2. Volume-of-interest definition for quantitative CBF assessment per territory (upper row: H2[15O]-PET; lower row: arterial spin-labeling).

Overview of qualitative perfusion scores and quantitative perfusion in H2[15O]-PET and ASL

Qualitative
Perfusion

Quantitative
Perfusion

Territory

ACA MCA PCA
PET

Normal CBF: 31.51 � 6.87a 9/26 (35%) 13/26 (50%) 23/26 (88%)
rCBF: 1.011 � 0.112

Reduced CBF: 28.20 � 6.97a 12/26 (46%) 9/26 (35%) 3/26 (12%)
rCBF: 0.943 � 0.163

Severely Reduced CBF: 23.00 � 3.70a 5/26 (19%) 4/26 (15%)
rCBF: 0.677 � 0.161

ASL
Normal CBF: 31.88 � 8.24a 6/26 (23%) 15/26 (57%) 25/26 (96%)

rCBF: 1.059 � 0.159
Reduced CBF: 24.76 � 7.58a 15/26 (58%) 8/26 (31%) 1/26 (4%)

rCBF: 0.853 � 0.249
Severely Reduced CBF: 16.06 � 5.18a 5/26 (19%) 3/26 (12%) None

rCBF: 0.507 � 0.098

Note:—ACA indicates anterior cerebral artery; PCA, posterior cerebral artery; rCBF, relative CBF (values are given as
ratios to cerebellar CBF).
a CBF values are given as mL/min per 100 g.
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P � .016) and ASL (CBF: P � .010, rCBF: P � .004). Significant

differences between territories with reduced perfusion (score 2)

and severely reduced perfusion (score 3) were found for ASL (P �

.03) but not for H2[15O]-PET (P � .17).

DISCUSSION
In the present study, we compared MR imaging– based and PET-

based methods for the evaluation of cerebral perfusion in children

and young adults with Moyamoya disease, through the use of

qualitative and quantitative approaches. Our results demonstrate

that CBF assessment by use of ASL-MR imaging with cerebellar

normalization correlates well with the reference standard

H2[15O]-PET method. This suggests that ASL-MR imaging could

be a valuable alternative to H2[15O]-PET, while avoiding the use

of ionizing radiation and injection of an exogenous contrast

agent. However, absolute values of CBF may differ between the

modalities.

The most widely used MR imaging technique is gadolinium-

enhanced DSC, which is based on the decrease of T2/T2* signal

intensity of cerebral tissue during the first pass of gadolinium

through the capillary bed. It has been shown to reveal alterations

in perfusion even in apparently (structurally) normal cerebral pa-

renchyma in patients with Moyamoya disease and may be used in

the targeting of revascularization approaches.18 In a recent study,

quantitative CBF values obtained with DSC were shown to

strongly correlate with CBF values from H2[15O]-PET in patients

with Moyamoya disease or ICA occlusions, though with a slight

underestimation of CBF values in DSC.8

Arterial spin-labeling is a well-established method for the

quantitative assessment of cerebral perfusion. It does not require

the injection of an exogenous contrast agent but instead uses the

water in arterial blood as an endogenous tracer through electro-

magnetic tagging with radiofrequency pulses. For the calculation

of blood flow, the amount of labeled blood arriving in the cerebral

tissue after a predefined transit time is measured by subtraction

from a previously acquired control image.19 A high correlation

between ASL and DSC has been reported, with correlation coef-

ficients between ASL and DSC of 0.62– 0.79 in patients with acute

ischemic stroke.20 In a recent study with the use of DSC as the

standard of reference in children with Moyamoya disease, it could

be demonstrated that ASL-based measurements of CBF showed a

similarly strong and significant correlation with DSC-based per-

fusion (r � 0.79, P � .001), enabling the detection of impaired

perfusion per cerebral vascular territory with a high diagnostic

accuracy.9 In a direct comparison of ASL and H2[15O]-PET, one

study found similar cortical perfusion values with no significant

FIG 3. Correlation of relative CBF after cerebellar normalization
(rCBF) between H2[15O]-PET and arterial spin-labeling (r � 0.67, P �
.001). Linear regression fit line is shown in red (dashed lines show 95%
confidence limits).

FIG 4. Bland-Altman plots of CBF (mL/100 g per minute) and relative CBF after cerebellar normalization (rCBF).
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differences between the 2 modalities in 12 healthy subjects.21

However, to the best of our knowledge, there has been no study

comparing cerebral perfusion imaging with ASL and the current

reference standard of H2[15O]-PET in children and young adults

with Moyamoya disease.

Assessment of CBF with ASL imaging has been shown to cor-

relate with (123I-IMP)-SPECT in patients with Moyamoya dis-

ease, though the absolute values of CBF were found to be slightly

lower in ASL.22 Our results show a similar trend toward underes-

timation of CBF in ASL compared with H2[15O]-PET, particu-

larly in territories with severely reduced perfusion in the qualita-

tive visual assessment. This could be partly due to long transit

times caused by the presence of collateral vessel networks feeding

these territories, leading to a loss of perfusion signal in which the

labeled blood does not arrive between the time of labeling and

image acquisition, resulting in artificially low CBF values.23 How-

ever, because transit time errors would not be expected to affect

the cerebellar perfusion in Moyamoya disease, the observation

that cerebellar normalization improves the correlation between

ASL and PET suggests that lengthened transit times are not the

major source of the discrepancy in absolute perfusion values be-

tween the 2 modalities. Rather, our observation that cerebellar

normalization improves the agreement between ASL and PET

suggests that errors in global scaling factors (which would affect

the cerebellum and cortical/subcortical regions equally) are likely

to underlie the differences in absolute ASL and PET perfusion

values. Because the reliability of ASL perfusion values is most

affected by errors in the labeling efficiency, the equilibrium mag-

netization of blood and tissue, and the blood T1 used for perfu-

sion scaling,24 errors in these factors may contribute to the differ-

ence in perfusion values measured between ASL and PET

observed in the present study. However, accounting for differ-

ences in blood T1 did not improve the correlation between ASL

and PET perfusion values in our study, suggesting that the dis-

crepancy observed between the perfusion measurements from the

2 modalities without cerebellar normalization are likely to arise

from other effects. Future studies should investigate if MR angio-

graphic flow measurements can reduce these errors by correcting

the labeling efficiency values used for quantification.

Alternatively, the difference in ASL-derived and H2[15O]-

PET– derived CBF values could also be caused by the use of a

mean arterial input function– based method for H2[15O]-PET.14

Whereas this method substantially reduces the invasive nature of

H2[15O]-PET, it does not measure the individual activity in arte-

rial blood. Indeed, CBF measured with the less invasive technique

was shown to overestimate true perfusion by approximately 11%.

Because this difference is substantially larger than that between

ASL and PET in our study, the underestimation that we found

could be considered negligible. This is supported by the lack of a

significant difference in CBF or rCBF in territories with qualita-

tively normal perfusion.

Generally, comparisons of quantitative values between differ-

ent modalities with different quantification models must be inter-

preted with caution. To minimize bias caused by different quan-

tification models, we normalized the CBF values found in the

supratentorial vascular territories to cerebellar CBF (rCBF). In

patients with Moyamoya disease, which predominantly affects the

anterior circulation, cerebellar perfusion may be assumed to be

normal and act as an intraindividual reference for the detection of

reduced perfusion. In our study, the mean difference in perfusion

values between H2[15O]-PET and ASL was reduced from approx-

imately 13% to a mere 0.7% after cerebellar normalization, lead-

ing to a regression slope of 1.0061 (intercept of �0.0057) and

allowing for a more meaningful comparison between the 2

modalities.

Limitations
A limitation of our study is the rather small study cohort. How-

ever, this is inherent to the low prevalence of this disease. Second,

ASL and H2[15O]-PET were not performed in an integrated

PET/MR imaging scanner in the same examination or on the

same day, but up to 13 days apart. However, there were no inter-

ventions or cerebrovascular incidents between the 2 examinations

in any of the patients. Because we had no patients with both pre-

operative and postoperative examinations with both ASL and

H2[15O]-PET, we could not evaluate the correlations of ASL and

H2[15O]-PET for the assessment of postoperative improvement

of perfusion.

CONCLUSIONS
Our results demonstrate that the assessment of CBF after cerebel-

lar normalization by use of arterial spin-labeling MR imaging cor-

relates well with the H2[15O]-PET reference standard method in

children and young adults with Moyamoya disease. Therefore,

ASL may prove to be a valuable alternative for preoperative as-

sessment and postoperative follow-up in these patients without

the use of ionizing radiation or the need for injection of an exog-

enous contrast agent.

Disclosures: Geoffrey Warnock—OTHER RELATIONSHIPS: Teaching consultant for
PMOD Technologies. Alfred Buck—UNRELATED: Royalties: Medrad Inc.
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Spinal Cord Injury after Blunt Cervical Spine Trauma:
Correlation of Soft-Tissue Damage and Extension of Lesion

R. Martínez-Pérez, I. Paredes, S. Cepeda, A. Ramos, A.M. Castaño-León, C. García-Fuentes, R.D. Lobato, P.A. Gómez, and A. Lagares

ABSTRACT

BACKGROUND AND PURPOSE: In patients with spinal cord injury after blunt trauma, several studies have observed a correlation
between neurologic impairment and radiologic findings. Few studies have been performed to correlate spinal cord injury with ligamentous
injury. The purpose of this study was to retrospectively evaluate whether ligamentous injury or disk disruption after spinal cord injury
correlates with lesion length.

MATERIALS AND METHODS: We retrospectively reviewed 108 patients diagnosed with traumatic spinal cord injury after cervical trauma
between 1990 –2011. Plain films, CT, and MR imaging were performed on patients and then reviewed for this study. MR imaging was
performed within 96 hours after cervical trauma for all patients. Data regarding ligamentous injury, disk injury, and the extent of the spinal
cord injury were collected from an adequate number of MR images. We evaluated anterior longitudinal ligaments, posterior longitudinal
ligaments, and the ligamentum flavum. Length of lesion, disk disruption, and ligamentous injury association, as well as the extent of the
spinal cord injury were statistically assessed by means of univariate analysis, with the use of nonparametric tests and multivariate analysis
along with linear regression.

