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PERSPECTIVES

From Hard Drives to Flash Drives to
DNA Drives
M. Castillo, Editor-in-Chief
The word is now a virus.
William S. Burroughs, The Ticket that Exploded

R

ecently there has been another round of controversial news
regarding genetically modified organisms (GMO). Perhaps
the best known debate on these centers on corn. A recent French
study showed severe kidney and liver abnormalities in rats that
were fed this corn for up to 2 years.1 Immediately afterward, Russia banned the use of this seed and the corn it produces. Because
other studies have not confirmed this finding, the American media immediately released news stories stating that the French
study was flawed and unscientific and that it represented just another round of propaganda by individuals who oppose GMO and
the companies that produce the seeds (which are mostly American).2 Salmon, with growth hormones that have been altered so
that they not only grow faster but never stop growing, has also
been in the news. Salmon is the third most-eaten seafood in the
United States according to the National Fisheries Institute, and
most of it is flown in from Chile, so growing enough of it here to
feed Americans may actually be a good thing for the environment,
even if its genes have been modified.3 All of these situations involve inserting or altering a specific gene in plant or animal deoxyribonucleic acid (DNA); thus, the genetic material in those
organisms still serves its original purpose. However, what happens if we take our DNA, reconfigure it, and use it for something
completely different from that for which it is intended? Cuttingedge genetic engineers are now synthetizing DNA so that it contains information much like a computer hard drive or solid memory chips. The capacity of DNA as a storage medium is staggering:
All of the information contained on the entire Internet would fit
into a device smaller than 1 cubic inch!
As our need for high-capacity information storage continues
to increase, several researchers have begun to explore the possibility of using DNA for this purpose.4 The very fabric of life uses a
binary code, but instead of the 1s and 0s computers use, the code
in our DNA is composed of 4 letters: A, G, C, and T (adenine,
guanine, cytosine, and thymine), which are paired into 2 nucleotide bases: A-T and G-C (hence a form of binary code). By changing the order of these 2 base nucleotide pairs, one can encode all
different types of information in the same way a computer does by
changing the order of 1s and 0s. Each nucleotide may encode 2
bits of information, and 1 g of single-stranded DNA can store 455
exabytes. One exabyte is equal to 1000 petabytes; 1 petabyte is
equal to 1 quadrillion bytes, and so on. What this means is that in
1 g of single-stranded DNA, one can potentially store the equiva-

http://dx.doi.org/10.3174/ajnr.A3482

lent to 250 million DVDs! Computer chips are “planar” storage
devices (obvious from their shape). One way to improve the capacity of a computer chip is to put several layers of circuits in it
(making it 2D), but because DNA is 3D, it offers much more
space. Memory cards are said to be reliable for up 5 years after
their initial use, but DNA-encoded information remains stable
and readable for millennia.5 For purposes of timeless storage,
DNA may be dried and then protected from water and oxygen,
which gives it a nearly infinite stability.
DNA information storage is not new. It has been around since
1988, and one of the first successful projects came from the J.
Craig Venter Institute, a nonprofit genomics research organization with facilities in 3 different US states. These investigators
were able to encode 7920 bits into DNA.6 (Pridefully, in a synthetic cell, they encoded their names, 3 literary citations, and the
address of an Internet site [Table].) Newer DNA-synthesizing
techniques can alter the way base nucleotide pairs are formed,
making it easier to encode information and thereafter read it. As
mentioned previously, traditionally base pairs are A-T and G-C
(remember that nucleotides are measured in pairs because DNA is
usually double-stranded). Thus, the number of base pairs is equal
to the number of nucleotides in 1 DNA strand. The problem with
using the natural sequence of nucleotide base pairs for information encoding is that the G-C pair can be difficult to subsequently
read. Therefore, new techniques use novel base pairs: A-C and
G-T, which are easy to manufacture and thereafter interpret. With
these 2 new base pairs, one also has a binary code: A-C for 0 and
G-T for 1. At present, assembling long stable strands of DNA is
difficult, so information needs to be parceled in smaller data
blocks of DNA called “oligonucleotides ” (by comparison, the
human genome contains about 3 billion base pairs, so it is a very
long strand and the amount of information that it contains is
astonishing).
In a recent experiment, Church et al7 took one of their own
books (nearly 54,000-words-long, including 11 images) and used
a computer to convert it into a bit stream (they initially thought
about encoding Moby Dick). They encoded all of the bits of the
book into 159 oligonucleotides, each also containing information
as to its general position within the text. The encoded DNA was
then amplified by polymerase chain reaction* (PCR), and in this
way, its base pairs could be assessed, read, and interpreted (similar
techniques were used to map the human genome). During the
entire process of writing, amplifying, and reading 5.27 megabits of
information, only 10 bit errors occurred, a testament to how incredibly exact this technology is. Church et al were able to store in
DNA 600 times more information than was previously possible.
As amazing as this seems, one must add to it the fact that this
technique used only in vitro procedures, avoiding the controversies of cloning and live genetic manipulations, and it was 100,000
times cheaper than other previous versions.
Synthetic DNA is exempt from the National Institutes of
Health usage guidelines and is available to all with the means to
AJNR Am J Neuroradiol 35:1–2
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Works previously stored in DNAa
Year of
Usage
Experiment Description
Speciﬁc Contents
1988
Art
Microvenus imageb
1998
Text
Text from the Bible, Genesis
2001
Text
Parts from a book by Dickens
2003
Text
Parts from “It’s a Small World,” the
main song of a musical boat ride
from Walt Disneyc
2005
Text
“Tomten” a poem by Viktor Rydbergd
2010
Watermark Watermark of a synthetic genomee
a

Adapted from Church et al.4
Image of the external female genitalia representing female Earth.
c
Encrypted into Deinococcus Radiodurans, a bacterium extremely resistant to inhospitable environments. Information resistant to the effects of a nuclear holocaust
could be saved in similar cells.
d
A true example of “living poetry.” For other similar projects, I suggest that you
Google “Project Xenotext.”
e
Watermarking a cell designed to contain information may help us keep track of it.
b

manufacture it. The cost of DNA synthesis drops 12-fold per year
compared with that of newer electronic media (1.6-fold per year);
thus, it is becoming widely available. For example, synthesizing a
strand of DNA containing 100 million base pairs cost US $10,000
in 2001 but only 10 cents today. Synthesizing and reading DNA
for information-storage purposes will require 6 – 8 orders-ofmagnitude improvement. Although this amount of improvement
is significant, it will soon become a reality as handheld DNA sequencers become widely available and inexpensive. As the need to
store untold amounts of information becomes more pressing,
newer DNA-related technologies will be discovered and become
less expensive.
In the supporting data from their article, Church et al7 also bring
up some safety and ethical concerns with regard to their experiment.
They state that the DNA fragments they used to encode their book are
“unlikely” to replicate themselves or encode anything else that could
be biologically active. They do not discard the possibility that if this
DNA were left out in the wild, it could get incorporated into a living
organism. This last observation seems unlikely because cells tend to
expel DNA that is not theirs. However, what would happen if an
organism incorporates this foreign DNA has not even been a matter
of speculation. Could a cell produce proteins hitherto unknown?
Will that cell die? It certainly will not help us improve our individual
knowledge because our bodies lack mechanisms with which to read
this DNA and move its information to our brains. Ninety-eight percent of our DNA is now considered to be “genetic junk” (that is, DNA
with no apparent function), so perhaps the day will come when we
can use this space to encode into each human cell our history and
accumulated knowledge.
All of our knowledge placed into highly resistant and selfreplicating cells sent out to space in miniships may be the best way
to explore the possibility of other civilizations existing far away
from ours. Security and defense agencies have also considered
DNA storage as a means of encryption. This technique was inspired by the World War II microdot technique of Germany, in
which an entire page of information was photographed and reduced to the size of the dot at end of this sentence. DNA microdots
can be hidden in general genetic material with their locations
known only to those who know the primers marking the beginning and end of their specific DNA segments, which can then be
resolved and read with PCR.8 Therefore, information could cross
2
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borders in cells and not be subject to Internet counterespionage,
and if the person carrying the information is detained, the site
harboring the information would be impossible to detect.
Some say that all science fiction eventually becomes reality,
and certainly DNA information storage must have sounded like
science fiction just a few years ago. In Frank Herbert’s novel Dune
(Clinton Book Company, 1965), spaceships are able to navigate
only because their control systems know at all times the positions
of all celestial bodies. This tremendous amount of information is
not saved in a computer but rather in mutated humans (the Guild
Navigators), each controlling a spaceship. The Navigators can do
this because their DNA contains all of the information needed for
space travel. If a human being has more than 10 trillion cells, it
does not seem far-fetched that his or her DNA could contain all of
the information in the universe.

Update
Since I wrote this Perspectives, investigators at the European
Bioinformatics Institute have found a new and different way to
encode information into DNA. Dr. King’s “I Have a Dream”
speech, a photo, a PDF of Watson and Crick’s seminal article, and
all of Shakespeare’s sonnets were encoded using it. The new
method allows for multiple copies of this special DNA to be accurately manufactured. The authors expect their product to last over
10,000 years if kept dry, cold, and dark. Because storing information in DNA is easier than reading it, they suggest that DNA may
be the ideal method for keeping information that does not need to
be frequently accessed and thus ideal for libraries and government
records. Please see the article in Nature by Goldman et al.9
*In this situation, PCR is easy to use because the makeup of the
DNA strand that needs to be amplified is known. Primers that
start the reaction can be easily chosen, and specific zones may be
amplified and then read.
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Should Patients with Autosomal Dominant Polycystic Kidney
Disease Be Screened for Cerebral Aneurysms?
M.N. Rozenfeld, S.A. Ansari, A. Shaibani, E.J. Russell, P. Mohan, and M.C. Hurley

ABSTRACT
SUMMARY: Autosomal dominant polycystic kidney disease is a genetic disorder affecting 1 in 1000 people worldwide and is associated
with an increased risk of intracranial aneurysms. It remains unclear whether there is sufﬁcient net beneﬁt to screening this patient
population for IA, considering recent developments in imaging and treatment and our evolving understanding of the natural history of
unruptured aneurysms. There is currently no standardized screening protocol for IA in patients with ADPCKD. Our review of the literature
focused on the above issues and presents our appraisal of the estimated value of screening for IA in the setting of ADPCKD.
ABBREVIATIONS: ADPCKD ⫽ autosomal dominant polycystic kidney disease; GFR ⫽ glomerular ﬁltration rate; IA ⫽ intracranial aneurysm; QALY ⫽ qualityadjusted life years; TOF ⫽ time-of-ﬂight

A

utosomal dominant polycystic kidney disease is a genetic disorder affecting 1 in 1000 people worldwide and is associated
with an increased risk of intracranial aneurysms.1 The average life
expectancy of a patient with ADPCKD ranges from 53 to 70 years,
depending on the subtype.2 It remains unclear whether there is
sufficient net benefit in screening this patient population for IA,
considering recent developments in imaging and treatment and
evolving understanding of the natural history of unruptured aneurysms. There is currently no standardized screening protocol
for IA in patients with ADPCKD.
The criteria supporting an ideal screening program can be organized by the following: 1) disease: sufficient prevalence and
morbidity in the target population; 2) diagnosis: technique efficacy and safety; and 3) therapy: treatment efficacy, safety, costeffectiveness, and improved outcome with early treatment.3,4
The following review of the literature focuses on these criteria
and presents our appraisal of the estimated value of screening for
IA in the setting of ADPCKD.

DISEASE
Screening effectiveness is dependent on the natural history of the
disease (Fig 1). Specific to IA, the preclinical phase between aneuFrom the Department of Radiology (M.N.R., P.M.), St. Francis Hospital, Evanston,
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rysm formation and symptom development/rupture can be variable and the clinical phase between symptom development and
SAH/death can be short or nonexistent. The lead time (the time
between aneurysm formation and the development of signs/
symptoms) determines screening frequency and feasibility.