RESULTS: There were significant differences in lesion length on T2-weighted images for anterior longitudinal ligaments, posterior longi-
tudinal ligaments, and ligamentum flavum in the univariate analysis; however, when this was adjusted by age, level of injury, sex, and
disruption of the soft tissue evaluated (disk, anterior longitudinal ligaments, posterior longitudinal ligaments, and ligamentum flavum) in a
multivariable analysis, only ligamentum flavum showed a statistically significant association with lesion length. Furthermore, the number of
ligaments affected had a positive correlation with the extension of the lesion.

CONCLUSIONS: In cervical spine trauma, a specific pattern of ligamentous injury correlates with the length of the spinal cord lesion in MR
imaging studies. Ligamentous injury detected by MR imaging is not a dynamic finding; thus it proved to be useful in predicting neurologic
outcome in patients for whom the MR imaging examination was delayed.

ABREVIATIONS: ALL � anterior longitudinal ligament; ASIA � American Spinal Injury Association Impairment Scale; LF � ligamentum flavum; PLL � posterior
longitudinal ligament; SCI � spinal cord injury; SCIWORA � spinal cord injury without radiological abnormalities

Acute traumatic spinal cord injury (SCI) is located at the cer-

vical level in 45–75% of cases.1,2 Thus, cervical trauma is

potentially the source of long-term disability because of its asso-

ciated risk of SCI.2 The internal architecture of the spinal cord, as

well as soft tissue injury, is best visualized with MR imaging. How-

ever, MR imaging performed after the cervical trauma has prog-

nostic implications for the therapeutic management of this dis-

ease; hence, it has become part of the standard imaging protocol

for patients with acute cervical spine injury.3 Since the early 1990s,

several studies have investigated the role of several radiologic

findings in SCI.3,4 Previous published reports have described

the mechanism and biomechanics of spinal stability after blunt

trauma.5-7 It is believed that the degree of soft-tissue damage is

related to the severity of the SCI. However, very few studies have

similarly shown this association.

Instead, the correlation between lesion length and neurologic

outcome has been sufficiently demonstrated in the acute phase

after cervical trauma.8,9 In fact, it has been recommended that the

first MR imaging should be performed 24 –72 hours after injury.10

The prognostic value of MR imaging in later stages is less clear

because of the dynamic nature of edema and the dependence on

the lesion length after trauma.11 Therefore, we designed this study

to detect soft-tissue injuries that are related to more pronounced
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lesions, which MR imaging can detect, including more severe SCI.

Soft-tissue injury is a more static finding than is cord edema and

can convey potentially relevant information when MR imaging is

delayed (Fig 1).

MATERIALS AND METHODS
Patients with known SCI after non-penetrating cervical spine

trauma over a 21-year period were recruited in the clinical, retro-

spective data base. Only patients in whom cervical MR imaging

was performed within 96 hours after trauma were selected for

further analysis.

Patients who were neurologically intact, or whose MR imaging

was performed after the fourth day of the injury, were excluded.

Patients with severe traumatic brain injury or upper cervical spine

injuries (C1–C2 fractures) were also excluded from the analysis.

Thoracic injuries were not included either.

We recorded clinical variables, including age, sex, mechanism

of injury, and neurologic status. Epidemiologic data also exam-

ined age, sex, and mechanism of injury from the medical records.

Neurologic status was assessed clinically during the first examina-

tion by using the American Spinal Injury Association Impairment

Scale (ASIA) (Table 1).

Plain radiographs, CT scans, and MR images were consensu-

ally assessed by a neurosurgeon trained in cervical trauma images

(I.P.) and an experimental neuroradiologist (A.R.). Both observ-

ers were blinded to patient clinical and neurologic data.

To diagnose the level and extension of injury and determine

the number of fractures, plain radiographs, MR imaging, and CT

were used. The presence of fracture and bone integrity was as-

sessed in the CT scan.

Soft-tissue injury was assessed with the use of MR imaging and

analyzed with anterior longitudinal ligament (ALL), posterior

longitudinal ligament (PLL), and ligamentum flavum (LF), and

the intervertebral disk was examined. In all patients, MR imaging

was performed within the first 4 days after trauma. MR imaging

was performed with the use of a 1.5T magnet and 3-mm section

thickness for axial and sagittal planes. We analyzed ligamentous

injury by assessing disruption in T1- and T2-weighted images (in

a sagittal plane), including axial T2- and T2*-weighted images. In

all patients, lesion length was determined by intramedullary cord

signal intensity change in T2-weighted images and was defined as

the distance in millimeters between the most caudal and cephalad

signal intensity change in the cord. Soft-tissue disruption was de-

fined as a clear MR imaging signal with complete discontinuity of

the structure in all appropriate imaging sections.

The segment affected was defined as fracture level with only 1

fracture: if there was more than 1, it was defined as the fracture

FIGURE. A, Traumatic herniation disk producing spinal cord compression at the same level; it is seen as hyperintensity in the T2-weighted image.
Lesion length is measured in millimeters from the most cephalad level to the lowest (arrows). B, Sagittal projection on T2-weigthed images.
Disruption of posterior longitudinal ligament is visualized at level C5–C6. C, Sagittal projection on T2-weighted image. At level C7–T1, the injured
anterior longitudinal ligament (arrow) is seen. Signal changes are shown at level C6 –C7. D, Damage in anterior longitudinal ligament, posterior
longitudinal ligament, ligamentum flavum, and disk are represented by a disruption in low signal intensity corresponding to this structure.

Table 1: American Spinal Injury Association Impairment Scale
Grade A Complete: No sensory or motor function is

preserved in the sacral segments S4–S5
Grade B Incomplete: Sensory but not motor function is

preserved below the neurological level and
includes the sacral segments S4–S5

Grade C Incomplete: Motor function is preserved below the
neurological level, and more than half of key
muscles below the neurological level have a
muscle grade �3

Grade D Incomplete: Motor function is preserved below the
neurological level, and at least half of key
muscles below the neurological level have a
muscle grade �3

Grade E Normal: Sensory and motor function is normal
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level that produced the most cord compression. In cases with SCI

but without radiologic abnormalities (SCIWORA), we consid-

ered the segment to be affected when the soft tissues were most

injured.

We analyzed the data with univariate and multivariate meth-

ods to compare the damage of soft-tissue structures (LF, ALL,

PLL, and disk), including the extent of SCI. ALL, PLL, LF, and disk

injuries were independently analyzed as dichotomous variables

(damaged or intact); the extent of SCI (distance between the most

caudal and cephalad of the cord signal intensity change [hyperin-

tensity] in a sagittal plane, T2-weighted image measured in milli-

meters) was considered to be a continuous variable. Levels of

injury, age, and sex were analyzed as potential covariates. Sex

(male/female) and level of injury (upper lesion, C3-C4-C5 and

lower lesion, C6-C7-C8) were considered dichotomous variables,

whereas age was seen as a continuous variable. The Mann-Whit-

ney U test compared lesion length of each predefined qualitative

variable (ALL, PLL, LF, and disk damage, sex, and level of injury).

Spearman � was calculated to demonstrate the correlation be-

tween lesion length and age. Variables with a value of P � .1 were

included in the multivariate analysis. Linear regression was used

for the multivariate analysis as well.

The Kruskall-Wallis test could also probe a possible associa-

tion between how many ligaments were affected (none, 1, 2, or 3

ligaments), including lesion length.

The association between lesion length and neurologic status

was also analyzed. Lesion length was considered a continuous

variable, as stated previously. Neurologic status at admission was

separated as complete SCI (ASIA A) and incomplete SCI (ASIA B,

C, and D). We used a t test to compare the lesion length for the 2

groups. The threshold for statistical significance was P � .05, and

all tests were calculated by use of SPSS v20 (IBM, Armonk, New

York).

RESULTS
We retrospectively reviewed 331 patients with known or sus-

pected SCI or with radiculopathy after a non-penetrating cervical

spine trauma who presented to the emergency department or the

intensive care unit at our institution between 1990 –2011. MR

imaging was performed on 186 patients within 96 hours after

trauma who were then selected for further analysis. We excluded

40 patients with severe traumatic brain injury from the analysis.

In addition, 38 patients with upper cervical spine trauma (C1–C2

fractures) were also excluded. Finally, data analysis included 108

patients (87 men and 21 women, ages 17– 86 years; overall mean

age, 40.5 years) (Table 2). Seventy-four patients had 1 fracture, 13

patients had 2, and 3 patients had 3 noncontiguous fractures,

respectively. In 18 patients, there was no evidence of any fracture

after radiologic examination: all patients were diagnosed with SCI

without radiologic abnormalities (SCIWORA). The most com-

mon mechanism of injury was motor vehicle crash (Table 2). The

C5–C6 spinal level was most commonly involved (Table 2). As

stated, MR imaging was performed within 96 hours after the

trauma occurred in all patients, whereas in 81.4% of these pa-

tients, it was performed within the first 72 hours. According to

ASIA, there were 39 patients with ASIA A, 10 patients with ASIA

B, 22 patients with ASIA C, and 37 patients with ASIA D (Table 2).

Age was correlated with lesion length (P � .036) in the univar-

iate analysis and was included in the multivariate analysis as a

covariate. The level of lesion (P � .449) and sex (P � .398) were

not associated with larger lesions in the univariate analysis. Eigh-

teen patients did not show hyperintensity changes in T2-weighted

images. ALL was disrupted in 52.8% of cases, PLL in 58.3%, LF in

48.1%, and disk in 57.4%. Average cord lesion length (in mm) for

disrupted and non-disrupted soft tissue was 64.60 and 43.22 for

ALL, 59.40 and 47.64 for PLL, 74.46 and 35.96 for LF, 59.71 and

47.48 for disk, respectively. All structures showed a greater mean

lesion length when there was soft-tissue disruption, compared

with when there was not disruption. With the use of univariate

analysis, LLA, PLL, LF, and disk disruption were related to a

significantly larger lesion length (Table 3). However, in multi-

variate analysis, LF was the only structure showing a significant

association between the ligament injured and greater lesion

length (Table 4).