Prevalence
ADPCKD has been associated with a widely variable reported
prevalence of IA: 4%,5,6 5%,7 10%,8 11.7%,9 14%,10 22.5%,5 and
41.2%.11 Of the 18%–22% of patients with ADPCKD who also
have a family history of IA, reported prevalence rates are more
tightly grouped (ie, 22%,7 25.8%,9 and 27.3%5,10,12). In comparison, the general population carries an estimated prevalence of
0.4%– 6%, depending on the study.8 Most retrospective autopsy
series and reviews put the general population prevalence between
2% and 3%.13-16
In 1 large meta-analysis, ADPCKD was found to be the single
greatest risk factor for IA development— greater than atherosclerosis and family history of IA.8 In fact, 10% of patients with undiagnosed ADPCKD will have IA rupture as their presenting
symptom,13 and 6% of all patients with ADPCKD will die due to
subarachnoid hemorrhage.17 IA rupture is considered the most
severe complication of ADPCKD.18
The largest prospective screening study to date was recently
published by Xu et al,19 with a sample size of 355 patients with
ADPCKD screened by 3T time-of-flight MRA. Of these, 12.4%
were found to have an IA, with the percentage increasing to 21.6%
in patients with a family history of IA or hemorrhagic stroke versus 11% prevalence in those without these risk factors. The prevalence was found to be as high as 23.3% in the 60- to 69-year-old
AJNR Am J Neuroradiol 35:3–9
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rupture. Following the release of these
data, the neurosurgical community exposed several weaknesses of the ISUIA
study design. Specifically, ISUIA conducted a prospective but nonrandomized
recruitment, predisposing it to selection
bias in which small aneurysms deemed to
be higher risk could have been excluded
and prophylactically treated at the discretion of neurosurgeons on the basis of
morphology or other risk factors (hypertension, smoking, alcohol abuse, family
history). Patients with unruptured aneuFIG 1. Speciﬁc to IA, the preclinical phase between formation and symptom development/ rysms were invited for inclusion, and
rupture can be quite variable, and the clinical phase between symptom development and their SAH-free survival was backdated to
SAH/death can be quite short or nonexistent. Lead time is dependent on screening frequency.
DPCP indicates detectable preclinical phase. Adapted from Morrison65 by permission of Oxford the time of their aneurysm diagnosis,
whereas patients experiencing an SAH
University Press, USA.
may not have been able to respond. Most
controversial was the discrepancy of the ISUIA findings based on
Table 1: Aneurysm characteristics in patients with ADPCKD versus
the general population
the fact that a large proportion of ruptured IAs present with sizes
General
⬍7 mm. One published 10-year series revealed a mean ruptured
Characteristics
Population
ADPCKD
aneurysm diameter of only 7.5 mm.21 Finally, the subanalyses and
Male/female
71%–76% female
46%–58% female
post hoc grouping of the aneurysm sizes and locations rather than
distribution
Aneurysm location
80%–90% anterior
90%–100% anterior
prospective validation of an a priori hypothesis were criticized.
circulation
circulation
Several explanations have attempted to reconcile the apparent
Multiple aneurysms
35%
18%–31%
size discrepancy for IA risk stratification. Wiebers et al22 suggested that aneurysms initially develop during a short time (hours
Table 2: Five-year cumulative rupture rates from the ISUIA trial
to weeks), enlarging to a diameter that is constrained by the elasfor patients without a history of SAH
ticity limits of the artery. If the aneurysm does not exceed the
Artery
<7 mm 7–12 mm 13–24 mm ≥25 mm
elasticity limit and remains unruptured, it undergoes compensaCavernous carotid
0%
0%
3%
6.4%
ACA/MCA/ICA
0%
2.6%
14.5%
40%
tory stabilization via collagen formation. Once stabilized, how2.5%
14.5%
18.4%
50%
PCA, PcomA,
ever, larger aneurysms are at greater risk for further growth and
vertebrobasilar
rupture due to increased wall stress, according to the law of
Note:—PCA indicates posterior cerebral artery; PcomA, posterior communicating
Laplace (exponentially increased wall stress with larger diameartery; ACA, anterior cerebral artery.
ters). Matsubara et al23 supported this theory; in their 17-month
group. All aneurysms, except for 1 giant aneurysm (25 mm), were
study, aneurysm growth/bleb formation directly correlated with
⬍10 mm, though 11% were ⬎7 mm (ie, of the original group, 1.36%
aneurysm size because only 2.4% (⬍5 mm) and 9.1% (5–9 mm)
had an aneurysm of ⬎7 mm). All aneurysms were located in the
of smaller aneurysms progressed versus 50% (10 –20 mm) of
anterior circulation (49% in the ICA, 26% in the MCA, 25% in the
larger aneurysms. Further analysis revealed that the percentage of
anterior communicating artery, and 2% in the anterior cerebral araneurysms exhibiting growth increased with time: 1-, 2-, and
tery). Multiple aneurysms were found in 18.2% of patients. No cor3-year cumulative rupture risks were 2.5%, 8%, and 17.6%. Burns
relation was found with hypertension, renal function, liver cysts, or
et al24 conducted a similar study with a longer follow-up of 47
duration of disease.
months. The risk of aneurysm enlargement again correlated with
Data from the International Study of Unruptured Intracranial
aneurysm size: 6.9% (⬍8 mm), 25% (8 –12 mm), and 83% (⬎13
Aneurysms (ISUIA),20 Stehbens,16 and Fox15 used to represent
mm).
the general population data can be compared with those in larger
Gibbs et al25 evaluated 21 patients with ADPCKD with docuseries studies on patients with ADPCKD by Xu et al (n ⫽ 355),19
mented asymptomatic IA detected on screening examinations. All
Schievink et al (n ⫽ 41),5 and Chauveau et al (n ⫽ 71) (Table 1).12
aneurysms were small (⬍6.5 mm). On follow-up, 1 aneurysm
grew (by 1 mm), and 1 patient developed a new MCA aneurysm (2
Morbidity
mm) during the screening period (mean, 81 months). The auIntracranial aneurysms can cause local mass effect and thrombothors recommended screening only patients with ADPCKD and a
embolism; however, the most feared event is aneurysm rupture
family history of aneurysm rupture or SAH. Because nearly 10%
causing catastrophic SAH. Currently, the best prospective data
of the patients in this small study exhibited aneurysm growth or
regarding rupture risk come from the ISUIA trial.20 These data
new aneurysm development, the reasoning behind the authors’
support a 5-year cumulative rupture rate of 0%–50%, depending
conclusions is unclear. Their analysis was further complicated by
on the location and size of the aneurysm (Table 2), with anterior
nonsurgical interventions, including aggressive antihypertensive
circulation aneurysms of ⬍7 mm having extremely low rates of
4
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therapy, lipid control, and tobacco cessation, which could potentially lower the risk of aneurysm growth and rupture.
A larger study by Schrier et al26 evaluated the efficacy of rescreening 76 patients with ADPCKD 10 years after an initial
screening examination with negative findings by using CTA,
MRA, or DSA (depending on patient-specific factors). They
found that 2 patients developed aneurysms in the interval period,
though 1 may have previously existed on retrospective analysis.
During 10 years, 1 patient developed a 10-mm vertebral artery
aneurysm, a 10-mm extracranial ICA aneurysm, and a 4-mm
MCA aneurysm requiring surgical clipping.
Following IA rupture, the patient faces a mortality risk ranging
from 10% to 67%, depending on the study, with another 10%–
38% becoming permanently dependent and disabled.12,27 Patients with ADPCKD with IA rupture have a mortality rate similar
to that of the general population (46%),13 though they present
with SAH earlier in life, with a mean age of 35– 45 years, with 64%
of aneurysms rupturing before the patient reaches 50 years of
age.5,13,28,29 In a single study, 10% of aneurysms in patients with
ADPCKD ruptured before the patients reached 21 years of age,13
significantly earlier than the rate of the general population (mean
age, 50 –54 years).27,30

DIAGNOSIS
Imaging Modalities
Nonimaging-based screening/risk-stratification methods have
been evaluated with little success. Markers such as renal function
do not correlate with the risk of having an IA; up to 50% of patients with ADPCKD with IAs have completely normal renal
function.31 No correlation has been found with liver cysts or mitral valve abnormalities, and 29% of these patients were normotensive.13 A correlation has been found with the duration of hypertension, but not with hypertension itself or duration since the
diagnosis of ADPCKD.21
Evidence is emerging that the associated vascular defects in
ADPCKD may be due to mutations in the PKD1 and PKD2 genes
(located on the short arm of chromosome 16).32,33 Abnormalities
of these genes in mouse models correspond with increased rates of
arterial dissection, arterial rupture, and intracranial vascular abnormalities.34 There is some evidence that the location of the
genetic mutation may help prognosticate risk for IA in patients
with ADPCKD (mutations in the 5⬘ region of PKD1 pose a higher
risk than those at the 3⬘ end), though further investigation would
be needed before this information could be used in a clinical
setting.35
Traditionally, the criterion standard for IA evaluation has
been conventional angiography or DSA, which yields a high spatial resolution of 0.1-mm2 pixels, optimum contrast due to direct
intra-arterial bolus delivery with background subtraction, and
high temporal resolution (2– 6 frames/s) that can depict flow patterns within an aneurysm. Modern flat-panel 3D DSA acquisitions can generate an isotropic volume dataset of 0.2 mm3, which
can be visualized as a reconstructed 3D model or 2D multiplanar
sections. The quality of DSA is operator-dependent, varying with
the degree of vessel superselection, injection rates and volumes,
and number of projections, including any supplementary 3D
DSA with postprocessed reconstructions. Regions of compet-

itive flow such as at the vertebral-basilar junction and anterior
communicating artery may be difficult to opacify due to a lack
of contrast in the blood pool. Differences in geographic distortion and 2D planar imaging views can make subtle changes in
aneurysm size difficult to assess on serial studies, unless 3D
imaging is performed.
Recent advances in CT and MR imaging technology have
made these modalities increasingly attractive options for IA
screening. Multidetector CTA and 3T time-of-flight MRA can
generate spatial resolutions of about 0.5-mm2 per pixel, whereas
previous generation scanners provided a resolution of 1 mm2 per
pixel. CTA relies on attenuation differences between iodinated
contrast and surrounding tissues that can be suboptimal at the
skull base in the presence of heavy mural calcification or metallic
hardware. In fact, embolization coils and microsurgical clips used
to treat IAs will cause metallic streak and beam-hardening artifacts on CTA, often yielding nondiagnostic scans. Furthermore,
venous contamination seen with inadequately bolus-timed CTA
can also limit assessment of the intracranial circulation.
Time-of-flight MRA relies predominantly on flow-related signal and, combined with suppression techniques, gives excellent
contrast resolution with negligible interfering venous signal. Decreased temporal resolution with MRA predisposes it to motion
artifacts, resulting in acquisition times that may require ⬎5 minutes. In addition, turbulent flow can result in rapid dephasing and
intraluminal signal loss, though these issues are less problematic
on 3T MR imaging platforms. Contrast-enhanced TOF MRA is
marred by venous signal, and the limited time window for dynamic contrast-enhanced arterial phase MRA results in relatively
decreased spatial resolution. MR imaging– based techniques are
sensitive to metallic susceptibility artifacts from either dental
hardware or implanted devices and, at times, degrade images to
nondiagnostic quality, as encountered with microsurgical aneurysm clips. Intraluminal stents are difficult to assess with noninvasive methods due to their intraluminal placement and cause
moderate susceptibility artifacts on MRA. Although they may be
better assessed with a postgadolinium protocol, confirmation
with CTA or invasive DSA may be required for definitive diagnosis. Conversely, endovascular coils cause minimal MR imaging
artifacts when ultrashort TEs are used with TOF MRA, permitting
the assessment of residual filling in coiled aneurysms as an excellent screening technique for aneurysm recurrence.

Efﬁcacy and Safety
Several studies have compared MRA and CTA with DSA with
respect to diagnostic accuracy for IAs. According to a recent
study, 3T TOF MRA demonstrated a screening sensitivity of 67%
for aneurysms of ⬍3 mm, 79% for those of 3–5 mm, and 95% for
those of ⬎5 mm.36 Because many patients have multiple aneurysms (⬃30%),37 a per-patient screening sensitivity is a more accurate metric for assessing the effectiveness of a technique. In this
study, the per-patient screening sensitivity and specificity were
96% and 92%, respectively. Multidetector CTA had a slightly
lower per-patient screening sensitivity of 95% and a slightly
higher screening specificity of 96%. Another recent study focused
on CTA revealed a similar screening sensitivity of 95% for aneurysms of ⬎7 mm.38 One study focused on small aneurysms
AJNR Am J Neuroradiol 35:3–9
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(⬍5 mm) and found CTA sensitivity to be higher than that of DSA
with equivalent specificity.39
Due to the relatively invasive nature of DSA and the small but
definite risk of stroke as well as the cost, dedicated staff and time
commitment, and patient discomfort involved in the procedure,
DSA has become less attractive as a screening technique for IA.
One study estimates the complication risk at 1.3%, with a 0.5%
risk of permanent neurologic complications.40
Noncontrast TOF MRA has become the primary noninvasive
screening technique, with the advantage of avoiding the use of
potentially nephrotoxic or allergenic contrast media and avoiding
the placement of an IV line. Adding a gadolinium-enhanced MRA
to the protocol may add the risk of the rare but serious nephrogenic systemic sclerosis. Nephrogenic systemic sclerosis is noted
to occur in 1%–7% of patients with a GFR ⬍30 mL/min due to the
use of certain gadolinium-based compounds, though it is exceedingly rare in patients with normal GFR.41 General MR imaging
contraindications include pacemakers, other implanted hardware, and occasionally claustrophobia. All intracranial clips will
cause prominent susceptibility artifacts, and some older clips are
MR imaging incompatible due to the risk of clip movement. All
endovascular coils, stents, and liquid embolic materials are MR
imaging compatible.
Because 50% of patients with ADPCKD with aneurysms have
normal renal function and many others have only slightly altered
creatinine clearance, CTA using iodinated contrast media remains a viable option for many potential screening subjects. Risks
of CTA include allergic reactions (0.18%– 0.6%),41 contrast-induced nephrotoxicity or acute tubular necrosis, radiation, and
intravenous extravasations. Contrast nephropathy is dependent
on numerous factors including acute renal failure, dehydration,
and elevated serum creatinine concentration or reduced GFR
(⬍60 mL/min), though a serum creatinine level of ⬍2 mg/dL is
considered to be a sufficiently low risk for most patients with
chronic renal failure.41 The radiation dose following a CTA of the
head ranges from 1.6 –1.9 mSv,42 which is roughly equivalent to
the dose of an x-ray of the spine, 16 chest x-rays, or 7 months of
background radiation.43 Comparatively, the radiation dose for a
noncontrast head CT is 1.7–2.7 mSv.42

Cost
The cost of diagnostic imaging procedures varies among institutions. The 2012 Medicare technical reimbursement rate and the
2010 National 50th Percentile charge provide reliable figures for
comparison (KnowledgeSource version 4.9.1; MedAssets, Alpharetta, Georgia). For CTA, the figures for Medicare and the
National 50th Percentile are $740 and $2000 respectively. For
MRA without contrast, the figures are $718 and $2050, whereas
adding gadolinium to the study increases the reimbursement by
$300. Thus, there is no significant difference in the up-front cost
of CTA versus MRA. In our experience, a small number of patients will require a CTA to clarify a finding on an initial MRA,
whereas the opposite almost never occurs. With more widespread
use of 3T MRA, this should become less common. Less measurable cost worth considering is incurred by the use of sedation with
postprocedure observation, which would be more common with
MRA due to the longer procedure time, and issues with claustro6
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phobia. CTA carries the risk of contrast reaction or soft-tissue
extravasation, which could require a period of observation or admission in the rare severe cases.

THERAPY
Following diagnostic screening and discovery of an IA, treatment
versus conservative management must be contemplated. If treatment is deemed prudent, further study of the patient and aneurysm anatomy is required to determine whether microsurgical
clipping or endovascular coil embolization is the preferred treatment. A multidisciplinary team experienced in both endovascular
and microsurgical techniques along with neuro-critical care expertise, usually at a tertiary care center, is the ideal environment.
Treatment decisions will depend on aneurysm size, location,
anatomy/morphology (narrow/wide neck, saccular versus fusiform, incorporation of parent or branching vessels), patient age,
comorbidities, and institutional/individual surgeon outcomes.

Efﬁcacy and Safety
Microsurgical clipping and endovascular coil embolization have
their inherent advantages and disadvantages, and a full comparison is beyond the scope of this review. While microsurgical clipping was previously the standard of care, coil embolization has
matured rapidly in recent years and is a more frequent treatment
alternative with technological advancements and the advent of
adjunctive balloon and stent-assisted techniques.44 Numerous
studies have shown a lower periprocedural morbidity and mortality associated with endovascular treatment and lower rates of
discharge to long-term care facilities.44,45 Some authors have suggested that ⬎90% of aneurysms can now be effectively treated by
using endovascular techniques.46 However, the durability of coil
embolization remains frequently debated due to the increased risk
of residual aneurysm components or neck remnants, interval rupture or rebleeding (⬍1%), and the additional risk of retreatment.
Despite these concerns, the largest and most recent retrospective
analysis, by using the National Inpatient Sample data base, noted
in-hospital mortality of 1.2% for clipping and 0.6% for coiling of
unruptured aneurysms. In this study, the combined morbidity
and mortality from coiling decreased from 6.2% to 4.3% versus
clipping, which decreased from 16.9% to 13.2% during 2001–
2008.44 These outcomes are per procedure, and the risk per patient would increase in cases of retreatment, the latter being negligible after clipping.
Renowden et al47 reported that 6% of 1631 patients required
retreatment after coiling of 1834 mostly ruptured aneurysms.
They found a lower morbidity in retreatment coiling procedures
compared with the initial procedure: 3 cases of thromboembolism from 99 recoiling procedures. Overall, combined morbidity
and mortality decreased from 14.8% to 7.6%. The important
point is that due to modern techniques and increasing use of
endovascular methods, treatment morbidity and mortality have
significantly improved in comparison with the older risk-benefit
analyses.
Nonsurgical interventions are a reasonable alternative to consider in treatment planning. Long-term hypertension has been
correlated with an increased risk of IA rupture.48 Patients on anticoagulants have a doubled mortality rate after IA rupture.49

Other modifiable factors such as smoking, heavy alcohol consumption, oral contraceptive pills, atherosclerosis, ischemic heart
disease in women, and hyperlipidemia have all been associated
with an increased risk of aneurysmal SAH in the general population.50 These risk factors have not, however, been specifically evaluated in the ADPCKD population. While there is no direct evidence that modification of these risk factors would then decrease
the risk of rupture, it would seem judicious to address these factors with all patients after the diagnosis of an IA in the hopes of
mitigating their risk.

Risk-Beneﬁt Analysis
Multiple authors have addressed the risks and benefits of screening for IAs and their treatment. Crawley et al51 performed a riskbenefit analysis in 1999 focused on screening patients without
polycystic kidney disease with a strong family history of IA and
concluded that screening causes net harm. This was the only major analysis with a negative result; explanations include relying on
pre-ISUIA data, relatively low MRA sensitivity/specificity (90%),
relatively high treatment morbidity and mortality rates (8%), a
relatively low incidence (9.8%), and a relatively low 0.8% annual
risk of rupture.
One of the most complex risk-benefit analyses to date was
performed by Takao and Nojo.52 Data were obtained from the
prospective arm of the ISUIA and from large meta-analyses. Fifty
years of age was chosen for their model because it approximated
the mean age in the ISUIA trial. The choice of a 50-year-old cohort
in this study was significant because as discussed earlier, 64% of
patients with ADPCKD present with IA rupture before this age.
Endovascular treatment was found to be effective from a riskbenefit standpoint in anterior circulation aneurysms of ⬎7 mm,
cavernous carotid aneurysms of ⬎13 mm, and posterior circulation aneurysms ⬍24 mm. Surgical repair was effective in anterior
circulation aneurysms of ⬎13 mm and in posterior circulation
aneurysms of 7–12 mm.
Butler et al53 conducted another comprehensive risk-benefit
screening analysis. They determined that a single initial screening
MRA in all 20-year-old patients with ADPCKD would increase
the mean life expectancy without neurologic disability by 1 year.
Hence, a 35-year-old patient would expect a mean 0.5-year increase in life expectancy; but declines in screening value were
noted with increasing age. Of screened patients, those who have
an aneurysm discovered and then treated will have an additional
10.8 years of life (on average) without neurologic deficit. Mitchell
et al54 reported similar findings in their risk-benefit analysis. Patients with a ⬎20-year life expectancy were found to benefit from
treatment for all posterior circulation aneurysms and all anterior
circulation aneurysms of ⬎7 mm.
Studies specifically evaluating the treatment of IAs in patients
with ADPCKD are limited. As described earlier, these patients
may have an increased risk of spontaneous dissection due to arterial wall abnormalities secondary to defects in the PKD1 and
PKD2 genes. One study by Chapman et al6 showed a higher risk
of transient complications after angiography in patients with
ADPCKD (25%) versus controls (10%), though the complication
rates of both groups appeared markedly elevated. Two of 32 patients with ADPCKD experienced transient carotid artery vaso-

spasm, and 1 had asymptomatic vertebral artery dissection without neurologic sequelae.

Cost-Effectiveness
While average initial hospital costs for endovascular coil embolization and surgical clipping are greater than Medicare reimbursement rates,55 this alone does not address the overall cost of a
screening program. Multiple authors have performed elaborate
cost-effectiveness analyses regarding aneurysm screening and
treatment in this population.
Takao and Nojo52 defined cost-effectiveness as a cost
⬍$100,000 per QALY, a commonly used value in the United
States,56 and found both endovascular treatment and surgical
clipping to be valuable from a cost perspective in the treatment of
IAs of ⬎7 mm. The costs per QALY ranged from as low as $600 for
surgical clipping in anterior circulation aneurysms of ⬎25 mm
to $482,500 for surgical clipping of posterior circulation aneurysms of ⬍7 mm. If one used prospective data from Xu et al,19
11% of the aneurysms discovered on initial screening in their
study could be cost-effectively treated by using the analysis of
Takao and Nojo. If one used retrospective data from Schievink et
al,5 35%–78% of the aneurysms in patients with ADPCKD could
be treated cost-effectively on the basis of this analysis.
Butler et al53 also addressed cost-effectiveness in their previously described study. As long as the aneurysm prevalence was
above 1.1%, a general screening program in 20-year-old patients
with ADPCKD was shown to be cost saving. Numerous studies
have shown the general aneurysm prevalence in patients with
ADPCKD to be at least 4%, and Xu et al19 demonstrated the
prevalence in patients younger than 29 years of age to be 2.4%. No
aneurysm size criteria were used in this study, and all aneurysms
were hypothetically repaired surgically. Johnston et al57 determined via their cost-utility analysis that any intracranial aneurysm that is symptomatic or ⬎10 mm or any patient with a prior
history of SAH could be cost-effectively treated with a net gain in
QALY.
While most aneurysms of ⬍7 mm have a low risk of rupture
and may not require treatment, their early detection would result
in a more concentrated follow-up, which may detect aneurysm
growth indicative of an unstable lesion; the additional cost of such
an approach would have to be factored in.
A very recent and detailed analysis by Bor et al58 evaluated and
compared numerous screening models. The study was specifically
focused on patients (without ADPCKD) with a family history of
2 first-degree relatives with SAH and used an annual IA incidence
of 0.3%– 0.7% and an annual rupture risk of 1%–2%. While
screening was cost-effective regardless of the model chosen, the
largest health benefit was obtained by screening every other year
from 20 – 80 years of age at a cost of $20,000/QALY, well within
the acceptable range in the United States. Their recommended
model was screening every 7 years from 20 – 80 years of age at a
cost of $10,749/QALY, within the acceptable range in the United
Kingdom and the Netherlands. The costs shown above compare
favorably with those in other accepted screening programs and
interventions such as digital mammography, colonoscopies, dialysis, and seatbelt use.59,60
AJNR Am J Neuroradiol 35:3–9
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RECOMMENDATIONS
Currently, no official standardized societal recommendations exist for IA screening in patients with ADPCKD, but various recommendations can be found in the literature. They include (only)
screening patients with both ADPCKD and a family history of IA
or SAH, a prior aneurysm rupture, high-risk occupations, undergoing major elective surgery, or having a “warning headache” or
severe anxiety regarding the issue.13,61-63 Weibers et al22 provided
recommendations for following unruptured IAs in any high-risk
population (including ADPCKD): annual MRA/CTA for 2–5
years, then every 2–5 years thereafter if the aneurysms are stable.
Butler et al53 suggested screening every 2–3 years in patients with
ADPCKD with a family history of IA and every 5–20 years in those
without. Torres et al64 advised rescreening every 5–10 years in
patients with initial negative screening examination findings. In
patients with ADPCKD with known aneurysms considered suitable for surveillance, they suggested biannual or annual imaging
to confirm stability and then transitioning to less frequent intervals. Xu et al19 strongly recommended screening patients with
ADPCKD with a family history of IA or SAH, though they did not
provide detailed guidelines or specifically comment on patients
without this history.
If one incorporates the most recent data regarding the incidence, screening, treatment risk, and cost-benefit analyses,
screening patients with ADPCKD via CTA or MRA will improve
life expectancy in a cost-effective and, at times, cost-saving manner. We recommend screening all patients with ADPCKD by noncontrast 3T TOF MRA at the time of initial diagnosis with follow-up scans at intervals of, at most, 10 years and as short as 2
years, depending on patient-specific risk factors, including the
following: family history of IA or SAH, prior SAH, neurologic
symptoms, hypertension, smoking, alcohol abuse, high-risk professions (such as pilots), or those undergoing major elective surgery. We would consider coil embolization of most posterior circulation aneurysms and anterior circulation aneurysms of ⬎7
mm, though treatment of smaller IAs may be contemplated on the
basis of additional patient and aneurysm risk factors (including
irregular morphology). Patients with aneurysms unsuitable for
coil embolization with adjunctive balloon or stent-assisted techniques may be offered surgical clipping on multidisciplinary consensus. Newly diagnosed IAs would undergo biannual TOF MRA
imaging for the first 2 years and every 2–5 years thereafter if stable.
Appropriate medical management to reduce modifiable risk factors for aneurysm growth/rupture (smoking/alcohol cessation,
antihypertensive therapy, and, when possible, avoidance of blood
thinners) is also recommended.
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Illustrated Review of the Embryology and Development of the
Facial Region, Part 2: Late Development of the Fetal Face and
Changes in the Face from the Newborn to Adulthood
P.M. Som and T.P. Naidich

ABSTRACT
SUMMARY: The later embryogenesis of the fetal face and the alteration in the facial structure from birth to adulthood have been
reviewed. Part 3 of the review will address the molecular mechanisms that are responsible for the changes described in parts 1 and 2.

P

art 1 of this 3-part review primarily dealt with the early embryologic development of the face and nasal cavity. Part 2 will
discuss the later embryonic and fetal development of the face, and
changes in facial appearance from neonate to adulthood will be
reviewed.

Formation of the Palate
Between the sixth and 12th weeks, the palate is formed from 3
primordia: a midline median palatine process and paired lateral
palatine processes (Fig 1). In the beginning of the sixth week,
merging of the paired medial nasal processes forms the intermaxillary process. From this, a wedge-shaped primary anterior mesenchymal mass extends posteriorly, between the internal surfaces
of the developing maxillae, to form the primary palate (Fig 1B).
The primary palate then gives rise to the premaxilla, the anterior
median portion of the maxilla that encloses the 4 upper incisors.
The secondary palate is the primordium of the remaining hard
and the soft palates. Later in the sixth week, paired lateral palatine
processes arise as medial mesenchymal projections from each
maxillary process (Figs 1 and 2). Initially these grow inferiorly,
between the developing tongue and the developing alveolus (see
the sections on the mandible and teeth) (Fig 2A). However, as the
maxilla and mandible elongate, the tongue is pulled downward
away from the lateral palatal processes. During the seventh and
eighth weeks (Fig 2B), the palatal shelves elevate into a horizontal position above the tongue (Fig 2C, -D). This change in
orientation is facilitated by the release of hyaluronic acid by the
mesenchyme of each palatal process. When the palatal shelves
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first make contact, each is completely covered by a homogeneous epithelium. A special epithelium arises at the edge of
each palatal shelf, facilitating the eventual fusion of these
shelves. The epithelium on the nasal cavity surface of the palate
will differentiate into columnar ciliated epithelium. The epithelium on the oral cavity side of the palate will differentiate
into stratified squamous epithelium.
The 2 palatal shelves also fuse with the triangular primary palate anteromedially to form a y-shaped fusion line. The point of
fusion of the secondary palatal shelves with the primary palate is
marked in the adult by the incisive foramen. The fusion of the 2
palatal shelves also results in a lengthening of the nasal cavity and
carries the posterior choana back toward the pharynx. Ossification gradually occurs in the primary palate and then extends into
the palatal processes to form the hard palate. The posterior portions of the palatal processes do not ossify. Rather they extend
posteriorly to the nasal septum and fuse to form the soft palate ad
midline uvula.1,2

Nasal Septum
The nasal septum develops downward and posteriorly from the
internally merged medial nasal processes and the frontonasal process. Fusion between the nasal septum and the palatal processes
starts anteriorly during the ninth week and is completed by the
12th week (Fig 2).1,2

Mandible
During the fourth-to-fifth weeks, the mandibular processes
gradually enlarge and merge in the midline. Between the fifth
and eighth weeks, neural crest cells of the first pharyngeal arch
give rise to left and right cartilaginous rods called the Meckel
cartilages. These form the cores around which the membranous bone of the lower jaw develops. The mandibular processes form the lower lip, the lower jaw, and the lower cheek
regions. The mentum marks the site where the 2 mandibular

FIG 1. Drawings from below show the development of the palate from 6 to 7 weeks (A), 7 to 8 weeks (B), and 8 to 10 weeks (C). The lateral palatine
processes grow medially and eventually merge in the midline and with the intermaxillary segment (primitive palate). The incisive canal marks the
junction of the primitive and secondary palates. (Modiﬁed with permission from Levine HL, Clemente MP, eds. Chapter 1, Surgical Anatomy of
the Paranasal Sinus. China: 2005. Sinus Surgery Endoscopic and Microscopic Approaches. Figures 1–3. Thieme Medical Publishers Inc., Georg
Thieme Verlag Stuttgart).

FIG 2. Serial frontal diagrams (A–D) from approximately 6 –10 fetal weeks shown just posterior to the intermaxillary segment illustrate the
progressive development of the secondary palate and its fusion with the nasal septum.

processes merge in the midline. A partial or incomplete merger
of these mandibular processes forms the common midline chin
dimple or cleft.

Gingiva, Lips, and Teeth
Until the end of the sixth week, the primordial jaws comprise
only masses of mesenchymal tissue with no differentiation of
the lips and gingivae. At the end of the sixth week, a curvilinear
thickening of ectoderm, the labiogingival lamina, grows into
the underlying mesenchyme. Most of this lamina degenerates,
creating a labiogingival groove or sulcus between the lips and

gingivae (Fig 3A). A small midline remnant of the labiogingival
lamina persists as the frenulum of the upper lip (Fig 3B).
Shortly after in the sixth week, a second lamina, the dental
lamina, arises in the more buccal margin of the developing
gingiva of both jaws. The dental lamina eventually will give rise
to 10 spherical tooth buds that penetrate the mesenchyme of
both jaws. The tooth buds first appear in the anterior mandible
followed by the anterior maxilla. Budding then continues progressively posteriorly to form 10 deciduous teeth each in the
maxilla and mandible. From about the 10th fetal month, deep
AJNR Am J Neuroradiol 35:10 –18
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FIG 3. Drawing from above and in front (A) of the developing lips and gums. The labiogingival lamina develops in the common mesenchymal
tissue of this region. When it dissolves, the labiogingival sulcus that remains separates the lips and gums. The dental lamina develops just behind
this region and will give rise to the dental buds, which will form the deciduous and permanent teeth. B, Frontal photograph shows the frenulum
of the upper lip, the only remaining vestige of the labiogingival lamina.