There were 22 patients without disrupted ligaments, 34 with 1

Table 2: Characteristics of patients with acute traumatic cervical
SCI

Characteristic No. of Patients (%)
Mean age, y 40.5 (17–86)
Male 87 (80.6)
Female 21 (19.4)
Severity of SCI

ASIA A 39 (36.1)
ASIA B 10 (9.3)
ASIA C 22 (20.3)
ASIA D 37 (34.3)

Spinal level of SCI
C3–C4 16 (14.8)
C4–C5 22 (20.3)
C5–C6 31 (28.7)
C6–C7 24 (22.2)
C7–T1 15 (13.8)

Cause of SCI
Motor vehicle crash 61 (56.4)

Car crash 35 (32.4)
Pedestrians 8 (7.4)
Motorcyclists 18 (16.6)

Falls 33 (30.6)
Sport injury 9 (8.3)
Aggression/assault 5 (4.6)

Table 3: Univariate analysis: Qualitative variables (soft tissues)

Structure

No. of Cases (%)
Mean Length of

Lesion, mm P
ValueIntact Disrupted Intact Disrupted

ALL 51 (47.2) 57 (52.8) 43.22 64.60 �.001
PLL 45 (41.7) 63 (58.3) 47.64 59.40 .05
LF 56 (51.9) 52 (48.1) 35.96 74.46 �.001
Disk 46 (42.6) 62 (57.4) 47.48 59.71 .044

Table 4: Multivariate analysis: Linear regression
Dependent Variable Independent Variable P Value
Lesion length (mm) ALL .395

PLL .525
LF �.001
Disk .464
Age .215

Note:—R2 value of prediction model number 1 � 0.365.
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disrupted ligament, 17 with 2 disrupted ligaments, and 35 with 3

disrupted ligaments. Mean lesion lengths in millimeters were

29.75, 50.15, 56.38, and 73.37 for none, 1, 2, and 3 disrupted

ligaments, respectively. The number of disrupted ligaments cor-

related with lesion length (Pearson correlation coefficient, 0.49;

P � .01).

Patients with complete SCI at admission had a larger in-

tramedullary lesion (P � .001) than did patients with incomplete

SCI.

DISCUSSION
Previous studies show that lesion lengths measured in sagittal

T2-weighted images are related to patient prognosis.9,12-14 Edema

is seen in T2 MR imaging sequences as hyperintensity of the signal

within the cord, whereas a low intensity area on T2-weighted im-

ages in the acute stage is thought to indicate intramedullary hem-

orrhage, attributed to deoxyhemoglobin.15,16 In addition, be-

cause hemorrhage is almost always concurrent with edema, it is

common to measure signal hyperintensity in T2-weighted images

to determine the length of the lesion.17 It is not clear whether these

signal changes are a result of primary or secondary spinal cord

damage.18

MR imaging may be a useful tool in the management of cervi-

cal trauma, especially in cases of questionable structural instabil-

ity, because it is extremely useful in detecting soft-tissue in-

jury.19,20 Patients without demonstrated abnormalities in plain

radiographs or CT may show signs of instability with MR imag-

ing, as determined by soft-tissue involvement. Some authors have

demonstrated that different ligamentous injuries are associated

with spinal instability; therefore, this could serve as a guide for

surgical treatment of traumatic instability of the spinal cord.

Greater posterior vertebral body translation and angulation are

related to disruption of the posterior ligamentous complex21,22

and are indirect signs of spinal instability.

For assessing disruption of ligaments, T2-weighted images in

the sagittal plane should be included in all MR imaging proto-

cols.3 Other sequences have been described in the literature to

rule out soft-tissue injuries, such as fat-suppressed T2 images

(STIR).19,20 In acute cervical trauma, MR imaging has moderate

to high sensitivity for injury of specific ligamentous structures but

low specificity for intraoperative findings of the same injuries.23,24

The posterior ligamentous complex consists of supraspinous and

interspinous ligaments: the LF, the facet capsules, and the cervical

fascia.25-28 In several studies, MR imaging was also sensitive for

the evaluation of injury of the posterior ligamentous com-

plex19,24; this suggests that injury to ALL may be underestimated

with the use of MR imaging, if the findings are considered in

isolation. The explanation is that ALL and PLL adhere to the disk,

whereas only the ALL adheres to the vertebrae, such that the PLL

is easier to identify.3

We have discussed the importance of MR imaging in the de-

tection of ligamentous injury after cervical trauma: it also deter-

mines the structural stability of the cervical spine. Spinal instabil-

ity is related to neurologic injury and therefore to cord injury

because the involvement of soft tissue may play a role in the extent

of SCI. This report shows that damage to soft tissue such as LF,

ALL, PLL, and disk is related to longer-length cord hyperintensity

as measured in T2-weighted images; when this was adjusted for

age, level of injury, sex, and ligamentous or disk injury in a mul-

tivariate analysis, only LF injury was found to be significantly

associated with lesion length.

We hypothesize that LF injury is more strongly correlated with

extension of cord damage, in that posterior elements are associ-

ated with increased instability and therefore with greater SCI. An-

other possible explanation is that the LF is more elastic and that

more pressure is needed to break it. The force required for this

kind of injury would be responsible for SCI; it is probably the

result of a combination of the 2 mechanisms because they are not

mutually exclusive. We excluded patients with upper cervical

fractures because these lesions are the result of different injury

mechanisms.18

Several prognostic factors have been described as predictive of

traumatic spinal cord damage.10,13,17,29-32 Some studies have fo-

cused on particular clinical features, such as SCIWORA,29,33 Cen-

tral Cord syndrome,29 or Brown-Sequard syndrome.34 Evidence

in the literature shows that more severe abnormalities seen

through MR imaging have been associated with more severe neu-

rologic status. Excessive edema, changes in T2-weighted images,

greater degree of cord compression, and hemorrhage have been

related to worse neurologic outcomes.9,35-38 Gain in motor

strength at follow-up has been seen to correlate with a decrease in

T2-weighted hyperintensity in serial MR imaging studies.39 Some

authors have described a close correlation between level of injury

and severity of SCI.30 Miranda et al34 found an association be-

tween MR imaging signal changes and level of injury. Therefore,

because the level of injury is related anatomically with the level of

fracture, we also introduced this factor in the multivariate analy-

sis. To our knowledge, there is 1 paper in the literature that relates

the severity of ligamentous injury with degree of SCI.6 In this

study, we found that the severity of PLL, versus ALL injury, was

correlated with more severe SCI, especially in patients with exten-

sion fractures.

Our study found that patients without signal changes in the

spinal cord had few neurologic deficits. Patients with complete

SCI showed larger lesions than did those with incomplete SCI.

This in turn highlights the correlation between radiologic and

clinical findings.

Limitations
The first limitation of our study may be related to the timing of the

MR imaging. Clinical instability associated with cervical trauma

sometimes impedes the reliability of MR imaging in the first

hours. A review of the literature by Bozzo et al3 concluded that

MR imaging should be done in the acute period after SCI for

better prognostication. It has also been recommended that the

first MR imaging should be performed 24 –72 hours after

trauma.10 However, there is a lack of evidence supporting precise

guidelines.3,23 In fact, transferring critical or unstable patients

from the intensive care unit to an x-ray room presents an unac-

ceptable risk during the first days, especially in patients with

trauma. Length of edema in T2-weighted images depends on the

time when the MR imaging was performed after trauma.11 The

extension of the lesion may be overestimated in patients in whom

MR imaging was performed at a later point in time. To focus on
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acute traumatic injury, and to minimize potential bias introduced

with chronic injury, we only included patients who had under-

gone MR imaging during the first 96 hours after injury. In 82.4%

of these patients, MR imaging was performed within 72 hours

after trauma.

The second limitation of our study could be correct identifi-

cation and diagnosis of ligament disruption. T2-weighted images

have shown moderate to high sensitivity with low specificity

when compared with intraoperative findings in ligament disrup-

tion.23,24 Other sequences have been described in the literature

that rule out soft-tissue injuries, such as STIR. One study showed

a high correlation between STIR sequences and intraoperative

findings in detecting soft-tissue injury.27 Unfortunately, the STIR

sequence was not included in all cervical trauma protocols during

the initial years of this study; in this sense, not all patients were

observed for STIR sequence, even though most were. We used

STIR for assessment of soft tissue when it was available. Any as-

sessment of the extent of damage in spinal cord and ligament

injuries is subjective, which poses another potential limitation

and source of bias.

Third, this study comprised a select group of cases that were

managed in the intensive care or neurosurgery units. Minor cer-

vical trauma with a lesser degree of lesion does not require MR

imaging by protocol in most cases. Furthermore, this study does

not include all patients with cervical spine trauma, but it does

involve most patients with more severe cervical trauma.

Fourth, steroids were not included in our treatment protocol

after Bracken et al40 could not corroborate statistically significant

benefits from steroids. Most patients did not receive steroids, and

it was therefore not possible to access this information in relation

to the time of imaging; thus, this factor could not be adequately

analyzed because it could have affected length of abnormal cord

signals.