FIG 4. Lateral drawing of the developing teeth. Note that the permanent teeth (blue) develop medial to the deciduous teeth. (Modiﬁed
with permission from Frank H. Netter, Atlas of Human Anatomy,
5th Edition, Saunders Elsevier, Philadelphia, 2011, Figure 56. Netter
Illustrations from www.netterimages.com, ©Elsevier Inc, All rights
reserved).

components of the dental lamina create the buds for the permanent teeth along the lingual aspects of the deciduous teeth
(Fig 4). The permanent molar teeth have no deciduous precur12
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sors and arise directly from posterior extensions of the dental
laminae.
By the 10th week, a mesenchymal condensation called the
“dental papilla” invaginates into each tooth bud, resulting in
the formation of a cup-shaped enamel organ (Fig 5A). The
enamel organ has an inner epithelium, an outer epithelium,
and a middle enamel reticulum (enamel pulp) (Fig 5B, -E). The
dental papilla contains attenuated collections of stellate cells,
which eventually give rise to most of the tooth proper, including the pulp cavity, the dentin, and the vasculature of the tooth.
The enamel organ and dental papilla are surrounded by a mesenchymal concentration called the “dental sac.” This sac will
develop into the fibrous connective tissue (periodontal ligament) that attaches the roots of the teeth to the alveolar bone
(Fig 5C). The inner enamel epithelium later differentiates into
the ameloblasts that produce the tooth enamel. By the third
month, the mesenchymal cells in the dental papilla adjacent to
the inner enamel epithelium differentiate into odontoblasts.
These produce predentin and deposit the predentin adjacent to
the inner enamel epithelium (Fig 5C). In the sixth month, the
predentin calcifies to become the dentin of the tooth.
The crown of the tooth refers to that part of the tooth covered
by enamel and projecting above the gum line. The formation of
the tooth root begins when the inner and outer enamel layers
penetrate into the mesenchyme to form the epithelial root sheath
(Hertwig epithelial root sheath) (Fig 5D). Root formation takes
place after the crown formation has been completed. The root

FIG 5. Drawings of the progressive development of the teeth from the tooth bud stage that comes from the dental lamina to the adult tooth.
(Modiﬁed from http://embryology.ch/anglais/sdigestive/gesicht05.htm and www.embryo.chronolab.com/teeth.html).

canals arise through extension and later fusion of the enveloping
root sheath (Fig 5F). The inner cells of the dental sac differentiate
into cementoblasts, which will produce the cementum of the
tooth. Increasing amounts of dentin reduce the pulp cavity to the
narrow root canal through which the vessel and nerves pass. The
deciduous teeth erupt through the gingiva from 6 –24 months
after birth.3

Facial Muscles
The facial muscles start to develop between the third and eighth
weeks when the mesoderm of the second branchial arch starts to
thicken just caudal to the first branchial groove. Between the sixth

and eighth weeks, sheet-like collections of premyoblasts and early
myoblasts extend from this attenuated mesenchyme to form 5
laminae on each side of the face, which extend into the superficial
portions of the future temporal, occipital, cervical, and mandibular regions. On each side of the face, the infraorbital lamina and
the occipital platysma are the first laminae to appear (Fig. 6). Each
infraorbital lamina forms the zygomaticus major, the zygomaticus minor, the levator labii superioris, the levator labii superioris
alaeque nasi, the superior part of orbicularis oris, the compressor
naris, the dilator naris, the depressor septi, the orbicularis oculi,
the frontal belly of occipitofrontalis, the corrugator supercilii, and
the procerus muscles. Each occipital lamina forms the occipital
AJNR Am J Neuroradiol 35:10 –18
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FIG 6. Sagittal drawings of the progressive development of the facial muscles from the dense mesenchyme that arises near the ﬁrst branchial
cleft. (Modiﬁed with permission from Gasser R. The Development of the Facial Muscles in Man. Am J Anat 1967;120:357–376).

FIG 7. Lateral drawings of a 7- to 8-week embryo (A) and an 8- to 10-week fetus (B) show that the opening of the external auditory canal remains
stationary but appears to rise because the progressive elongation of the jaw creates this impression. (Modiﬁed with permission from Netter’s
Atlas of Human Embryology. Edited by Cochard, L.R., PhD. 2002. Icon Learning Systems, Teterboro, New Jersey, Figure 9.27. Netter Illustrations
from www.netterimages.com, ©Elsevier Inc, All rights reserved) .

belly of the occipitofrontalis muscle. Each temporal lamina develops into the superior auricular muscles. Each mandibular
lamina forms the mandibular part of platysma, the depressor
labii inferioris, the mentalis, the risorius, the depressor anguli
oris, the buccinator, and the levator anguli oris muscles. Mesenchymal cells adjacent to the first branchial cleft form the
anterior auricular muscle on each side of the face. The deep
muscles form separately for the mesoderm, and these muscles
comprise the posterior belly of digastric, the digastric tendon,
the stapedius, and the stylohyoid muscle on each side of the
face.4
14
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Remodeling of the Face
During the early fetal period, the nose is flat, the mandible appears
small, and the orbits face laterally. These structures will grow into
their adult configurations as facial development is completed. As
the brain enlarges, the cranial vault expands to each side causing
the orbits to face forward. The ostia of the external auditory canals
remain stationary but appear to rise because the jaw elongates and
grows downward (Fig 7). Early on, the stomodeum extends across
nearly the full width of the embryonic face. By the seventh-toeighth weeks, differential growth of the facial elements brings the
eyes and lateral portions of the maxilla and mandible to a more

membrane originally attached eventually corresponds to the
plane of the Waldeyer ring. The progressive depth of this ring in
the postnatal period is due to the dominant differential growth of
the ventral face.

Summary of Contributions
The frontonasal process forms the forehead, the bridge, and
dorsum of the nose and the nasal bones. The medial nasal
processes form the columella of the nose, the philtrum, the
perpendicular plate of the ethmoid bone and the vomer, the
cribriform plates, and the primary palate. The lateral nasal
processes form the sides and alae of the nose. The maxillary
processes form the upper cheek regions and most of the upper
lip, the maxilla, zygoma, and secondary palate. The mandibular processes form the chin, lower lip, lower cheek regions, and
the mandible (Fig 8).

Pinna of the Ear
At the beginning of the sixth week, 6 auricular mesenchymal hillocks appear, 3 on either side of the first branchial cleft or groove.
During the seventh week, the pinna of the ear will have taken its
adult shape (Fig 9).

Eyelids

FIG 8. Drawing in an anterior oblique view of the late fetal face
showing the contributions of the various facial processes. Green
indicates the frontonasal process; yellow, the lateral nasal processes; purple, the medial nasal processes; orange, the maxillary
processes; and blue, the mandibular processes.

frontal location. Although the expansion of the cranial vault does
make the mouth appear smaller, it is the formation of the cheeks
by progressive fusion of the maxillary with the mandibular processes at the lateral angles of the mouth that most reduces the size
of the mouth. The coronal plane along which the oropharyngeal

In the sixth week, the eyelids start to form from neural crest
mesenchyme and from 2 cutaneous folds of ectoderm that
grow over the cornea. The eyelids grow rapidly until they meet
and fuse to each other in the 10th week. At this time, a persistent epithelial lamina arises between the eyelids. Between the
26th and 28th weeks before the eyelids reopen, eye lashes and
small meibomian glands begin to differentiate from the common epithelial lining.

Later Facial Growth
At birth, the skull has a sagittal suture system that divides the
cranium and face into left and right halves. Anteriorly, this system

FIG 9. Lateral oblique drawings of the 6 hillocks that develop about the ﬁrst branchial cleft and how they eventually form the pinna of the ear.
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FIG 10. Frontal drawing of a neonate skull (A) shows the sagittal suture system that divides the cranium and face into 2 halves. This system is
made up of the metopic suture, the internasal suture, the intermaxillary suture, and the mandibular symphysis (outlined with a black line).
(Modiﬁed with permission from Sobotta: Atlas der Anatomie des Menschen. ©Elsevier GmbH, Urban & Fischer Verlag Munchen. Volume 1, Edited
by Putz, R. and Pabst, R. Lippincott Williams and Wilkins, Philadelphia 2001, Figure 82). B, Frontal drawing of the body of the sphenoid bone, the
greater sphenoid wings, and the cartilage between them (black). The sagittal suture system divides to run on either side of the body of the
sphenoid bone because it is separated from the greater sphenoid wings by cartilage. C, Frontal drawing of the midfacial structures at approximately 3 years of age. The union of the ethmoid bodies (pink) with the perpendicular plate (orange) as a result of ossiﬁcation of the cribriform
plates (green) makes the ethmoid bone a single bone and stabilizes the interocular and upper nasal regions. The maxilla is beige; vomer, yellow;
septal cartilage, light blue.

is made up of the metopic suture, the internasal suture, the
intermaxillary suture, and the mandibular symphysis (Fig
10A). Posteriorly, the sagittal suture system splits around the
body of the sphenoid bone, along the cartilage between the
body of the sphenoid and the greater wings of the sphenoid
(Fig 10B). The sagittal system does not bisect the entire skull
however because other midline structures extend from the foramen magnum to the nasion. These structures comprise the
basioccipit, basisphenoid, lesser wings of the sphenoid, the
perpendicular plate of the ethmoid, and the interorbital portion of the frontal bone.5
By 8 –9 weeks, the initial skeleton of the face is cartilaginous
and composed of the nasal capsule in the upper face and Meckel
cartilage in the lower face. The chondrocranium forms the skull
base. By 12 weeks, most of the ossification centers have appeared
in the membranous bones, and the enchondral ethmoid bone has
started to ossify. Ossification then proceeds within these bones.
During the late fetal period and until the first postnatal year,
growth in the width of the craniofacial skeleton occurs at the
midsagittal suture system. The main mechanism of this growth
16
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is the progressive enlargement of the brain and growth of the
cartilage between the body and greater wings of the sphenoid
bone.
In the first year of life, the metopic suture unites, and soon after,
the mandibular symphysis unites. Then the greater sphenoid wings
unite with the sphenoid body. These changes close the midline sagittal suture system, and it ceases to be a growth site.5
At approximately 3 years, ossification of the cribriform
plates unites the ethmoid bodies with the perpendicular plate,
creating a single ethmoid bone and stabilizing the interocular
and upper nasal regions (Fig 10C). It has been suggested that
the progressive growth of the nasal septal cartilage “pushes”
the midface forward and thus contributes to the facial anteroposterior growth.5,6
After the third year, separation of the maxillary bones is still
possible, as is separation of the zygomatic bone from the maxilla.
However, with completion of the growth of the orbits between the
seventh and 10th years, further outward movement of the maxilla
and zygoma ceases at these sutures. Further growth of the upper
facial skeleton takes place by surface bone deposition in association with internal bone resorption.5

FIG 11. Lateral (A) and frontal (B) drawings of neonate facial bones and skull and adult facial bones and skull in the lateral (C) and frontal (D) views.
In general, the facial structures grow proportionally more and for a longer time the further they are from the neurocranium. Thus, growth of the
mandible begins later and continues longer than midfacial and orbital development. The forehead grows in an anterior and slightly upward
direction. The forward and upward growth of the forehead contributes to elevation and widening of the nasal bridge. (Modiﬁed with permission
from Sobotta: Atlas der Anatomie des Menschen. ©Elsevier GmbH, Urban & Fischer Verlag Munchen. Volume 1, Edited by Putz, R. and Pabst, R.
Lippincott Williams and Wilkins, Philadelphia 2001, Figures 66, 68, 82 and 83).

Childhood to Adulthood Facial Remodeling
As one ages from childhood to adulthood, there is a constant
growth and remodeling of the facial bones, which results in
changes in the facial morphology. Overall, there is forward and
downward growth of the face with progressing age. As a generality, the farther structures lie from the neurocranium, the longer
they grow and the more they increase in size. Thus, growth of the
mandible begins later and continues longer than does the growth
of the midface and orbits.
During the first decade of life, the forehead grows in an anterior and slightly upward direction. This contributes to the elevation and widening of the nasal bridge (Fig 11B, -D).
The zygomatic/maxillary region grows progressively posteriorly as the dental arch becomes elongated by addition of new bone
on the posterior margin of the maxilla. That part of the maxilla
anterior to the zygomatic arch regresses while the posterior portion increases in size.6,7
The backward movement of the malar region and the forward
growth of the supraorbital region serve to draw out the anteroposterior dimensions of the face. The inferior orbital rim and the
superior orbital rim are in the same coronal plane in the young

face, but in the older face, the supraorbital region protrudes forward of the cheek (Fig 12).
In the transverse plane, the maxillary bones and the ethmoid
bodies grow apart from one another so that the interocular distance increases with age (Fig 12C). The movement of the nasal
area combined with the malar movement results in an increase in
the vertical size and the width of the upper part of each nasal cavity
(Fig 12D). The mandibular ramus becomes progressively deeper
in its anteroposterior dimension. The ramus also increases in vertical dimension, accommodating the marked downward growth
of the nasomaxillary complex and the eruption of the teeth (Fig 12
A, -C).
The young face appears somewhat brachycephalic because it is
relatively wide and vertically short. The dentition has not yet become fully established, and the jaws have not yet grown to their
full vertical extent. The young face also appears small compared
with the cranium when the craniofacial sizes are compared
with an adult skull (Fig 11). Thus, compared with an adult face,
the young face appears “cute,” with wide-set large eyes, a small
jaw, a small “pug” nose, prominent cheeks, a high flat forehead
AJNR Am J Neuroradiol 35:10 –18
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FIG 12. Lateral diagram of the fetal skull (A) (darker areas) and the adult skull (B) (lighter areas) shows that the inferior orbital rim and the superior
orbital rim are in the same plane in the young face (dark line in A), but in the older face, the supraorbital region protrudes forward of the cheek
(dark line in B). Frontal diagrams (C and D) show that as the maxillary bones and the ethmoid bodies separate from one another, this movement
increases the lateral growth of the interocular distance. As a result, the orbits enlarge and shift laterally (C). The movement of the nasal area
combined with the malar movement results in an increase in the vertical size and the width of the upper part of each nasal cavity (D). (Modiﬁed
with permission from Enlow D. A Morphogenetic Analysis of Facial Growth. Am J Orthodontics 1966;52:283–299. Figures 1 and 4)

without full eyebrows ridges, a low nasal bridge, and a small
mouth.
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HISTORICAL PERSPECTIVES

Andreas Vesalius and Thomas Willis: Their Anatomic Brain
Illustrations and Illustrators
J.H. Scatliff and S. Johnston

ABSTRACT
SUMMARY: The brain illustrations of Vesalius and Willis were the ﬁrst in anatomic history with pictorial accuracy. Their illustrations,
illustrators, and methods are discussed. Woodcut blocks were used for the prints of ﬁgures in the Vesalian anatomy. Figures of the brain
appear to be done after external ﬁxation in the work of Willis.

W

ith MR images of the brain now
so clear, it is interesting to remember how the first true brain illustrations were done. Although the 3D reality
of organ systems began with Da Vinci, it
was Vesalius in Padua in the 1500s and
his illustrations that led the way with
brain drawings approaching those of the
present. A hundred years after Vesalius,
Thomas Willis and Christopher Wren
in Oxford took the accurate depiction of
the brain and its vessels further.
There are 25 woodcut figures of
brains, reflected dura, skulls, and vessels in Andreas Vesalius’ landmark anFIG 1. A, De Humani Corpus Fabrica, Book VII, Plate 3 L, Corpus Callosum; D, Falx Separated and
atomic text The Fabric of the Human
Laid on Left Brain. B, Plate 4 E Gyri, GH White Matter O, Choroid Plexus. Modiﬁed courtesy of D.
Body (Latin: De Humani Corpus Fab- Garrison, Department of Classics, Northwestern University.
rica) Book VII (Figs 1A, -B).1 The
lustration of the Fabrica shows Vesalius (Fig 2) and a young man
identity of the artist was who did the illustrations is uncertain. It
possibly sketching what Vesalius was dissecting. The man, however,
may have been Von Calcar, a Fleming as was Vesalius.2 It is known
may only be comparing Galenic anatomic observations with the
that Von Calcar was a pupil of Titian who lived and worked in
Venice. With Vesalius in need of anatomic illustration 25 miles
findings of Vesalius. An older figure may be a symbolic rendition of
away in Padua, it is not hard to believe that Vesalius asked Titian
Galen realizing that some of his anatomic observations 1400 years
to recommend an artist or artists.
before were wrong. It is doubtful that an artist working with Vesalius
Vesalius was known to conduct public dissections with as many
was able to come close enough to the cadaver to accurately illustrate
as 500 observers, including officials of Padua or Bologna and faculty
it in the sometimes carnival-like settings. From a medical student’s
and students of their medical schools. The well-known title page ildescription,3 Vesalius dissected rapidly and lectured while he
dissected.
Later in a secluded area of the school in Padua, Vesalius may
From the Department of Radiology (J.H.S.), School of Medicine, University of
have shown the artist what he wanted drawn and labeled. There is
North Carolina, Chapel Hill, North Carolina; and Department of Art History (S.J.),
George Washington University, Washington, DC.
no mention of body or organ preservation techniques at the time.
Please address correspondence to James Scatliff, MD, Department of Radiology,
Amputated heads were known to decompose more slowly, allowSchool of Medicine, CB7510, University of North Carolina, Chapel Hill, NC 275997510; e-mail: jiscatliff@med.unc.edu
ing the artist greater time to work. Possibly the artist had a phohttp://dx.doi.org/10.3174/ajnr.A3766
tographic memory, allowing him to create drawings later, or from
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FIG 2. Title page of Fabrica. The lower circle (right) may denote a
ﬁgure representing Galen. The lower circle left is the anatomist Vesalius. The encircled ﬁgure above could be an artist drawing the dissection. Reprinted with permission from Saunders and O’Malley.2

sketches made as Vesalius dissected. The multiple figures in the
frontispiece of the Fabrica, including one of Vesalius, were most
probably completed in a studio rather than live. The nude figure
clinging to the pillar on the left is most likely a topographic reminder of the anatomy in it.4
The artist, out of necessity, must have drawn rapidly, not
only to avoid working with unpleasant odors but also in response
to the urgency from Vesalius to complete his work. The time it
took the artist to make individual drawings is not known. If Netter,5 500 years later, can be used as a guide, multiple initial drawings are needed to portray the body in certain positions or in
motion. For the final illustration of a stellate ganglion block,
which Netter did for a CIBA Symposium article,5 as many as 8
preliminary sketches were used to show the position of the body,
the stellate ganglion, and the needle direction for it. To produce
the Fabrica with some dispatch, Vesalius may have encouraged
the artist to maintain connections with dealers of art supplies and
with skilled woodblock cutters in Venice. To prepare the Fabrica
and the shorter Epitome drawings by Andreas Vesalius for printing, woodblock engravings were used. Some artists of the 16th
century, including Albrecht Durer, cut illustrations directly into
the woodblocks. The figures for Vesalius’ work however were
done by tracing the artist’s drawing on the blocks.3
Although Venice was a major center for international book
20
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FIG 3. Title page of Cerebri Anatome (2nd ed, 1664).8 Illustration
shows Willis on the right of the cadaver. The ﬁgure in the left foreground may be Christopher Wren. Courtesy of Cushing/Whitney
Medical Library, Yale University.

publication at the time, Vesalius decided to have both the Fabrica
and the Epitome printed in Basel. What is amazing, 200 of the
blocks survived until World War II, when they were destroyed in
the Allied bombing of Munich. They had been discovered in the
1930s in an attic storage area of the University of Munich by
Wiegland, who described them in the Three Vesalian Essays.3 The
completed woodcut blocks were most likely shipped from Venice
to Milan and then over the Alps to Basel in August 1542. The
mode of transport of the blocks, the largest being approximately
10 ⫻ 17 inches (25.4 ⫻ 43.18 cm) is not known.
Basel, in Reformation Europe, with its political diversity and
location on the other side of Alps, was farther from Rome and the
possible prohibitions of the Church. It had also begun to rival
Venice in the superiority of its printing. The Basel publisher of the
Fabrica and Epitome, the philologist Johannes Oporinus,2 directed a respected firm, known for the quality of its work. Oporinus was, in addition to being a publisher, a scholar of both Latin
and Greek. Vesalius may have thought that with the philologist’s
help, his Latin text could be printed accurately. The marginal
notes in Greek in the Fabrica may have been written by Oporinus.
In addition, the distribution network in 1544 for the sale of his
books was probably greater in Germany. It is interesting that Ve-

salius, at the age of 28, left the University
of Padua shortly after the publication of
Fabrica and Epitome to become the personal physician to Emperor Charles V.
The anatomic information described
in Fabrica and Epitome spread rapidly
throughout Europe. It increased with a
second printing of these books by the
same firm in the 1550s by using the original woodblocks. The metal etching
technique first used for armorial design
replaced the woodblock technique beginning in the middle 1500s. The English engraver and publisher, Thomas
Geminus, transferred drawings made
for the Fabrica woodcuts to copper
plates in 1545.6 By the middle of the 17th
8
FIG 4. Cerebri Anatome, pages 43 and 51 (2nd ed, 1664). A, Base of the brain. B, Open brain. The century, copper etching was used for the
darker color of the cerebral hemispheres and cerebellum is probably due to external ﬁxation in illustration of the anatomic observawine and vinegar with the brain resting on its base in a receptacle. Courtesy of Rubenstein Rare
tions of Thomas Willis and the Oxford
Book and Manuscript Library, Duke University.
school.
The first recording of Willis’ brain dissection and observations
came in his work, the Cerebri Anatome.7 It is known from a letter
that Richard Lower, one of Willis’ students, wrote to Robert Boyle
that Willis began his human brain dissections in the fall of 1660.8
The dissections were conducted in the rooms of Christ Church,
Willis’ Oxford school, and in Willis’ home and laboratory in
Beam Hall, on Merten Street in Oxford. Willis gave Lower, who
was 10 years younger, credit in his preface in the Cerebri Anatome
for being a “skillful anatomist whose knife and wit I willingly
acknowledge.”7 It may be that Lower and Willis, along with Willis’
Oxford associates, Thomas Millington and Edmund King, were
principally involved in not only procuring bodies but also in the
removal and fixation of brains for study, description, and illustration. This group made it possible for Willis to take time from his
busy Oxford clinical practice to make the observations and preparation for the Cerebri Anatome. Christopher Wren was asked to
do the illustrations.
FIG 5. Surface (A) and interior (B) of a rabbit brain after 6 days showWren, a graduate of Oxford’s Wadham College, was known
ing the central area of brain not reached by ﬁxative.
not only for his intelligence and inventive mind but as an excellent
mathematician, model builder, and draftsman.9 Willis stated in
the preface of the Cerebri Anatome that “Wren delineates with
his most skillful hand many of the figures of the brain and skull
whereby work might be more exact.”7 The frontispiece of the
second edition of the Cerebri Anatome (Fig 3) quite possibly
depicts Willis examining, with colleagues, a cadaver brain that
has been exposed. In the fashionable dress of the time, the
opposing figure may be Wren, the ascendant architect of the
restoration of Charles II.
In all probability, Wren did not draw the brain before fixation;
the dark cerebral hemispheres suggest fixation performed with
the cerebral hemispheres up and covered with fixative. The brain
could then be sketched later, anatomically intact, by Wren. The
use of “spirits of wine” for organ preservation8 was described by
Robert Boyle in the mid-1600s. Most likely the wine used was
port, due to its higher alcohol content, mixed with vinegar. WilFIG 6. A, Rabbit brain without ﬁxation 2 hours after removal from craliam Petty, an early Oxford colleague of Willis, purportedly kept a
nium. B, Loss of anatomic features of brain after 6 days without ﬁxation.
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which may have prompted Willis and
Wren, Society members, to use their
services. The Great Fire of London of
1666 destroyed both the printing
houses and the booksellers’ shops
around St. Paul’s. Fortunately, the first
2 editions of the Cerebri Anatome were
printed and sold before the fire. In all
probability, the fire caused the next
editions to be published in Amsterdam. The same copper plates used in
London were used in the 1668 Amsterdam editions. Further publication of
the Cerebri Anatome in Latin occurred
in Lyon, Geneva, Amsterdam, and
Venice between 1676 and 1681.
FIG 7. A, Fabrica, Book VII, Plate 24. The brain stem and nerves are inaccurately drawn due either to
Although interest in illustrations of
lack of ﬁxation or unsatisfactory removal from the cranium. B, Cerebri Anatome, page 25. The brain
stem with nerves and vessels, including the circle of Willis, is shown by Wren almost as in an architec- human anatomy including the brain
tural drawing. Fabrica courtesy of D. Garrison, Department of Classics, Northwestern University. went forward in the 18th century, pubCerebri Anatome courtesy of Rubenstein Rare Book and Manuscript Library, Duke University.
lication with the impact of the Fabrica
corpse “soused and pickled.”8 With the brain resting on the botand Cerebri Anatome was not equaled until the 19th century.
tom of the container, the fixative was unable to reach its interior;
The next major anatomic text of this time was Gray’s Anatomy,
the Wren figures (Fig 4) from the Cerebri Anatome seem to bear
published in the mid-19th century. Two physicians working tothis out. This observation is replicated with rabbit brains, as
gether, Henry Gray and Henry Carter, Gray’s illustrator, brought
shown in Fig 5.
superb anatomic and functional information forward. Carter’s
To study brain circulation, Willis, Lower, and Wren infused
illustrations still appear in the current 40th edition of the
various liquids in the internal carotid arteries before fixation.
book,10 along with the helpful color diagrams, radiographs,
Lower wrote to Boyle that all parts of the brain “were imbued
and images, as well as tissue and cellular anatomy revealed so
with the same color after the carotids were injected.”8 There
clearly with scanning electron micrographs.
was no indication from Lower, however, that fixation of the
The 20th century anatomists and their illustrators, Pernkopf,
brain was performed by carotid artery injection. The fact that
Sobbata, Hollingshead, and Netter, to name but a few, have adthe Wren drawing showed the brain stem in white is a further
vanced the knowledge of the human brain and body immensely,
point in favor of external fixation of the brain without the
beginning with the seminal works of Vesalius, Willis, and their
brain stem being reached by the fixative. An alternative conillustrators.
sideration is that Wren decided to contrast the cerebrum in a
darker color than the brain stem, though differences in fixation
Acknowledgments
seem more likely. The desiccation of the unfixed rabbit brain at
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brain drawn 100 years previously. Blood vessels and cranial
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ABSTRACT
BACKGROUND AND PURPOSE: Extensive white matter damage has been documented in patients with severe traumatic brain injury, yet how
this damage evolves in the long term is not well understood. We used DTI to study white matter changes at 5 years after traumatic brain injury.
MATERIALS AND METHODS: There were 8 healthy control participants and 13 patients with severe traumatic brain injury who were
enrolled in a prospective observational study, which included clinical assessment and brain MR imaging in the acute setting (⬍ 6 weeks) and
2 years and 5 years after injury. Only subjects with mild to moderate disability or no disability at 1 year were included in this analysis. DTI
parameters were measured in 20 different brain regions and were normalized to values obtained in an age-matched control group.
RESULTS: In the acute setting, fractional anisotropy was signiﬁcantly lower in the genu and body of the corpus callosum and in the
bilateral corona radiata in patients compared with control participants, whereas radial diffusivity was signiﬁcantly (P ⬍ .05) higher in these
tracts. At 2 years, fractional anisotropy in these tracts had further decreased and radial diffusivity had increased. No signiﬁcant changes
were detected between 2 and 5 years after injury. The baseline radial diffusivity and fractional anisotropy values in the anterior aspect of
the brain stem, genu and body of the corpus callosum, and the right and left corona radiata were signiﬁcantly (P ⬍ .05) associated with
neurocognitive sequelae (including amnesia, aphasia, and dyspraxia) at year 5.
CONCLUSIONS: DTI changes in major white matter tracts persist up to 5 years after severe traumatic brain injury and are most pronounced in the corpus callosum and corona radiata. Limited structural change is noted in the interval between 2 and 5 years.
ABBREVIATIONS: FA ⫽ fractional anisotropy; L1 ⫽ axial diffusivity; Lt ⫽ radial diffusivity; MD ⫽ mean diffusivity; TBI ⫽ traumatic brain injury

T

raumatic brain injury (TBI) represents a significant public
health burden around the globe and is an important cause of
death and lifelong disability.1 Severe TBI accounts for only 10% of
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these injuries, but it involves an extended stay in intensive care
units and may cause subsequent long-term functional disability
that needs long-term inpatient and outpatient rehabilitation.2
Beside focal lesions, moderate and severe TBI is associated
with diffuse axonal injuries that manifest with little or no apparent damage in conventional neuroimaging but can be seen postmortem on microscopy studies.3 Diffuse axonal injury can lead to
a disconnection of critical cortical and subcortical pathways and
might represent a neural basis for the cognitive dysfunction seen
in the long term after TBI.3 Because conventional diagnostic imaging fails to appreciate the burden of microstructural white matter damage that occurs in TBI, it has limited ability to predict
long-term outcome in a broad range of cognitive behavioral and
functional impairments. DTI is an MR imaging technique that
measures the properties of water diffusion.4,5 The degree of diffusion is characterized by 3 eigenvectors representing the diffusion in each orthogonal direction. Diffusion in white matter
is particularly limited and anisotropic because of physical obstacles to water diffusion imposed by the myelin and axon
membranes.6,7 The diffusion properties are believed to reflect
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many factors, including myelination and axonal attenuation
and integrity.6,7
DTI has shown promising results for depiction of neuropathologic changes in TBI, in which the microarchitecture of white
matter may be altered. Although previous studies have shown the
association of changes in DTI parameters of the white matter with
different types of TBI (mild, moderate, or severe; in acute or
chronic phase) and its outcome,6-15 limited evidence is available
on the pattern of long-term changes in patients with chronic severe TBI. Studies have suggested evidence of active brain remodeling and neuroplasticity16 after TBI in children.17 However, the
long-term white matter modifications in adults with TBI need to
be further characterized. Knowledge of the time course and extent
of these changes might yield better approaches for therapy and
rehabilitation.18 Here, we undertook a prospective longitudinal
study to determine the nature of white matter changes in a subset
of patients with severe TBI who had moderate or no gross disability 1 year after injury by using DTI imaging. We hypothesized that
microstructural cerebral alterations identified within the first
weeks after the severe TBI would persist 2 and 5 years after injury.

MATERIALS AND METHODS
The institutional review board of Pitié Salpêtrière Hospital approved
this study protocol. Informed consent was obtained from all study
participants (legally authorized representative of the patients during
the acute stage, patients themselves after recovery of consciousness,
and healthy volunteers who served as control participants).