Finally, lesion length represents the degree of SCI but is not a

measure of neurologic outcome at follow-up. In this light, inter-

pretation of these results should be taken with caution. Neverthe-

less, initial neurologic examination tends to have a certain degree

of subjectivity: in patients with trauma, sedation, distractive pain,

or clinical condition confounds reliable interpretation of the neu-

rologic state at admission. This is often the case when it is neces-

sary to differentiate between ASIA A (complete SCI) and ASIA B

(incomplete, but no motor function preserved) in sedated pa-

tients. In the acute phase, lesion length is a measure that has been

well correlated with neurologic recovery.9,11 Reliability issues, as

the result of feasibility of clinical examination for initial assess-

ment of cervical spine trauma, were better determined in our

study when MRI was performed within 96 hours after trauma. We

prefer to use a continuous quantitative variable to indirectly ap-

praise the degree of SCI. Our results correlate with those of pre-

vious works,8,9,36 and larger lesions statistically correlate with

more severe neurologic deficits with complete SCI in the acute

phase (P � .001). However, other investigators have found that

lesion length depends on the time of MR imaging after trauma.11

The value of the extent of the lesion may be overestimated in

patients for whom MR imaging was performed later. Therefore,

we must determine which soft-tissue injury is associated with a

greater degree of SCI, given that this is a static finding; however,

intramedullary signal changes are dynamic, and their prognostic

value decreases over time. Injury of the LF is a feature perdurable

over time. It can also be detected when MR imaging is performed

at a more delayed stage if the patient is clinically unstable during

the acute phase and the MR imaging is not able to be obtained at

an earlier stage. It could also be helpful in predicting neurologic

outcome in these cases.

CONCLUSIONS
We have presented the first study that correlates ALL, PLL, LF,

and disk lesions according to the degree of spinal cord damage.

Patients who had disruption of the LF showed greater length of

lesion as measured by MR imaging. Additionally, the statistical

association between number of ligaments injured and greater sig-

nal changes in T2-weighted images of the spinal cord has been

demonstrated.

We still have several concerns (timing of imaging, poor spec-

ificity in measurement method, short follow-up period, lack of

objectivity); however, findings suggest that the extent of the T2

signal (after cervical spine trauma) correlates to a specific pattern

of ligamentous injury. This might help determine neurologic out-

come when MR imaging is performed after the acute phase, in

that other features have less predictive potential.

Carefully designed studies, including neurologic outcome at

follow-up, are needed to confirm some of our preliminary

observations.

Disclosures: Ana Ramos—UNRELATED: Grants/Grants Pending: FIS* (*money paid
to institution).

REFERENCES
1. Hasler RM, Exadaktylos AK, Bouamra O, et al. Epidemiology and

predictors of spinal injury in adult major trauma patients: Euro-
pean cohort study. Eur Spine J 2011;20:2174 – 80

2. Milby AH, Halpern CH, Guo W, et al. Prevalence of cervical spinal
injury in trauma. Neurosurg Focus 2008;25:E10

3. Bozzo A, Marcoux J, Radhakrishna M, et al. The role of magnetic
resonance imaging in the management of acute spinal cord injury.
J Neurotrauma 2011;28:1401–11

4. Boldin C, Raith J, Fankhauser F, et al. Predicting neurologic recovery
in cervical spinal cord injury with postoperative MR imaging. Spine
2006;31:554 –59

5. Pizones J, Izquierdo E, Sanchez-Mariscal F, et al. Sequential damage
assessment of the different components of the posterior ligamen-
tous complex after magnetic resonance imaging interpretation:
prospective study 74 traumatic fractures. Spine 2012;37:E662– 67

6. Song KJ, Kim GH, Lee KB. The efficacy of the modified classification
system of soft tissue injury in extension injury of the lower cervical
spine. Spine 2008;33:E488 –93

7. Vaccaro AR, Madigan L, Schweitzer ME, et al. Magnetic resonance
imaging analysis of soft tissue disruption after flexion-distraction
injuries of the subaxial cervical spine. Spine 2001;26:1866 –72

8. Flanders AE, Spettell CM, Tartaglino LM, et al. Forecasting motor
recovery after cervical spinal cord injury: value of MR imaging. Ra-
diology 1996;201:649 –55

9. Miyanji F, Furlan JC, Aarabi B, et al. Acute cervical traumatic spinal
cord injury: MR imaging findings correlated with neurologic
outcome: prospective study with 100 consecutive patients. Radiol-
ogy 2007;243:820 –27

10. Bondurant FJ, Cotler HB, Kulkarni MV, et al. Acute spinal cord
injury: a study using physical examination and magnetic resonance
imaging. Spine 1990;15:161– 68

11. Leypold BG, Flanders AE, Burns AS. The early evolution of spinal

AJNR Am J Neuroradiol 35:1029 –34 May 2014 www.ajnr.org 1033



cord lesions on MR imaging following traumatic spinal cord injury.
AJNR Am J Neuroradiol 2008;29:1012–16

12. Andreoli C, Colaiacomo MC, Rojas Beccaglia M, et al. MRI in the
acute phase of spinal cord traumatic lesions: relationship between
MRI findings and neurological outcome. Radiol Med 2005;110:
636 – 45

13. Ramon S, Dominguez R, Ramirez L, et al. Clinical and magnetic
resonance imaging correlation in acute spinal cord injury. Spinal
Cord 1997;35:664 –73

14. Shimada K, Tokioka T. Sequential MR studies of cervical cord
injury: correlation with neurological damage and clinical outcome.
Spinal Cord 1999;37:410 –15

15. Flanders AE, Schaefer DM, Doan HT, et al. Acute cervical spine
trauma: correlation of MR imaging findings with degree of neuro-
logic deficit. Radiology 1990;177:25–33

16. Kulkarni MV, Bondurant FJ, Rose SL, et al. 1.5 Tesla magnetic reso-
nance imaging of acute spinal trauma. Radiographics 1988;8:
1059 – 82

17. Flanders AE, Spettell CM, Friedman DP, et al. The relationship be-
tween the functional abilities of patients with cervical spinal cord
injury and the severity of damage revealed by MR imaging. AJNR
Am J Neuroradiol 1999;20:926 –34

18. Alday R, Lobato, RD, Gomez PA. Cervical spine fractures. In: Neu-
rosurgery. New York: Churchill Livingstone; 1996

19. Pizones J, Sanchez-Mariscal F, Zuniga L, et al. Prospective analysis of
magnetic resonance imaging accuracy in diagnosing traumatic in-
juries of the posterior ligamentous complex of the thoracolumbar
spine. Spine 2013;38:745–51

20. Pizones J, Zuniga L, Sanchez-Mariscal F, et al. MRI study of post-
traumatic incompetence of posterior ligamentous complex: impor-
tance of the supraspinous ligament. prospective study of 74 trau-
matic fractures. Eur Spine J 2012;21:2222–31

21. Radcliff K, Su BW, Kepler CK, et al. Correlation of posterior liga-
mentous complex injury and neurological injury to loss of vertebral
body height, kyphosis, and canal compromise. Spine 2012;37:
1142–50

22. Samartzis D, Wein SM, Shen FH, et al. A revisitation of distractive-
extension injuries of the subaxial cervical spine: a cadaveric and
radiographic soft tissue analysis. Spine 2010;35:395– 402

23. Goradia D, Linnau KF, Cohen WA, et al. Correlation of MR imaging
findings with intraoperative findings after cervical spine trauma.
AJNR Am J Neuroradiol 2007;28:209 –15

24. Rihn JA, Fisher C, Harrop J, et al. Assessment of the posterior liga-
mentous complex following acute cervical spine trauma. J Bone
Joint Surg Am 2010;92:583– 89

25. Carrino JA, Manton GL, Morrison WB, et al. Posterior longitudinal
ligament status in cervical spine bilateral facet dislocations. Skeletal
Radiol 2006;35:510 –14

26. Haba H, Taneichi H, Kotani Y, et al. Diagnostic accuracy of magnetic

resonance imaging for detecting posterior ligamentous complex in-
jury associated with thoracic and lumbar fractures. J Neurosurg
2003;99:20 –26

27. Lee HM, Kim HS, Kim DJ, et al. Reliability of magnetic resonance
imaging in detecting posterior ligament complex injury in thoraco-
lumbar spinal fractures. Spine 2000;25:2079 – 84

28. Vaccaro AR, Hulbert RJ, Patel AA, et al. The subaxial cervical spine
injury classification system: a novel approach to recognize the im-
portance of morphology, neurology, and integrity of the disco-lig-
amentous complex. Spine 2007;32:2365–74

29. Collignon F, Martin D, Lenelle J, et al. Acute traumatic central cord
syndrome: magnetic resonance imaging and clinical observations.
J Neurosurg 2002;96:29 –33

30. Liao CC, Lui TN, Chen LR, et al. Spinal cord injury without radio-
logical abnormality in preschool-aged children: correlation of
magnetic resonance imaging findings with neurological outcomes.
J Neurosurg 2005;103:17–23

31. Silberstein M, Hennessy O. Implications of focal spinal cord lesions
following trauma: evaluation with magnetic resonance imaging.
Paraplegia 1993;31:160 – 67

32. Yamashita Y, Takahashi M, Matsuno Y, et al. Acute spinal cord
injury: magnetic resonance imaging correlated with myelopathy.
Br J Radiol 1991;64:201– 09

33. Dare AO, Dias MS, Li V. Magnetic resonance imaging correlation in
pediatric spinal cord injury without radiographic abnormality.
J Neurosurg 2002;97:33–39

34. Miranda P, Gomez P, Alday R, et al. Brown-Sequard syndrome after
blunt cervical spine trauma: clinical and radiological correlations.
Eur Spine J 2007;16:1165–70

35. Dai L, Jia L. Central cord injury complicating acute cervical disc
herniation in trauma. Spine 2000;25:331–35

36. Marciello MA, Flanders AE, Herbison GJ, et al. Magnetic resonance
imaging related to neurologic outcome in cervical spinal cord in-
jury. Arch Phys Med Rehabil 1993;74:940 – 46

37. Selden NR, Quint DJ, Patel N, et al. Emergency magnetic resonance
imaging of cervical spinal cord injuries: clinical correlation and
prognosis. Neurosurgery 1999;44:785–92

38. Shepard MJ, Bracken MB. Magnetic resonance imaging and neuro-
logical recovery in acute spinal cord injury: observations from the
National Acute Spinal Cord Injury Study 3. Spinal Cord 1999;
37:833–37

39. Miranda P, Gomez P, Alday R. Acute traumatic central cord
syndrome: analysis of clinical and radiological correlations. J Neu-
rosurg Sci 2008;52:107–12

40. Bracken MB, Shepard MJ, Collins WF, et al. A randomized, con-
trolled trial of methylprednisolone or naloxone in the treatment of
acute spinal-cord injury: results of the Second National Acute Spi-
nal Cord Injury Study. N Engl J Med 1990;322:1405–11
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ORIGINAL RESEARCH
SPINE

Characterization of Peripheral Nerve Sheath Tumors with 3T
Proton MR Spectroscopy

L.M. Fayad, X. Wang, J.O. Blakeley, D.J. Durand, M.A. Jacobs, S. Demehri, T.K. Subhawong, T. Soldatos, and P.B. Barker

ABSTRACT

BACKGROUND AND PURPOSE: The characterization of peripheral nerve sheath tumors is challenging. The purpose here was to investi-
gate the diagnostic value of quantitative proton MR spectroscopy at 3T for the characterization of peripheral nerve sheath tumors as
benign or malignant, compared with PET.

MATERIALS AND METHODS: Twenty participants with 24 peripheral nerve sheath tumors underwent MR spectroscopy by use of a
point-resolved sequence (TE, 135 ms). Six voxels were placed in 4 histologically proven malignant peripheral nerve sheath tumors and 22
voxels in 20 benign peripheral nerve sheath tumors (9 histologically proven, 11 with documented stability). The presence or absence of a
trimethylamine signal was evaluated, the trimethylamine concentration estimated by use of phantom replacement methodology, and the
trimethylamine fraction relative to Cr measured. MR spectroscopy results for benign and malignant peripheral nerve sheath tumors were
compared by use of a Mann-Whitney test, and concordance or discordance with PET findings was recorded.

RESULTS: In all malignant tumors and in 9 of 18 benign peripheral nerve sheath tumors, a trimethylamine peak was detected, offering the
presence of trimethylamine as a sensitive (100%), but not specific (50%), marker of malignant disease. Trimethylamine concentrations (2.2 �

2.8 vs 6.6 � 5.8 institutional units; P � .049) and the trimethylamine fraction (27 � 42 vs 88 � 22%; P � .012) were lower in benign than
malignant peripheral nerve sheath tumors. A trimethylamine fraction threshold of 50% resulted in 100% sensitivity (95% CI, 58.0%–100%)
and 72.2% (95% CI, 59.5%–75%) specificity for distinguishing benign from malignant disease. MR spectroscopy and PET results were
concordant in 12 of 16 cases, (2 false-positive results for MR spectroscopy and PET each).

CONCLUSIONS: Quantitative measurement of trimethylamine concentration by use of MR spectroscopy is feasible in peripheral nerve sheath
tumors and shows promise as a method for the differentiation of benign and malignant lesions. Trimethylamine presence within a peripheral
nerve sheath tumor is a sensitive marker of malignant disease, but quantitative measurement of trimethylamine content is required to improve
specificity.

ABBREVIATIONS: MPNST � malignant peripheral nerve sheath tumor; NF-1 � neurofibromatosis type 1; PNST � peripheral nerve sheath tumor; SUV � standard
uptake values; TMA � trimethylamine

Peripheral nerve sheath tumors (PNSTs) are commonly en-

countered in the general population, and most PNSTs are

benign schwannomas and neurofibromas, rather than malignant

peripheral nerve sheath tumors (MPNSTs).1-3 However, the char-

acterization of PNSTs by anatomic imaging methods and clinical

features is challenging, given that the features of various benign

tumors are shared,4 and the features of benign PNSTs and

MPNSTs overlap. Recent literature suggests some specific ana-

tomic imaging features with MR imaging5-8 and specific meta-

bolic imaging features with PET9-13 to be associated with malig-

nant disease in PNSTs. Yet, noninvasive characterization of

malignant disease remains problematic, especially in patients with

neurofibromatosis type 1 (NF-1), who may have both benign and

malignant tumors simultaneously and have greater risk for the

development of MPNSTs than the general population.7 Proton
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MR spectroscopy has been used extensively to characterize brain

tumors, but far less has been done to evaluate musculoskeletal

lesions with MR spectroscopy14 and, specifically, PNSTs.15-18 The

detection of a signal from trimethylamine (TMA) and choline-

containing compounds by MR spectroscopy has been estab-

lished as a valuable indicator of malignant disease in other

musculoskeletal lesions from alterations in the metabolism of

phosphocholine and phosphatidylcholine.16-23

We hypothesized that MPNSTs would show high TMA con-

tent but that benign PNSTs would show undetectable or low levels

of TMA when quantified. This study investigates the feasibility of

performing quantitative MR spectroscopy in PNSTs and assesses

the differential TMA measures of benign and MPNSTs, particu-

larly in patients with NF-1. TMA measurements were also as-

sessed between benign schwannomas and neurofibromas, given

prior reports that these entities may have different metabolic pro-

files by FDG-PET imaging.24 Finally, we compared MR spectros-

copy measurements with the FDG-PET results in a subset of pa-

tients who underwent PET imaging as part of their routine clinical

evaluation.

MATERIALS AND METHODS
Study Design
This study was approved by the Institutional Review Board, and

informed consent was obtained from each participant. Twenty

participants with 24 PNSTs (histologically proven, or with clinical

presentation and longitudinal imaging features consistent with

neurofibroma in patients with NF-1 or schwannomas in patients

with schwannomatosis) underwent MR imaging and quantitative

proton MR spectroscopy at 3T. Two observers reviewed the MR

imaging and MR spectroscopy data for each tumor. TMA mea-

surements were compared between benign and MPNSTs, as well

as among benign PNSTs, to determine the diagnostic perfor-

mance of MR spectroscopy for the characterization of PNSTs.

TMA content was also compared with maximal standard uptake

values (SUVmax) when FDG-PET scans were available.

Patient Population
Research was performed at a tertiary care center having a compre-

hensive neurofibromatosis center and specialized care for patients

with PNSTs. Participants were prospectively enrolled between

August 2009 and April 2012, in a nonconsecutive manner. Inclu-

sion criteria consisted of patients with suspected or known PNSTs

with available histologic confirmation; patients with a docu-

mented history of NF-1, neurofibromatosis type 2, or schwanno-

matosis (diagnosed by clinical criteria and with genetic confirma-

tion when available) with stable peripheral nerve tumors, and

target lesions � 1 � 1 � 1 cm3; and patients with no contraindi-

cation for MR imaging. Exclusion criteria were a contraindication

for MR imaging, prior treatment for the PNST, or PNSTs with no

subsequent histologic confirmation or definitive follow-up.

Patient medical records were reviewed for demographics, un-

derlying diagnoses, and history of prior therapies to identify in-

clusion and exclusion criteria. Patient records were also reviewed

to determine if FDG-PET imaging was performed as part of the

patients’ routine clinical care within 1 month of the MR spectros-

copy examination, to assess the agreement of MR spectroscopy

findings with FDG-PET.

Lesions were classified as malignant after surgical resection (4

MPNSTs with 6 voxel locations; 1 participant had a very large

MPNST in which 3 single voxels were placed). Lesions were clas-

sified as benign neurofibromas if they had either histologic con-

firmation (3 histologically confirmed neurofibromas; in 2 of these

cases, 2 MR spectroscopy voxels were located within the neurofi-

broma), or if the patient had a documented history of NF-1 and a

stable clinical and imaging appearance consistent with neurofi-

broma (stable on follow-up evaluation between 5 and 7 months).

Lesions were classified as benign schwannomas if the patient had

either histologic confirmation (6 histologically proven schwanno-

mas) or a documented history of schwannomatosis and a stable

clinical and imaging appearance consistent with schwannoma (1

schwannoma stable for 18 months).

Imaging and MR Spectroscopy Acquisition
All studies were performed on a 3T MR system (Magnetom Trio

or Magnetom Verio; Siemens, Erlangen, Germany) by use of a

flexible phased-array body-matrix coil. Axial fat-suppressed T2-

weighted images (spin echo: TR, 2886 ms; TE, 100 ms; FOV, 18;

section thickness, 6 mm) and coronal STIR images (inversion

recovery: TR, 2462 ms; TE, 100 ms; TI, 200 ms; FOV, 20; section

thickness, 6 mm) of the body part in question were performed.

After the anatomic imaging was performed, water-suppressed

MR spectroscopy was performed by use of a single-voxel point-

resolved spectroscopy sequence (CHESS water suppression, 128

averages; TR, 2000 ms; TE, 135 ms; scan time, 4 minutes 16 sec-

onds). The voxel size and location were determined by a radiolo-

gist to encompass most of the lesion, with careful attention to

exclude structures outside the perimeter of the lesion, including

adjacent bone cortex, muscle, and vascular structures. The range

of voxel sizes used varied from 1–25 cm3. For the estimation of

TMA concentrations, a phantom replacement technique was

used; signals from the lesion were compared with those from a

20-mmol/L solution of TMA recorded separately. To account for

the different radiofrequency coil loading between the phantom

and in vivo, the water signal was also recorded (without suppres-

sion, 16 averages) from the localized volume by use of transmit

body coil receive and phased-array receive, as described previ-

ously.25,26 No lipid suppression was applied. Shimming up to sec-

ond order was performed to optimize the field homogeneity by a

physicist with 8 years of experience. In 2 PNSTs, spectra were

recorded by use of multivoxel MR spectroscopic imaging once it

became available, with the same acquisition parameters, except

that the nominal voxel size was smaller (1 cm3, FOV of 16 cm, and

16 � 16 phase-encoding steps, 1 signal average, scan time 7 min-

utes 40 seconds).