At 5 years, patients underwent a comprehensive neuropsychological evaluation. The level of disability on the basis of the Glasgow Outcome Scale, the disability rating scale, the extended Glasgow Outcome Score, and the modified Rankin Scale were
assessed, the results of which will be reported separately. For the
purposes of this study, patients were classified according to
whether they had moderate cognitive sequelae (including amnesia, aphasia, and dyspraxia).

MR Imaging
Control participants underwent MR imaging by use of the same
acquisition protocol as in the patients and underwent subsequent
imaging after 2 years. MR imaging was performed on a 1.5T system (Signa; GE Healthcare, Milwaukee, Wisconsin) with the participants under sedation and mechanical ventilation for the first
MR imaging and without any sedation for the follow-up MR imaging scans. The acquisition protocol included morphologic sequences (FLAIR, T2*-weighted gradient-echo, T2-weighted
turbo spin-echo, T1-weighted 3D inversion recovery fast-spoiled
gradient recalled), MR spectroscopy, and DTI. Only DTI results
are presented in this study. DTI was performed by use of the
following parameters: axial plane; 1 volume at b-value, 0 s/mm2;
24 directions; diffusion b-value, 700 s/mm2; section thickness, 5
mm; no gap; 20 sections; field of view, 32 ⫻ 32 cm; matrix size,
128 ⫻ 128; and 2 averages. The inferior section of the DTI acquisition was positioned at the junction between the pons and the
medulla oblongata. Additional details on the DTI acquisition protocol are available in our prior study.19

Patients
Patients with severe TBI (Glasgow Coma Scale, 3– 8; posttraumatic amnesia ⬎ 7 days; and loss of consciousness ⬎ 24 hours1)
who were admitted to the intensive care unit were enrolled in this
prospective study between March 2005 and March 2008. Inclusion criteria were 1) adult patients (ⱖ18 years) and 2) moderate
or no disability at 1 year (Glasgow Outcome Scale at 4 or 5).
Exclusion criteria were 1) moribund patients (expected survival ⬍ 24 hours); 2) physiologic instability (eg, from hemodynamic instability, increased intracranial pressure, and/or rapidly
deteriorating respiratory function) that would preclude MR imaging; 3) contraindication to the MR imaging; 4) penetrating head
injury; and 5) a central nervous system condition such as stroke,
brain tumor, or a neurodegenerative disease preceding TBI.

Control Participants
Eight age- and sex-matched healthy volunteers (n ⫽ 8; mean age,
32 ⫾ 8 years; age range, 22– 49 years; men) were enrolled in this
study. They did not have a history of TBI or neurologic disease.

Clinical Data Collection
We collected data by using standardized case report forms including
demographics, Glasgow Coma Scale, and cranial CT scan results.
Head CT scans were performed within 48 hours after admission to
the intensive care unit. A central study monitoring was performed to
ensure data accuracy. The Glasgow Outcome Scale was assessed for
all patients at 1 year post TBI. Baseline MR imaging was acquired as
soon as clinically feasible (within 6 weeks after TBI). The MR imaging
scans were repeated at 2 and 5 years after the TBI.
24
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MR Imaging Analysis
DTI images were preprocessed by use of FSL software (http://
www.fmrib.ox.ac.uk/fsl).20 The local diffusion parameters,
namely, fractional anisotropy (FA), mean diffusivity (MD), axial
diffusivity (L1), and radial diffusivity (Lt), were calculated21 for
the entire brain in each patient and control participant. To make
diffusion measures comparable between patients and participants, the FA, MD, L1, and Lt maps were registered on a 1 ⫻ 1⫻
1 mm3 standard space image (Montreal Neurological Institute
152 space) by use of the tract-based spatial statistics procedure.22
Correction for distortions from eddy currents was performed by
use of the b⫽0 images. The whole brain, including the pathologic
regions, was registered by use of an automated nonrigid technique, and individual FA, MD, L1, and Lt values were projected
on an alignment-invariant template for the brain. This procedure
maps all available information to a common brain template and
avoids misalignment among participants. A total of 20 ROIs for
DTI analysis were selected, based on the ICBM-DTI-81 white
matter atlas.23 This atlas consists of 48 white matter tracts. Because some of these ROIs are very small and are subject to partial
volume effects, we merged the initial 48 white matter tracts into 20
larger regions as published previously19,24 (in posterior fossa: 1middle cerebellar peduncle; 2- anterior brain stem; 3- posterior
brain stem; 4- right cerebral peduncle; 5- left cerebral peduncle; in
deep brain: 6- genu of the corpus callosum; 7- body of the corpus
callosum; 8- splenium of the corpus callosum; 9- right side anterior arm of the internal capsule; 10- left side anterior arm of the
internal capsule; 11- right side posterior arm of the internal cap-

sule; 12- left side posterior arm of the internal capsule; in superficial brain regions: 13- right stratum sagittale; 14- left stratum
sagittale; 15- right superior longitudinal fasciculus; 16- left superior longitudinal fasciculus; 17- right external capsule; 18- left
external capsule; 19- right corona radiata; 20- left corona radiata).
The regional DTI parameter extraction consisted of 3 steps: a
nonlinear registration of the FA map to a template (provided by FSL),
a projection of FA onto the FA template skeleton representing the
centers of all tracts (also provided by FSL), and averaging of FA measures within the 20 ROIs restricted to the skeleton. The ROIs are
placed automatically after nonrigid registration on a defined position
on the common brain template. Furthermore, the registered maps
were visually verified and were compared with the template. In total,
the average values of FA, MD, L1, and Lt in these 20 ROIs resulted in
80 DTI biomarkers for each participant.
During the 5 years needed for the study, our MR scanner underwent 2 software updates. The sequence parameters were kept
identical except for the TE, which had to be slightly modified
(initial TE, 81 ms; then 85.9 ms; and finally 84.3 ms). To account
for TE-related variability in raw DTI values and to make our results are comparable with future studies, we normalized the raw
DTI parameter values for each participant. For this purpose, every
time our scanner undergoes a software, material, or sequence update, we scan several healthy participants for DTI metric normalization. We have constituted a very large dataset of reference values for our scanner that we use routinely for normalization in our
clinical workflow and in previous studies.19,24 For this study, the
raw FA, MD, L1, and Lt values in each of the 20 preselected ROIs
of both patients and control participants were divided by the
mean values of the corresponding reference group. Further details
of MR image processing and normalization are provided in a previous publication.19

Statistical Analysis
We performed the statistical analysis by using SPSS software (version 16.0; IBM, Armonk, New York). The required sample size to
detect a significant association at ␣ ⫽ 0.05 and with a power of
80% was estimated to be 15. Continuous variables are expressed
as mean ⫾ standard deviation. Variables had normal distribution
(according to the Kolmogorov-Smirnov test); therefore, parametric tests were used. One-way repeated-measures ANOVA was
used to compare different DTI values between baseline and the
follow-up steps, in patients with severe TBI. P values were corrected for multiple testing25 (Bonferroni method), and only the
corrected P values are presented in the study. One-way ANOVA
(with Bonferroni post hoc) was used to compare baseline DTI
values between healthy control participants and patients with TBI
with and without neurocognitive sequelae. An independent sample t test was used to compare changes (year 2 vs baseline) in DTI
values between patients and control participants. The level of significance was set at P ⬍ .05.

RESULTS
A total of 15 patients met the inclusion criteria during the study
period. Two patients were dropped because of unwillingness to
undergo the follow-up scans. There was no death or loss to follow-up in the remaining patients. The analysis was done in the 13

Patient characteristics
Age (y)
Men/women, n
GCS at admission, n (SD)
ICU stay duration (d)
Assisted ventilation duration (d)
Type of accident, n (%)
MVA
Assault, fall, other
Hematoma, n (%)a
Epidural
Subdural
Subarachnoid hemorrhage
Midline shift
Compressed third ventricle
Contusion, n (%)b
Neurosurgical intervention, n (%)
Neurologic sequelae, n (%)
Amnesia
Aphasia
Dyspraxia

32.4 (9.0)
13/0
6 (4)
47.5 (23.1)
33.1 (16.9)

Range
(18–49)
⫺
(3–8)
(10–97)
(9–72)

10 (77)
3 (23)

⫺
⫺

3 (23)
1 (8)
8 (61)
3 (23)
4 (31)
10 (77)
2 (15)

⫺
⫺
⫺
⫺
⫺
⫺
⫺

2 (15)
1 (8)
2 (15)

⫺
⫺
⫺

Note:—Variables are presented as mean (standard deviation) or number
(percentage).
GCS indicates Glasgow Coma Scale; ICU, intensive care unit; SD, standard deviation;
MVA, motor-vehicle collision.
a
Hematoma was deﬁned as an area spontaneously hyperdense on the ﬁrst CT scan.
b
Contusion was deﬁned as a focal area appearing hypodense or of mixed density on
the CT scan.

patients with severe TBI (Table 1) and in 8 control participants.
There was no significant difference in age between patients and
healthy control participants (patients: mean age, 32 ⫾ 9 years; age
range, 18 – 49 years; control participants: mean age, 32 ⫾ 8 years;
age range, 22– 49 years). Initial (baseline) scan was obtained at a
mean of 22 ⫾ 12 days (range, 12–58 days) after injury. Repeated
scans were performed at a mean of 2.0 years (range, 1.8 –2.1 years)
and 5.0 years (range, 4.7–5.4 years) after TBI. The mean rescan
time for healthy control participants was 2.0 ⫾ 0.08 years. The
automatic segmentation software accurately recognized the 20
ROIs in all patients, even in the presence of intracranial pathologic features. A typical set of FLAIR and FA images of a patient is
shown in Fig 1.
For healthy control participants, there was no difference in
white matter measurable by DTI between baseline and year 2. In
patients with severe TBI at baseline, FA values were significantly
lower at the genu and body of the corpus callosum and the bilateral corona radiata compared with control participants (Fig 2),
whereas Lt was significantly higher in the same regions. Repeatedmeasures ANOVA in patients with TBI (comparing baseline vs
year 2 and year 5) revealed significant changes in FA and Lt (P ⬍
.05) in the anterior aspect of the brain stem, genu and body of the
corpus callosum, and bilateral corona radiata (Fig 2). In a post hoc
analysis, results were significant for baseline vs year 2; however, no
significant difference was observed between year 2 and year 5.
Regarding L1 and MD, no significant difference was observed
between patients and control participants at baseline. Repeatedmeasures ANOVA indicated that L1 did not significantly change
during the 5-year observation period, whereas MD increased significantly in the genu and body of the corpus callosum and the
bilateral corona radiata from baseline to 2 years (post hoc analysis
AJNR Am J Neuroradiol 35:23–29
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FIG 1. MR images of a patient with severe TBI at baseline (A and D), year 2 (B and E), and year 5 (C and F). On the conventional FLAIR images (A–C),
the hyperintensity of the right frontal lobe (arrow) decreases with time with some minimal atrophic changes. The corresponding FA maps (D–F)
are presented. In the acute setting, the normalized FA was slightly reduced in the genu (0.80) and body (0.92) of the corpus callosum and in the
bilateral corona radiata (right: 0.96; left: 0.98) compared with control participants (normalized value ⫽ 1). At 2 years, most of the normalized FA
values in these tracts had further decreased: genu (0.81) and body (0.79) of corpus callosum; corona radiata (right: 0.89; left: 0.96). At 5 years, the
values slightly increased: genu (0.82) and body (0.85) of corpus callosum; corona radiata (right: 0.92; left: 0.97).

was significant for baseline vs year 2 but was not significant for
year 2 vs year 5).
As presented in Fig 3, there were significant changes (year 2 vs
baseline) in normalized FA (Fig 3A) and Lt (Fig 3B) at the anterior
aspect of the brain stem, genu and body of the corpus callosum,
and the right and left corona radiata in patients with TBI vs
healthy control participants. At 5 years, neurocognitive sequelae
were present in 5 patients (amnesia [n⫽2], aphasia [n⫽1], and
dyspraxia [n⫽2]).
The baseline Lt and FA values at the anterior aspect of the
brain stem, genu and body of the corpus callosum, and right and
left corona radiata were significantly associated (P ⬍ .05) with
these neurocognitive sequelae at year 5 (including amnesia, aphasia, and dyspraxia) (Fig 4).

DISCUSSION
In this study, we found that FA in the genu and body of the corpus
callosum and in the bilateral corona radiata were significantly
26
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lower in patients with severe TBI compared with control participants; these measures decreased significantly for the first 2 years
after trauma and remained stable thereafter. The Lt in these
same structures increased in the first 2 years and then remained
stable.
These results indicate widespread white matter damage occurring in the setting of severe TBI and persisting with time, a finding
that has been previously reported.14,26 The changes observed in
FA were driven by alterations in radial (and not axial) diffusivity,
suggesting that the underlying white matter alterations could be
related to changes in myelin rather than axonal injury.6,27 The
absence of changes for more than 2 years after TBI indicates that
the most dynamic structural changes, and the window for therapeutic and rehabilitative intervention, may be limited beyond that
time point.28
A pattern suggestive of myelin damage in white matter
rather than axonal injury has been identified by other
groups.8,14,26,29 Ewing-Cobbs et al8 evaluated 41 children at a

associated with increases in Lt and
with clinical outcomes. Sidaros et al26
studied patients with severe TBI at 2
and 12 months after injury, demonstrating reductions in corpus callosum
FA and increases in Lt. At 1 year, FA
remained decreased and Lt increased
particularly in patients with unfavorable outcome. Other authors have had
slightly different results: In a study of
37 patients who underwent MR imaging with DTI at a mean of 8.9 years
after TBI, Kraus et al6 found reduced
FA in conjunction with increases in
both Lt and L1 compared with
matched control participants.
Our results also show that baseline
FA and Lt measures of DTI (at the genu
and body of the corpus callosum, anterior aspect of the brain stem, and right
and left corona radiata) are associated
with long-term cognitive sequelae in patients with severe TBI. Predicting neurobehavioral outcome in TBI is challenging because patients with similar
clinical and radiologic characteristics in
the acute phase of TBI may have markedly different outcomes ranging from
death to complete recovery.2,13 In a prospective study, decreased regional FA in
4 major white matter tracts at 8 weeks
was predictive of unfavorable outcome
at 12 months.26 Available evidence indicates that damage to critical areas such as
the corpus callosum or brain stem corFIG 2. Normalized FA (A), and Lt (B) values of patients and control participants at baseline and
follow-up steps. The x-axis represents the ROIs (in posterior fossa: 1- MCP: middle cerebellar relate most highly with poor post-TBI
peduncle; 2- antBS: anterior brain stem; 3- postBS: posterior brain stem; 4- CP-R: right cerebral prognosis.26,28,30 In a large multicenter
peduncle; 5- CP-L: left cerebral peduncle; in deep brain: 6- g-CC: genu of the corpus callosum; 7- study, we recently generated and valib-CC: body of the corpus callosum; 8-second-CC: splenium of the corpus callosum; 9- ALIC-R:
right side anterior arm of the internal capsule; 10- ALIC-L: left side anterior arm of the internal dated a stringent prognostic model by
capsule; 11- PLIC-R: right side posterior arm of the internal capsule; 12- PLIC-L: left side posterior integrating a composite DTI score of
arm of the internal capsule; in superﬁcial brain regions: 13- SS-R: right stratum sagittale; 14- SS-L: white matter tracts with available clinileft stratum sagittale; 15- SLF-R: right superior longitudinal fasciculus; 16- SLF-L: left superior
longitudinal fasciculus; 17- EC-R: right external capsule; 18- EC-L: left external capsule; 19- CR-R: cal and CT-scan variables. Furthermore,
right corona radiata; 20- CR-L: left corona radiata). There were no signiﬁcant differences in DTI DTI metric analysis has not only the poparameters between baseline and year 2 in the control group and between year 2 and year 5 in the tential to be applied clinically in an indiTBI group. ‡: P ⬍ .05; for comparison of baseline values between control participants and patients
(corrected P). *: P ⬍ .05; for repeated-measures ANOVA in the patient group between baseline vidual patient for prognosis assessment
and follow-up steps. Data are presented as mean and standard error of mean (handles). The but also may be used in follow-up to
connection lines are for clarity.
monitor the response to therapeutic and
rehabilitation measures.
Some limitations should be considmean of 39 months after severe TBI, demonstrating (compared
ered on interpretation of our results. TBI is biologically and clinwith a control group) significantly reduced corpus callosum
ically heterogeneous and may have a range of radiologic features.2
FA and increased Lt, whereas L1 remained unchanged. This
29
First, the results of this study could not be extrapolated to mild or
pattern was also seen in a recent study by Farbota et al on 12
moderate TBI, in which different temporal changes might occur.
patients with severe TBI. In a prospective cohort, Newcombe
In addition, the heterogeneous spatial distribution of DTI and its
et al14 studied 68 patients who underwent MR imaging at a
various pathologic sequelae were a real challenge for ROI-based
median of 11.8 months (range, 6.6 months to 3.7 years) after
statistical analysis. In our study, the nonhomogeneous pattern of
injury, finding significant decrements in FA in multiple strucwhite matter injury was obvious in superficial brain regions, and
tures including the corpus callosum, changes which were
AJNR Am J Neuroradiol 35:23–29
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FIG 3. The changes (year 2 vs baseline) in normalized FA (A) and
Lt (B) in the presented ROIs were signiﬁcantly higher in the
patients vs healthy control participants. P ⬍ .05 for comparison
between patients and control participants in all of the presented
ROIs.

the high variability of DTI metrics observed in these regions was
probably the result of the heterogeneous nature of the pathologic
findings in TBI.
Furthermore, because we did not perform imaging between
baseline and 2 years on these patients, we could not precisely
identify at which time point the white matter stops evolving.
Given the small patient sample and the heterogeneity of the conventional MR imaging findings, we did not analyze the conventional morphologic sequences. We reported the results of the DTI
metrics only.
In an ideal setting, brain tissue diffusion measurements should
be independent of the MR imaging scanner and image acquisition
parameters. However, a recent study has indicated variations in
apparent diffusion coefficients and FA values when images are
acquired on different scanners or when different acquisition protocols are used.19 Therefore, we implemented a normalization
step, which makes our estimates of DTI parameters comparable
with results found in other groups despite slightly different MR
imaging parameters. We believe that this approach helps to overcome data heterogeneity in quantitative DTI studies and can be an
important step in clinical application of quantitative DTI measures. This study was designed and conducted based on a predetermined sample size of 15 patients to have a power ⫽ 80% and
␣ ⫽ 0.05. Although we enrolled 15 patients in this study, 2 were
dropped because of unwillingness to undergo the follow-up scan
at 5 years. Therefore, larger long-term cohorts are needed to pro28
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FIG 4. The normalized FA (A) and Lt (B) values at baseline were significantly different in patients with cognitive sequelae at year 5 (including amnesia, aphasia, and dyspraxia) vs healthy control participants.
P ⬍ .05 for ANOVA among the groups and for comparison between
healthy control participants and patients with sequelae in all of the
presented ROIs.

vide a more comprehensive assessment and more thorough subgroup analysis.

CONCLUSIONS
This study demonstrates significant and durable changes in the
corpus callosum and in the corona radiata in a cohort of patients
with TBI who were observed during a 5-year period. These alterations evolved significantly between the initial assessment and up
to 2 years from the injury, beyond which few additional changes
were seen. These data suggest that therapeutic and rehabilitative
measures after severe TBI may be monitored by DTI during an
initial time window, beyond which the microarchitecture of the
white matter measured by TBI stop evolving.
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Patterns of Brain Structural Changes in First-Contact,
Antipsychotic Drug-Naı̈ve Patients with Schizophrenia
M. Filippi, E. Canu, R. Gasparotti, F. Agosta, P. Valsecchi, G. Lodoli, A. Galluzzo, G. Comi, and E. Sacchetti

ABSTRACT
BACKGROUND AND PURPOSE: Previous studies have suggested that structural changes do occur in the brain of patients with schizophrenia compared with healthy control participants. However, ﬁndings from such studies are inconclusive, probably because of the
different methodologic approaches, the clinical heterogeneity of patient samples, and also the fact that patients enrolled were treated
with antipsychotic drugs. The aim of this study was to investigate brain GM volumes and intrinsic structural WM changes in ﬁrst-contact,
antipsychotic drug-naı̈ve patients with schizophrenia.
MATERIALS AND METHODS: A total of 43 ﬁrst-contact, drug-naı̈ve, patients with schizophrenia and 17 age-matched control participants
were studied. All participants underwent T1-weighted MR imaging and DTI scans. Voxel-based morphometry and tract-based spatial
statistics were used to compare GM volumes and WM DTI metrics between groups. MR imaging measures were correlated with the
duration of the untreated psychosis and the clinical positive and negative symptoms.
RESULTS: Compared with control participants, patients with schizophrenia showed smaller volumes of the temporal, parietal, and
occipital GM, and a pattern of decreased mean diffusivity and increased fractional anisotropy in the brain stem and cerebellum bilaterally,
interhemispheric and cortico-cortical connections bilaterally, and right anterior and posterior limb of the internal capsule. In patients,
decreased mean diffusivity and increased fractional anisotropy in several brain regions were related to a longer duration of the untreated
psychosis and the severity of positive symptoms.
CONCLUSIONS: First-contact, drug-naı̈ve, patients with schizophrenia present with volumetric and DTI changes, which correlated with their
clinical features. This study increases our knowledge on the neural networks involved in the pathophysiologic mechanisms of schizophrenia.
ABBREVIATIONS: DARTEL ⫽ Diffeomorphic Anatomical Registration through Exponentiated Lie Algebra; DUP ⫽ duration of the untreated psychosis; FA ⫽
fractional anisotropy; MD ⫽ mean diffusivity; PANSS ⫽ Positive and Negative Syndrome Scales; MNI ⫽ Montreal Neurological Institute; TBSS ⫽ tract-based spatial
statistics

I

n recent years, interest in the physiopathologic mechanisms of
schizophrenia has increased dramatically. As normal brain
functions are served by networks of cortical and subcortical areas,
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disturbed communication (“dysconnectivity”) within and between brain regions may be the core pathologic feature of schizophrenia.1 In this context, the contribution of neuroimaging techniques has proved to be relevant. Structural MR imaging studies
have shown that reductions of GM volume occur in the brain of
patients with schizophrenia compared with healthy control participants, though increased GM volumes of some subcortical regions have also been reported.2 DTI studies of schizophrenic patients have disclosed an abnormal organization and integrity of
several WM tracts of the brain. However, results are conflicting
regarding which tracts are affected, with some DTI studies showing a marked involvement of the anterior pattern of brain WM
regions in patients with schizophrenia, and others describing a
posterior pattern of WM changes or even no difference compared
with control participants.3
The inconclusive findings of previous studies are probably the
result of the clinical heterogeneity of the samples and/or the dif-

the enrollment; no family ties with other
enrolled participants; a negative history
of seizures and head trauma with loss of
consciousness; no concomitant major
medical conditions; Mini-Mental State
Examination11 score ⬎ 24; an IQ score
on the Wechsler Adult Intelligence
Scale-Revised12 ⬎ 75; and no other
causes of focal or diffuse brain damage,
including lacunae, and extensive cerea
Mann-Whitney and Fisher exact test. Composite score (PANSS positive⫺PANSS negative score).
brovascular disorders at routine MR
imaging.
ferent MR imaging approaches used. In addition, most previous
Furthermore, patients were included if they had a current Distudies have enrolled medicated patients, and the effects of antiagnostic and Statistical Manual of Mental Disorders, (DSM-IV),
psychotic drugs and treatment duration on MR imaging findings
diagnosis of schizophrenia13; no lifetime comorbidities with DSMwere not taken into account. It is clear that studies based on unIV, Axis I disorders; a first-in-lifetime psychiatric contact; a level of
treated patients enrolled at an early stage of the disease represent
understanding judged sufficient to give informed consent; and willthe easiest and most rewarding strategy to overcome such an issue.
ingness to undergo an MR imaging examination before starting an
To date, however, only a few studies4-9 have adopted this strategy
antipsychotic drug. The diagnosis of schizophrenia and the exclusion
showing WM changes compared with healthy participants in a
of Axis I comorbidities were based on a detailed clinical interview
variable pattern of brain regions including the splenium of the
complemented by a revision of all medical records.
corpus callosum,4,6 superior longitudinal fasciculus,7,8 anterior9
For control participants, the group-specific inclusion/excluand posterior4 limbs of the internal capsule, and fronto-occipital
sion criteria were no lifetime evidence of any DSM-IV, Axis I
fasciculus.4 The relevance of DTI abnormalities in the early phase
disorder; a negative family history for psychosis and mood disorof schizophrenia is further supported by the positive association
ders in first-degree relatives; and willingness to perform an MR
between positive symptoms and fractional anisotropy (FA) values
imaging examination.
of the superior and inferior longitudinal fasciculi and inferior
A total of 43 patients with schizophrenia and 17 control parfronto-occipital fasciculus in never-medicated patients with
ticipants
were enrolled (Table 1). After complete description of
schizophrenia.5,10 In addition, most studies4-8 have investigated
the study to the participants, written informed consent was obFA only, and none of them have assessed GM volumes in the same
tained. Participants also received an explicit guarantee of
sample.
anonymity.14
The aim of this study was to investigate whether volumetric
and DTI changes, in FA, mean diffusivity (MD), and axial and
Clinical Assessment
radial diffusivity, are present in a relatively large sample of firstParticipants were evaluated by a team of qualified and experiin-lifetime psychiatric contact, antipsychotic drug-naı̈ve patients
enced psychiatrists, blinded to MR imaging data. Direct informawith a diagnosis of schizophrenia, compared with control partiction from the patients, together with systematic interviews of at
ipants, and to explore whether brain structural changes in these
least 1 family member, was collected to date the age of onset of
patients are associated with the duration of the untreated psychoschizophrenia, operationally identified as when the first psychotic
sis (DUP) and the severity of clinical positive and negative sympsymptom with deterioration of function emerged. The interval
toms. We hypothesized that antipsychotic drug-naı̈ve patients
elapsing between the first symptom and the first psychiatric conwith schizophrenia show WM changes in cortical and subcortical
tact defined the DUP.15 The Positive and Negative Syndrome
connection systems, in both increased and decreased diffusion,
Scales (PANSS)16 were administered to the patients.
and that such WM changes reflect the DUP and the severity of
clinical symptoms. We also postulated that patients with schizoMR Imaging Study
phrenia in the early stage of the disease have GM volume loss in
Within 2 weeks from the first clinical visit, brain MR imaging
regions related to visual and episodic memory recall processing
scans were obtained by use of 1.5T scanner. A detailed description
(ie, the occipital, temporal, and parietal lobes).
of the MR imaging study is provided in the On-line Appendix.
Tract-based spatial statistics (TBSS) was used to perform the mulMATERIALS AND METHODS
tisubject DTI analysis. Voxel-based morphometry was run to asParticipants
sess GM volumes, by use of Statistical Parametric Mapping 8
Patients were recruited consecutively at the Department of Psy(Wellcome Department of Imaging Neuroscience, London, UK).
chiatry, University School of Medicine, Brescia, Italy. Control
participants were selected among the personnel of the Spedali
Civili of Brescia and students of the University Brescia.
Statistical Analysis
Demographic and clinical variables were compared between
To be eligible, patients and control participants had to meet
groups by use of the Fisher exact test, the Mann-Whitney U test,
the following criteria: age between 18 and 50 years; antipsychotic
or the Kruskal-Wallis test as appropriate (P ⬍ .05; SPSS 13.0;
drug-naı̈ve and lack of exposure to other classes of psychopharmacologic agents for more than 2 consecutive weeks preceding
IBM, Armonk, New York).
Table 1: Sociodemographic and clinical features of patients and control participants
Patients
Control Participants
Pa
No.
43
17
Age (range)
29.3 ⫾ 7.4 (17–44)
30.7 ⫾ 8.6 (19–50)
.687
Women (%)
19 (44%)
11 (65%)
.252
Education (y)
11.0 ⫾ 3.4 (1–18)
15.2 ⫾ 3.2 (9–19)
⬍.001
DUP (months)
7.9 ⫾ 9.7 (1–40)
⫺
⫺
PANSS total score
100.8 ⫾ 14.7 (64–125)
⫺
⫺
PANSS positive score
28.2 ⫾ 6.4 (15–49)
⫺
⫺
PANSS negative score
23.0 ⫾ 5.6 (12–34)
⫺
⫺
PANSS composite score
5.2 ⫾ 7.4 (⫺8–21)
⫺
⫺
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FIG 1. TBSS results in patients compared with healthy control participants. Voxelwise group differences are shown in cyan (increased MD),
green (decreased MD), red (decreased FA), and yellow (increased FA). Results are overlaid on the sagittal, coronal, and axial sections of the
Montreal Neurological Institute standard brain in neurologic convention (right is right) and are displayed at permutation-based P ⬍ .05,
uncorrected.

DTI voxelwise statistics were performed by use of a permutation-based inference tool for nonparametric statistical thresholding.17 MD, FA, axial, and radial diffusivity values within the skeleton were tested between groups by use of a permutation-based
2-sample t test adjusted for age.17 Statistical maps were thresholded at P ⬍ .05 uncorrected for multiple comparisons.
Analyses of covariance were performed to assess GM volume
differences between groups, with adjustment for age and total
intracranial volume. Results were tested at P ⬍ .001 uncorrected,
within at least 50 contiguous voxels. Furthermore, maps of the
average percentage GM tissue loss in patients vs control participants were computed on the basis of the ratio, at each GM point,
between the mean GM attenuation value at that point in the patient group and the corresponding mean GM attenuation value of
the control group. The mean percentage GM tissue loss of clusters
showing a significant between-group difference was also
measured.
In patients, the associations of DUP and PANSS scores with
DTI variables and GM volumes were tested by regression models
in the FMRIB Software Library (http://www.fmrib.ox.ac.uk/fsl)
and Statistical Parametric Mapping 8, respectively. Results were
assessed at P ⬍ .05 for WM and P ⬍ .001 within 50 voxels for GM,
uncorrected. The mean FA and MD values of the skeletonized
voxels showing a significant correlation with clinical features were
32
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calculated. Then, mean FA and MD values were correlated with
DUP and PANSS by use of the Pearson coefficient adjusted for the
participant age (P ⬍ .05; SPSS).