MR Spectroscopy Data Processing
Spectra were analyzed by a physicist with 8 years of experience in

MR spectroscopy and a radiologist with 9 years of experience in

MR spectroscopy and 11 years of experience in imaging of mus-

culoskeletal tumors, in consensus. The quality of the spectra was

determined by the visibility of discrete TMA and Cr peaks, the

degree of separation of the peaks, and the presence or absence of
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artifacts. The signals evaluated included water (4.7 ppm), lipid

(1.3 and 0.9 ppm), TMA (3.2 ppm), and Cr (3.0 ppm). Before

analysis, each spectrum was judged for sufficient quality subjec-

tively; if it had resolved TMA, Cr, water, and lipid peaks with no

uncorrectable baseline distortions; and the absence of artifacts

that might interfere with the TMA or Cr peak measurements. The

presence or absence of a TMA peak was noted based on visual

assessment.

Analysis of the spectra was performed by use of the “advanced

method for accurate, robust, efficient spectral fitting” routine

(AMARES)12 in the “java-based Magnetic Resonance User’s Inter-

face” (jMRUI; www.mrui.uab.es/mrui/mrui_download/) package,13

which fits the time-domain spectroscopy data as a model of exponen-

tially decaying oscillators by use of a nonlinear least-squares algo-

rithm. TMA and Cr concentrations were estimated by use of the

phantom replacement method,25,26 modified from previous use in

normal skeletal muscle.27 Metabolite concentrations were estimated

by use of the formula:

�M� � �P� �
AM

AP
�

nP

nM
�

kP

kM

TAM

TAP
CFvol

where M and P subscripts represent the in vivo (metabolite, M)

and phantom (P) scans, respectively. [M] is the estimated in vivo

(TMA or Cr) molar concentrations in “institutional units” (i.u.),

[P] is the known (molar) concentration of the phantom, A repre-

sents the spectral peak area, n represents the number of protons in

the molecular functional group (n�9 for TMA, n�3 for Cr), k is

a term correcting for T1 and T2 relaxation times, TA is the radio-

frequency transmitter amplitude (voltage) required for a 90°

pulse in the phantom (P) and in vivo (M) MR spectroscopy ac-

quisitions collection, and CFvol is a correction factor for the rela-

tive presence of water and fat within the voxel. T1 and T2 relax-

ation times were taken from the literature.28 Please see the On-

line Appendix for additional information.

PET Imaging
Eight patients, 7 having NF-1 and 1 having schwannomatosis, had

FDG-PET scans available for comparison. All but 1 FDG-PET

study was performed with early and delayed acquisitions, as de-

scribed previously,11,13 at the same institution where MR spec-

troscopy was acquired, and interpreted by nuclear medicine phy-

sicians; 1 FDG-PET study was performed with delayed imaging

only, at a different institution, but was reinterpreted by the study

institution’s nuclear medicine physician.

PET results were recorded as “suspicious” (SUVs increased on

delayed compared with early acquisition, or values �3.511,13) or

“not suspicious” (SUVs not meeting criteria for suspicious activ-

ity) by 1 observer (with 14 years of experience in image

interpretation).

Statistical Analysis Methods
Descriptive statistics were reported for each PNST, including de-

mographic information, anatomic lesion characteristics, clinical

characteristics, and results of PET imaging. Qualitative MR spec-

troscopy results (presence or absence of a TMA signal) were com-

pared for benign and malignant lesions, as well as among benign

lesions, with use of the Fisher exact test. Quantitative MR spec-

troscopy results for each PNST were recorded as the metabolite

concentrations when metabolite peaks were found. A percentage

“TMA fraction” was determined from the metabolite concentra-

tion ratios as [TMA]/([TMA] 	 [Cr]) � 100. Note that this is

slightly different from the more commonly used metric in prior

MR spectroscopy studies of a TMA/Cr ratio; the TMA fraction

was used here because it is a more stable measurement when Cr

concentrations are either very low or are zero. Quantitative results

were compared between benign and MPNSTs, and between neu-

rofibromas and schwannomas, by the Wilcoxon 2-sampled

(Mann-Whitney) test. The level of statistical significance was

set at P � .05. Finally, MR spectroscopy and FDG-PET findings

were recorded as concordant if MR spectroscopy and FDG-

PET both classified lesions as malignant/suspicious or as

benign/nonsuspicious.

RESULTS
The On-line Table lists the clinical, histologic, and imaging char-

acteristics for the patients and imaged tumor(s), with documen-

tation of follow-up. The median age of the participants was 42

years (age range, 11–78 years); there were 12 men and 8 women.

Eight participants had NF-1, and 1 had schwannomatosis.

Two patients were excluded because of an aborted MR spec-

troscopy by patient preference (n�1), and nondiagnostic quality

(n�1). Two additional participants were excluded because of a

lack of histologic confirmation or definitive follow-up. Hence, a

total of 6 voxels were placed in 4 MPNSTs and 18 voxels placed in

16 benign PNSTs. Diagnostic quality spectra were achieved for 22

of 24 included voxel locations.

A discrete TMA peak was identified in 9 of 18 voxels placed in

benign PNSTs (4 schwannomas, 5 neurofibromas) and in 6 of 6

voxels placed in MPNSTs, suggesting that the absence of a detect-

able TMA signal is a useful sign of a benign PNST (P � .02).

Sensitivity, specificity, positive predictive value, and negative pre-

dictive value to distinguish benign and malignant lesions,

based on qualitative MR spectroscopy results, were 100%,

50.0%, 40.0%, and 100%, respectively (Table).

TMA concentrations were significantly lower in benign

PNSTs (mean, 2.2 � 2.8; range, 0 –9.2) than in MPNSTs

(mean, 6.6 � 5.8; range, 1.6 –14.0) (P � .049). There was also a

significant difference in the TMA fraction of benign PNSTs

(27% � 42%; range, 0%–100%) and MPNSTs (88% � 22%;

range, 51%–100%) (P � .012). Taking a TMA fraction � 50%

Accuracy of proton MR spectroscopy for distinction of benign and malignant PNSTs

MR Spectroscopy Method of Analysis
Sensitivity

(%)
Specificity

(%)
Positive

Predictive Value (%)
Negative

Predictive Value (%)
Qualitative (presence of TMA peak) 100.0 50.0 40.0 100.0
Quantitative (TMA fraction � 50%) 100.0 72.2 54.5 100.0
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as a definition for malignant disease resulted in a 100% nega-

tive predictive value and a sensitivity, specificity, and positive

predictive value of 100%, 72.2%, and 54.5%, respectively. Fig-

ures 1 and 2 show examples of benign PNSTs and MPNSTs.

Figure 3 is a graphic representation of TMA content between

schwannomas, neurofibromas, and MPNSTs.

In patients with a history of NF-1, lower TMA concentrations

were found in benign neurofibromas compared with MPNSTs,

though the differences were not statistically significant (0.9 � 1.8

vs 6.6 � 5.8, respectively; P � .61), but the spectral pattern in the

TMA fraction was significantly different (23% � 43% vs 88% �

22%, respectively; P � .005). Taking a TMA fraction � 50% as a

definition for malignant disease in the patients with NF-1 resulted

in a sensitivity, specificity, positive predictive value, and negative

predictive value for diagnosis of an MPNST of 100%, 77.8%,

75.0%, and 100%, respectively.

Schwannomas had 2 distinct patterns, either showing an ab-

sence of detectable metabolite signals (in 4/7), or a high TMA

fraction (� 50% in 3/7), similar to that found in MPNSTs. For

neurofibromas, most cases showed a TMA fraction � 10%, but 2

patients had a TMA fraction of 100%. Hence, comparing all

schwannomas with all neurofibromas, differences in the TMA

concentrations (3.0 � 3.5 vs 1.5 � 2.1, respectively; P � .66) and

TMA fraction (46% � 50% vs 12% �

31%, respectively; P � .27) were not

significant.

A total of 9 patients (16 lesions in to-

tal) with NF-1 or schwannomatosis also

underwent FDG-PET. In the schwan-

noma case studied by FDG-PET (n�1),

PET correctly classified the lesion as non-

suspicious, whereas MR spectroscopy

suggested malignant disease (TMA frac-

tion, 60%). For the benign neurofibromas

(9 lesions), MR spectroscopy and FDG-

PET results were concordant (and agreed

with the final diagnosis) in 6 of 9 lesions,

and were discordant in 3 of 9 lesions.

In 1 case, MR spectroscopy produced a

false-positive result, and in 2 cases, FDG-

PET produced false-positive results (Ta-

ble 1); however, in one of these cases, the

FDG-PET was a single time point (rather

than early and delayed acquisitions), pos-

sibly accounting for the discrepancy. For

MPNSTs, results of MR spectroscopy and

FDG-PET were concordant in all cases.

DISCUSSION
PNSTs are among the most common soft

tissue tumors that occur in the musculo-

skeletal system.1,29 Most nerve sheath tu-

mors are benign, with schwannomas and

neurofibromas accounting for 6% of soft

tissue tumors, but MPNSTs are rare.

However, patients with NF-1 carry a life-

time risk of up to 10% for the develop-

ment of an MPNST.28 Unfortunately, the

ability to distinguish benign PNSTs and MPNSTs with current

clinical and imaging tools remains challenging, with only a

few anatomic features6-8 or markers of metabolic activity by

PET10,13,24 assisting in the diagnosis of malignant disease. Our

present study offers preliminary evidence that proton MR spec-

troscopy is feasible in PNSTs and is a potentially valuable method

for their characterization. Although qualitative interpretation of

the presence or absence of a TMA signal on MR spectroscopy

appears to have a high sensitivity for diagnosis of malignant dis-

ease, it offers poor specificity because many benign lesions also

show a detectable TMA signal. The specificity of MR spectroscopy

is increased by quantitative estimates of either the TMA concen-

tration or TMA fraction.

In musculoskeletal masses, previous proton MR spectroscopy

studies have established TMA as a marker for malignant disease.18

The TMA peak resonating at 3.2 ppm is a composite peak with

contributions from phosphocholine, glycerophosphocholine,

and free choline itself, metabolites that are involved in the synthe-

sis and degradation of cell membranes. During malignant trans-

formation, several alterations in TMA metabolism are known to

occur, including increases in the synthesis of phosphocholine due

to choline-kinase activation, as well as upregulation of phosphati-

dylcholine metabolism by ras mutations, found in multiple tumor

FIG 1. A 53-year old man with NF-1 and a left anterior thigh MPNST. Axial fat-suppressed
T2-weighted (A) and coronal STIR (B) images show a heterogeneous mass within the left anterior
thigh. Single-voxel placement is shown. (C) MR spectroscopy revealed a detectable TMA peak,
with a TMA concentration of 14.0 institutional units and a TMA fraction of 74%.
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types, including sarcomas.30 Of note, the loss of neurofibromin

that occurs as a result of the Nf1 mutation results in constitutive

activation of ras.31 Consistent with prior investigations, all

MPNSTs in the current series showed detectable levels of TMA,

with a high TMA content reflected both in elevated TMA concen-

trations as well as in TMA fractions � 50%. However, several of

the benign PNSTs in this study showed

detectable TMA peaks consistent with a

recent review that included 9 benign

PNSTs,18 all of which had discrete TMA

peaks. Quantitative analysis of TMA con-

tent in this study allowed further charac-

terization because most benign PNSTs

showed lower TMA concentrations and

TMA fractions than those of MPNSTs,

though there were outliers that had a sim-

ilar TMA profile to MPNSTs. These re-

sults may be the result of a lack of speci-

ficity of the technique or the result of the

heterogeneity of the tumor with some re-

gions harboring atypical, but not yet ma-

lignant, histologic patterns.32 The cumu-

lative results of this study suggest that MR

spectroscopy has a high negative predic-

tive value for malignant disease in PNSTs:

When no detectable TMA peak was pres-

ent, or TMA content (concentration or

fraction) was low, a benign diagnosis was

found in all cases.

FDG-PET, along with MR imaging, is

a key technique used to assess for malig-

nant transformation in the setting of

NF-1 based on a sensitivity of 0.89 (95%

CI, 0.76 – 0.96) and a specificity of 0.95

(95% CI, 0.88 – 0.98) in this patient pop-

ulation.11 In this study, FDG-PET find-

ings were concordant with the MR spec-

troscopy findings in all cases of malignant

disease (with no false-negative findings);

however, both MR spectroscopy and

FIG 2. A 41-year-old woman with a biopsy-proven neurofibroma. Axial fat-suppressed T2
weighted (A) and sagittal STIR (B) images of the right thigh show a soft tissue mass with a low
internal signal and a high peripheral signal. Voxel placement is shown, from multivoxel MR
spectroscopic imaging in this lesion. C, MR spectroscopy revealed a detectable TMA peak within
the mass, with a TMA concentration of 3.5 institutional units and a TMA fraction of 7%.

FIG 3. Comparison of the TMA concentrations (A) and TMA fractions (B) of MPNSTs, neurofibromas, and schwannomas. These results indicate
that both the TMA concentration and the TMA fraction are sensitive for the detection of malignant disease, but the TMA fraction is more
specific for distinguishing benign neurofibromas from MPNSTs. TMA content does not reliably distinguish between schwannomas and
neurofibromas.
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FDG-PET had false-positive results and were discordant in 3 cases

of benign neurofibromas. Hence, MR spectroscopy has initial re-

sults similar to FDG-PET for a diagnosis of malignant disease in

patients with NF-1, and may be used clinically to further charac-

terize FDG-avid lesions as either neurofibroma or MPNST. Fur-

ther investigations are needed to assess the additive role and cost-

effectiveness of MR spectroscopy and PET, alone or in

combination, in patients with NF-1. It is interesting to note that

metabolic activity within some schwannomas has been found to

be similar to that of MPNSTs by PET,24 and this finding may

explain why some schwannomas in the current series were meta-

bolically active by MR spectroscopy, to a level similar to that of

MPNSTs. Figure 4 shows a potential diagnostic algorithm for the

incorporation of MR spectroscopy into the characterization of

PNSTs, though further study is needed to determine the interplay

of FDG-PET and MR spectroscopy in the characterization of

PNSTs.

Another important clinical dilemma lies with the characteriza-

tion of benign PNSTs, as no MR imaging finding is sufficiently

specific to allow confident discrimination between neurofibro-

mas and schwannomas,4 though their distinction carries thera-

peutic implications. Schwannomas may be amenable to nerve-

sparing resection, whereas the resection of a neurofibroma has the

potential for greater morbidity.33 Unfortunately, our investiga-

tions showed no significant differences in either TMA concentra-

tion or TMA fraction between schwannomas and neurofibromas,

suggesting that other techniques will be required to assist in this

distinction.

The small sample size of patients recruited from a single-cen-

ter, tertiary institution in this study was a limitation, but the re-

sults provided preliminary data as a framework for future inves-

tigations with a larger number of participants and variety of PNST

histologic features. Although all malignant cases in this study had

histologic confirmation, several benign cases did not have a tissue

diagnosis because these patients all had NF-1 or schwannomato-

sis, and there is rarely indication for surgical intervention for le-

sions that are behaving in a benign clinical fashion. All patients

without histologic confirmation had clinical and radiographic

follow-up confirming benign lesion behavior. However, the lack

of histologic confirmation for these benign cases and the relatively

short-term follow-up available remains a limitation of this study.

It is challenging to determine when malignant transformation

occurs within a benign neurofibroma in patients with NF-1,

and, though rare, schwannomas may occur in NF-1 and neu-

rofibromas may occur in schwannomatosis such that clinical

diagnosis on the basis of tumor behavior and imaging features

is not always accurate. Second, in patients with NF-1, the use of

single-voxel MR spectroscopy may be suboptimal for the iden-

tification of MPNSTs, given that MPNSTs typically arise

within benign neurofibromas and these tumors are large and

heterogeneous. In the future, higher-spatial resolution multi-

voxel MR spectroscopic imaging (shown to be feasible in this

study) may be used to map out lesion heterogeneity and may be

a helpful approach to identify high-risk regions to biopsy. Fi-

nally, the performance of MR spectroscopy requires availabil-

ity of a dedicated physicist familiar with the technique, and

optimization before implementation clinically, given the com-

plexities of the approach.

CONCLUSIONS
Quantitative MR spectroscopy measurements of Cho content in

PNSTs provides good separation between benign and malignant

nerve sheath tumors, offering a high negative predictive value when

Cho content is negligible, and a high sensitivity when the Cho frac-

tion is � 50%. With quantitative methodology, the specificity of MR

spectroscopy to distinguish benign and MPNSTs is increased com-

pared with a qualitative assessment of Cho content (the presence of

detectable Cho). MR spectroscopy may prove to be especially useful

in patients with NF-1 who are at high risk for malignant transforma-

tion of benign neurofibromas, and may offer supporting or comple-

mentary information to interpret FDG-PET results in this regard.

Although MR spectroscopy is a promising technique, the true value

of MR spectroscopy to clinical decision-making in the work-up of

PNSTs remains to be elucidated with larger studies.
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Target® Detachable Coils

See package insert for complete indications, contraindications, 
warnings and instructions for use.

INTENDED USE / INDICATIONS FOR USE
Target Detachable Coils are intended to endovascularly obstruct 
or occlude blood flow in vascular abnormalities of the neurovascular and
peripheral vessels. Target Detachable Coils are indicated for endovascular
embolization of:
• Intracranial aneurysms
• Other neurovascular abnormalities such as arteriovenous malformations 

and arteriovenous fistulae
• Arterial and venous embolizations in the peripheral vasculature

CONTRAINDICATIONS
None known.

POTENTIAL ADVERSE EVENTS
Potential complications include, but are not limited to: allergic reaction,
aneurysm perforation and rupture, arrhythmia, death, edema, embolus, 
headache, hemorrhage, infection, ischemia, neurological/intracranial 
sequelae, post-embolization syndrome (fever, increased white blood cell 
count, discomfort), TIA/stroke, vasospasm, vessel occlusion or closure, 
vessel
perforation, dissection, trauma or damage, vessel rupture, vessel
thrombosis. Other procedural complications including but not limited to: 
anesthetic and contrast media risks, hypotension, hypertension, access 
site complications.

WARNINGS
• Contents supplied STERILE using an ethylene oxide (EO) process. 

Do not use if sterile barrier is damaged. If damage is found, call your
Stryker Neurovascular representative.

• For single use only. Do not reuse, reprocess or resterilize. Reuse,
reprocessing or resterilization may compromise the structural integrity 
of the device and/or lead to device failure which, in turn, may result 
in patient injury, illness or death. Reuse, reprocessing or resterilization
may also create a risk of contamination of the device and/or cause
patient infection or cross-infection, including, but not limited to, the
transmission of infectious disease(s) from one patient to another. 
Contamination of the device may lead to injury, illness or death of the patient.

• After use, dispose of product and packaging in accordance with 
hospital, administrative and/or local government policy.

• This device should only be used by physicians who have
received appropriate training in interventional neuroradiology or
interventional radiology and preclinical training on the use 
of this device as established by Stryker Neurovascular.

• Patients with hypersensitivity to 316LVM stainless steel may suffer 
an allergic reaction to this implant.

• MR temperature testing was not conducted in peripheral vasculature,
arteriovenous malformations or fistulae models.

• The safety and performance characteristics of the Target Detachable 
Coil System (Target Detachable Coils, InZone Detachment Systems, 
delivery systems and accessories) have not been demonstrated with 
other manufacturer’s devices (whether coils, coil delivery devices, coil 
detachment systems, catheters, guidewires, and/or other accessories). 
Due to the potential incompatibility of non Stryker Neurovascular
devices with the Target Detachable Coil System, the use of other
manufacturer’s device(s) with the Target Detachable Coil System
is not recommended.

• To reduce risk of coil migration, the diameter of the first and second coil
should never be less than the width of the ostium.

• In order to achieve optimal performance of the Target Detachable
Coil System and to reduce the risk of thromboembolic complications, 
it is critical that a continuous infusion of appropriate flush solution be 
maintained between a) the femoral sheath and guiding catheter, b) the 
2-tip microcatheter and guiding catheters, and c) the 2-tip microcatheter and 
Stryker Neurovascular guidewire and delivery wire. Continuous flush also 
reduces the potential for thrombus formation on, and crystallization of 
infusate around, the detachment zone of the Target Detachable Coil.

• Do not use the product after the “Use By” date specified on the package.
• Reuse of the flush port/dispenser coil or use with any coil other than the

original coil may result in contamination of, or damage to, the coil.
• Utilization of damaged coils may affect coil delivery to, and stability

inside, the vessel or aneurysm, possibly resulting in coil migration and/
or stretching.

• The fluoro-saver marker is designed for use with a Rotating Hemostatic
Valve (RHV). If used without an RHV, the distal end of the coil may be 
beyond the alignment marker when the fluoro-saver marker reaches the 
microcatheter hub.

• If the fluoro-saver marker is not visible, do not advance the coil without
fluoroscopy.

• Do not rotate delivery wire during or after delivery of the coil. Rotating
the Target® Detachable Coil delivery wire may result in a stretched coil 
or premature detachment of the coil from the delivery wire, which 
could result in coil migration.

• Verify there is no coil loop protrusion into the parent vessel after coil 
placement and prior to coil detachment. Coil loop protrusion after coil 
placement may result in thromboembolic events if the coil is detached.

• Verify there is no movement of the coil after coil placement and prior to
coil detachment. Movement of the coil after coil placement may indicate 
that the coil could migrate once it is detached.

• Failure to properly close the RHV compression fitting over the delivery
wire before attaching the InZone® Detachment System could result in
coil movement, aneurysm rupture or vessel perforation.

• Verify repeatedly that the distal shaft of the catheter is not under stress
before detaching the Target Detachable Coil. Axial compression or 
tension forces could be stored in the 2-tip microcatheter causing the tip 
to move during coil delivery. Microcatheter tip movement could cause
the aneurysm or vessel to rupture.

• Advancing the delivery wire beyond the microcatheter tip once the coil
has been detached involves risk of aneurysm or vessel perforation.

• The long term effect of this product on extravascular tissues has not
been established so care should be taken to retain this device in the 
intravascular space.

• To reduce risk of coil migration, the diameter of the first and second
coil should never be less than the width of the ostium.

• In order to achieve optimal performance of the Target Detachable Coil
System and to reduce the risk of thromboembolic complications, it 
is critical that a continuous infusion of appropriate flush solution be 
maintained between a) the femoral sheath and guiding catheter, b) the 
2-tip microcatheter and guiding catheters, and c) the 2-tip microcatheter 
and Stryker Neurovascular guidewire and delivery wire. Continuous 
flush also reduces the potential for thrombus formation on, and 
crystallization of infusate around, the detachment zone of the 
Target Detachable Coil.

• Do not use the product after the “Use By” date specified on the package.
• Reuse of the flush port/dispenser coil or use with any coil other than

the original coil may result in contamination of, or damage to, the coil. 

Damaged delivery wires may cause detachment failures, vessel injury or 
unpredictable distal tip response during coil deployment. If a delivery wire
is damaged at any point during the procedure, do not attempt to straighten 
or otherwise repair it. Do not proceed with deployment or detachment. 
Remove the entire coil and replace with undamaged product.

• Verify repeatedly that the distal shaft of the catheter is not under stress
before detaching the Target Detachable Coil. Axial compression or
tension forces could be stored in the 2-tip microcatheter causing the tip 
to move during coil delivery. Microcatheter tip movement could cause 
the aneurysm or vessel to rupture.

• After use, dispose of product and packaging in accordance with 
hospital, administrative and/or local government policy.

CAUTIONS / PRECAUTIONS
• Federal Law (USA) restricts this device to sale by or on the order 

of a physician.
• Besides the number of InZone Detachment System units needed to 

complete the case, there must be an extra InZone Detachment System 
unit as back up.

• Removing the delivery wire without grasping the introducer sheath and 
delivery wire together may result in the detachable coil sliding out of 
the introducer sheath.

• Failure to remove the introducer sheath after inserting the delivery wire 
into the RHV of the microcatheter will interrupt normal infusion of flush 
solution and allow back flow of blood into the microcatheter.

• Some low level overhead light near or adjacent to the patient is 
required to visualize the fluoro-saver marker; monitor light alone will
not allow sufficient visualization of the fluoro-saver marker.

• Advance and retract the Target Detachable Coil carefully and smoothly 
without excessive force. If unusual friction is noticed, slowly withdraw 
the Target Detachable Coil and examine for damage. If damage is
present, remove and use a new Target Detachable Coil. If friction or
resistance is still noted, carefully remove the Target Detachable Coil and 
microcatheter and examine the microcatheter for damage.

• If it is necessary to reposition the Target Detachable Coil, verify under
fluoroscopy that the coil moves with a one-to-one motion. If the coil 
does not move with a one-to-one motion or movement is difficult, the 
coil may have stretched and could possibly migrate or break. Gently 
remove both the coil and microcatheter and replace with new devices.

• Increased detachment times may occur when:
– Other embolic agents are present.
– Delivery wire and microcatheter markers are not properly aligned.
– Thrombus is present on the coil detachment zone.

• Do not use detachment systems other than the InZone 
Detachment System.

• Increased detachment times may occur when delivery wire 
and microcatheter markers are not properly aligned.

• Do not use detachment systems other than the InZone 
Detachment System.

Trevo® XP ProVue Retrievers

See package insert for complete indications, complications, 
warnings, and instructions for use.

INDICATIONS FOR USE
The Trevo Retriever is intended to restore blood flow in the neurovasculature
by removing thrombus in patients experiencing ischemic stroke within 
8 hours of symptom onset. Patients who are ineligible for intravenous 
tissue plasminogen activator (IV t-PA) or who fail IV t-PA therapy are 
candidates for treatment.

COMPLICATIONS
Procedures requiring percutaneous catheter introduction should not be at-
tempted by physicians unfamiliar with possible complications which may 
occur during or after the procedure. Possible complications include, but 
are not limited to, the following: air embolism; hematoma or hemorrhage
at puncture site; infection; distal embolization; pain/headache; vessel
spasm, thrombosis, dissection, or perforation; emboli; acute occlusion; 
ischemia; intracranial hemorrhage; false aneurysm formation; neurological 
deficits including stroke; and death.

COMPATIBILITY
3x20 mm retrievers are compatible with Trevo® Pro 14 Microcatheters
(REF 90231) and Trevo® Pro 18 Microcatheters (REF 90238). 4x20 mm
retrievers are compatible with Trevo® Pro 18 Microcatheters (REF 90238).
Compatibility of the Retriever with other microcatheters has not been
established. Performance of the Retriever device may be impacted if a 
different microcatheter is used. The Merci® Balloon Guide Catheters
are recommended for use during thrombus removal procedures. 
Retrievers are compatible with the Abbott Vascular DOC® Guide Wire 
Extension (REF 22260).

WARNINGS
• Contents supplied STERILE, using an ethylene oxide (EO) process.

Nonpyrogenic.
• To reduce risk of vessel damage, adhere to the following

recommendations:
– Take care to appropriately size Retriever to vessel diameter

at intended site of deployment.
– Do not perform more than six (6) retrieval attempts in same

vessel using Retriever devices.
– Maintain Retriever position in vessel when removing or

exchanging Microcatheter.
• To reduce risk of kinking/fracture, adhere to the following recommendations:

– Immediately after unsheathing Retriever, position Microcatheter tip
marker just proximal to shaped section. Maintain Microcatheter tip
marker just proximal to shaped section of Retriever during
manipulation and withdrawal.

– Do not rotate or torque Retriever.
– Use caution when passing Retriever through stented arteries.

• Do not resterilize and reuse. Structural integrity and/or function
may be impaired by reuse or cleaning.

• The Retriever is a delicate instrument and should be handled carefully.
Before use and when possible during procedure, inspect device carefully 
for damage. Do not use a device that shows signs of damage. Damage 
may prevent device from functioning and may cause complications.

• Do not advance or withdraw Retriever against resistance or significant
vasospasm. Moving or torquing device against resistance or significant 
vasospasm may result in damage to vessel or device. Assess cause of 
resistance using fluoroscopy and if needed resheath the device to withdraw.

• If Retriever is difficult to withdraw from the vessel, do not torque 
Retriever. Advance Microcatheter distally, gently pull Retriever back
into Microcatheter, and remove Retriever and Microcatheter as a unit.
If undue resistance is met when withdrawing the Retriever into the
Microcatheter, consider extending the Retriever using the Abbott Vascular 
DOC guidewire extension (REF 22260) so that the Microcatheter can
be exchanged for a larger diameter catheter such as a DAC® catheter.
Gently withdraw the Retriever into the larger diameter catheter.

• Administer anti-coagulation and anti-platelet medications per standard 
institutional guidelines.

PRECAUTIONS
• Prescription only – device restricted to use by or on order of a physician.
• Store in cool, dry, dark place.
• Do not use open or damaged packages.
• Use by “Use By” date.
• Exposure to temperatures above 54˚C (130˚F) may damage device and 

accessories. Do not autoclave.
• Do not expose Retriever to solvents.
• Use Retriever in conjunction with fluoroscopic visualization and proper 

anti-coagulation agents.
• To prevent thrombus formation and contrast media crystal formation, 

maintain a constant infusion of appropriate flush solution between
guide catheter and Microcatheter and between Microcatheter and
Retriever or guidewire.

• Do not attach a torque device to the shaped proximal end of DOC®

Compatible Retriever. Damage may occur, preventing ability to attach 
DOC® Guide Wire Extension.
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