RESULTS
Demographic and Clinical Features
Compared with control participants, patients had similar age and
sex but differed in length of education (Table 1).

WM Damage: TBSS
Patients compared with control participants showed an increased
MD in the fornix and thalamic radiations bilaterally, and right
olfactory bulb (Fig 1). In patients vs control participants, decreased MD was found in the posterior cerebellar lobe bilaterally,
cerebral peduncles, pons and medulla oblongata, middle and inferior cerebellar peduncles, genu of the corpus callosum, middle
cingulum, uncinate and parahippocampal tracts bilaterally, and
right anterior and posterior limbs of the internal capsule, right
thalamic radiations, right inferior fronto-occipital fasciculus, and
right superior and inferior longitudinal fasciculi (Fig 1). Compared with control participants, patients had a decreased FA in the
cerebral peduncles, thalamic radiations, fornix, corona radiata
(with a left-side predominance), corpus callosum, superior longitudinal fasciculus (with a left-side predominance) bilaterally,

Table 2: Smaller GM volumes in patients vs control participants
Cluster Size
(no. of Voxels)
322
220
53
52
82
379
51
85
154
120

Stereotaxic Coordinates
(mm)
Brain Region
Right fusiform gyrus
Left middle temporal lobe
Left middle temporal lobe
Left postcentral gyrus
Right postcentral gyrus
Left precuneus
Right middle cingulate
Left superior occipital gyrus
Left cerebellum
Left cerebellum

x
37
⫺47
⫺60
⫺37
37
⫺11
13
⫺18
⫺15
⫺34

y
⫺54
⫺54
⫺8
⫺40
⫺33
⫺46
⫺54
⫺97
⫺42
⫺61

z
⫺7
19
⫺13
49
54
42
33
8
⫺62
⫺32

T Value
5.01
4.08
3.65
4.35
4.25
4.07
3.66
3.77
3.75
3.59

Percentage of
Tissue Loss
14
14
8
11
12
12
9
17
12
6

Note:—No regions of increased GM volume were found in patients vs control participants.

FIG 2. Voxel-based morphometry results showing smaller GM volumes in patients compared with healthy control participants. Results are
overlaid on the sagittal, coronal, and axial sections of the MNI standard brain in neurologic convention (right is right) and are displayed at P ⬍
.001, uncorrected within at least 50 contiguous voxels. Color bars denote T values (on the top) and percentages of GM reduction (at the bottom).
No region of increased GM volume was found in patients compared with control participants.

right superior cerebellar peduncle and posterior cerebellar lobe,
and left olfactory bulb, left posterior parahippocampal tract, and
left inferior fronto-occipital fasciculus (Fig 1). Compared with
control participants, patients also had regions of increased FA in
the cerebral peduncles, pons and medulla oblongata, middle and
superior cerebellar peduncles bilaterally, and right posterior limb
of the internal capsule, right external capsule, right frontoparietal
part of the superior longitudinal fasciculus, and right parahippocampal tract (Fig 1).
Axial and radial diffusivity patterns resembled those of MD
and FA in all contrasts. In all comparisons, patterns of decreased
axial diffusivity mirrored those of reduced MD, while patterns of
increased axial diffusivity reflected those of increased MD and
decreased FA (On-line Figure). Patterns of decreased radial diffusivity reflected those of increased FA, whereas increased radial
diffusivity reflected those of increased MD (On-line Figure).

GM Volumes: Voxel-Based Morphometry
Compared with control participants, patients showed smaller GM
volumes of the bilateral postcentral gyrus; right fusiform gyrus
and middle cingulate cortex; and left middle temporal and superior
occipital gyrus, precuneus, and cerebellum (Table 2, Fig 2). In these
regions, patients with schizophrenia had up to 20% GM loss relative
to healthy control participants. No regions of increased GM volumes
were found in patients compared with control participants.

Relationship between Clinical Features and GM
and WM Damage
DUP. In patients, a negative relationship was found between DUP
and MD values of the cerebral peduncles, pons and medulla oblongata, middle cingulum, parahippocampal tracts and inferior
longitudinal fasciculi bilaterally, and right posterior limb of
AJNR Am J Neuroradiol 35:30 –37
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DISCUSSION
To our knowledge, this study is the first
to investigate both microstructural WM
and volumetric GM changes in a large
group of first-contact, antipsychotic
drug-naı̈ve patients with schizophrenia.
We observed that the brain of patients
with schizophrenia is characterized by
the coexistence of WM microstructural
changes and reduced GM volumes in
several brain regions since the clinical
onset of the disorder. The inclusion of
patients at the first psychotic event further highlights the precocity of the observed brain changes. Compared with
control participants, patients with
schizophrenia showed WM changes, in
both higher and lower diffusion, of the
following networks: the limbic system,
the interhemispheric connections, the
cortico-cortical systems, the motor system, and the cerebello-thalamo-cortical
circuit. Patients with schizophrenia also
had reduced GM volume mainly of the
posterior brain regions. MR imaging
changes observed in our patients may be
the structural correlates of the “hypoconnectivity” and “hyperconnectivity” between brain regions that have been proposed to characterize cortical and
subcortical connections in schizophrenia.18 The potential role of structural
brain “disconnectivity”18 in determination of the clinical picture of schizophrenia is further suggested by the correlation analysis. Indeed, in patients with
schizophrenia, we observed a positive
FIG 3. A, Relationships of the DUP with MD (green, negative correlation) and FA (yellow, positive
correlation). B, Relationships between the PANSS-positive scores and MD (negative correlation). correlation between DUP and FA, and a
Results are overlaid on the sagittal, coronal, and axial sections of the MNI standard brain in negative relationship of DUP and posineurologic convention (right is right) and are displayed at permutation-based P ⬍ .05, tive symptoms with MD values of the
uncorrected.
motor and the cortico-cortical systems,
suggesting the dysfunctional nature of
the internal capsule, right thalamic radiations, right inferior
the structural “hyperconnectivity” of these systems in untreated
fronto-occipital, and right uncinate fasciculi (Fig 3A). In papatients.
tients, a positive relationship was found between DUP and FA
values of the posterior limb of the internal capsule, superior
WM Findings
longitudinal (with a left-side predominance) and inferior
Compared with control participants, patients with schizophrenia
fronto-occipital fasciculi bilaterally, and the right uncinate fasshowed decreased FA and increased MD in several regions correciculi (Fig 3A). Pearson correlation coefficients were ⫺0.81 for
sponding to those observed in other studies that investigated
MD values and 0.82 for FA values (P ⬍ .001).
never-medicated schizophrenic patients between 18 and 45 years
PANSS Scores. In patients with schizophrenia, MD values of the
right middle and inferior cerebellar peduncles, uncinate and parahippocampal tracts, inferior longitudinal fasciculus, posterior
limb of the internal capsule, inferior fronto-occipital and superior
longitudinal fasciculi, and the left posterior cerebellar lobe were
inversely related with the PANSS positive score (Fig 3B). The
Pearson correlation coefficient was ⫺0.69 (P ⬍ .001).
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old.4-8 Previous authors have found lower FA values in the fornix,7 thalamic radiations,8 corpus callosum,4,6,8 superior longitudinal7,8 and inferior fronto-occipital fasciculi,4,8 and the corticospinal tracts8 relative to healthy subjects. Our findings are also in
agreement with previous studies in medicated schizophrenic patients showing decreased FA values in the corpus callosum, thalamic radiations, and superior longitudinal fasciculus (for a com-

prehensive review of WM findings in schizophrenia, please see
Kyriakopoulos and Frangou et al19 and Peters et al1). Postmortem
studies have identified WM alterations in schizophrenia, which
include microstructural abnormalities of the myelin and oligodendrocytes that may represent the pathologic substrate of the
observed MD increases and FA decreases in the MR imaging results of our study and in previous MR imaging reports.20
Different from other studies of first-episode antipsychotic
drug-naı̈ve patients with schizophrenia,4-9 we observed that patients also showed regions of increased FA and decreased MD
values, likely reflecting structural “hyperconnectivity,”18 mainly
in the brain stem, cerebellum, and in the interhemispheric and
cortico-cortical WM connections. Some studies of patients with
schizophrenia have found a similar pattern of DTI changes.21,22 It
is interesting to note that a recent study detected both increased
and decreased FA in untreated patients with schizophrenia in the
corticopontine-cerebellar circuit,21 with the most inferior sections of the corticopontine tracts and the middle cerebellar peduncles showing higher FA values in patients compared with control participants (ie, exactly the same pattern that we observed in
our present study; see the sagittal sections of FA:⫻-1 and MD:⫻5,
Fig 1). Another DTI study of 12 first-episode patients with schizophrenia found an increased intervoxel coherence, which corresponds to high FA, in the thalamic radiations.23 The pathophysiologic correlates of decreased MD and increased FA in patients
with schizophrenia can be diverse. First, an increased WM fiber
attenuation in patients with schizophrenia vs healthy participants
is observed, as shown by postmortem studies investigating the
WM architecture of patients with schizophrenia.24 Second, there
is decreased integrity of the corticopontine inhibitory GABAergic
projections that may result in an increased axonal remyelination
downstream,21 which, in turn, may cause a paradoxic decrease of
MD and increase of FA as observed in our study. Third, an alternative, but not mutually exclusive, explanation may be related to
the dopamine hypothesis of schizophrenia,25 according to which
a hyperdopaminergic status could lead to “overdemanding” neuronal activity able to initiate an increase of useless WM connections and, clinically, induce aberrant assignments of motivational
salience to objects, people, and actions.
In patients with schizophrenia, we observed that the DUP correlated negatively with MD values and positively with FA values.
In addition, we also found a negative correlation between MD of
some cerebellar and cerebral regions and the severity of the clinical positive manifestations. A relationship between increased FA
values of the fronto-occipital and temporolimbic tracts and more
severe positive symptoms has been previously observed in nevermedicated patients with schizophrenia5,10 and in medicated patients with schizophrenia with a history of auditory hallucinations
and other positive symptoms.26-28 Overall, these findings suggest
that the observed pattern of structural WM changes in patients
with schizophrenia is already present before treatment initiation
and is associated with the occurrence of positive clinical
manifestations.
It is worth noting that MD and FA changes may be secondary
to modifications of diffusion either parallel (axial diffusivity) or
perpendicular (radial diffusivity) to the principal direction of the
tensor.29 Analysis of directional diffusivities may provide addi-

tional information on the underlying mechanisms of WM integrity loss.29 Myelin breakdown is likely to be associated with increased diffusivity perpendicular to the WM tract, whereas axonal
damage has been suggested to reflect diffusivity changes parallel
to the primary fiber orientation.30,31 However, although study of
axial and radial diffusivity helps to interpret MD and FA changes,
radiopathologic correlations on the basis of investigation of these
metrics remain controversial.32

GM Findings
Drug-naı̈ve patients with schizophrenia had reduced volumes of
the temporal, parietal, and occipital cortices and cerebellum. Only
a few studies have investigated GM volumes in patients with
schizophrenia at the first psychotic episode and who are antipsychotic-naı̈ve, and have shown a pattern of GM volume loss33 similar to the one we observed.
Reduced volume of the fusiform gyrus (14% of tissue loss) is in
line with the results of a neuropathologic study of patients with
schizophrenia showing an 18% reduction of neuron attenuation
in layers III and V of this region.34 The fusiform gyrus plays a
relevant role in face-processing integrating perception, memory,
and emotion.35 Reduced GM volume of this region may, therefore, be linked to a failure in facial identification and emotion and,
thus, may lead to typical impairment of the empathic social interaction known to occur in these patients.35 Previous structural MR
imaging studies in medicated patients with schizophrenia also
showed smaller volumes of the posterior cerebellum.36 Cerebellar
damage has been shown to be associated with negative symptoms
and mood and behavioral dysregulation.37 Reduced volume of
the precuneus was also found in patients with schizophrenia and
was associated with delusions of control.38 We also detected reduced volume of the superior occipital region, which subtends
perceptual functions known to be frequently altered in schizophrenia. In addition, compared with control participants, patients with schizophrenia showed smaller volumes of the middle
temporal lobe. This region has been found to be atrophic in a
study investigating GM attenuation in high-risk patients in whom
psychosis later developed.39

Study Strengths and Limitations
Having avoided the potential effects played by the chronicity of
the disorder on brain MR imaging results and those associated
with concomitant treatment, we believe that the presence of multiple structural brain changes in our patients may be conceivably
seen as an early phenotypic expression of the processes involved in
the pathophysiologic mechanisms of schizophrenia. However,
our study was cross-sectional and, therefore, did not allow us to
disentangle the role of neurodevelopmental and neurodegenerative abnormalities, which may both result in the observed MR
imaging changes. The patients in our study did not undergo comprehensive cognitive testing and were not educationally matched
with healthy control participants. However, the inclusion of participants with a Mini-Mental State Examination score ⬎ 24 and
IQ ⬎ 75 should have reduced the effect of intellectual functions
and educational level on the MR imaging results. In addition,
although the exclusion of patients with a lifetime history of Axis I
disorders precludes a major effect of cannabis abuse on our findAJNR Am J Neuroradiol 35:30 –37
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ings, a possible influence of a sporadic use of cannabis during
adolescence cannot be excluded.1 In patients with recent-onset
schizophrenia, a study found that cannabis use before age 17 years
was related with increased FA in several brain regions, including
the uncinate fasciculus, internal capsule, and frontal WM, compared with patients without a history cannabis use and compared
with control participants.40 In another study, the authors found
that compared with cannabis-naı̈ve patients with schizophrenia,
patients who used cannabis showed increased FA in the splenium
of the corpus callosum.41 Evidence of an association between increased FA and cannabis use comes from studies of cannabis users
without major psychiatric illnesses, showing increased FA42,43
and reduced MD42 of several WM regions in these participants.
All of these findings are compatible with the ability of the cannabinoid receptor stimulation to increase the oligodendrocyte transcription factor Olig2 as well as the expression of myelin basic
protein.44
Some technical limitations of this study also need to be considered. The diffusion tensor model is currently the framework
most commonly used to relate the diffusion signal to the direction
of the fibers. However, this model has been shown to be inadequate in voxels containing multiple fiber orientations (eg, “crossing fibers”).45 Because complex crossing fibers tend to have decreased FA and increased MD, this issue may have influenced our
findings. Many approaches have recently been proposed to address this issue, based on high-angular resolution DWI data,46
and would help to clarify the nature of WM changes in patients
with schizophrenia. Head motion can influence MR imaging
studies, in particular when dealing with patients with psychiatric
disorders. For this reason, structural images (3D T1 and DTI)
were carefully checked, and none showed gross head motion artifacts. Furthermore, the DTI preprocessing used in our study
includes a movement correction step (see On-line Appendix for
further details). Finally, as in previous studies of patients with
schizophrenia47 and in accordance with the exploratory nature of
the study design, group differences did not survive multiple comparisons correction, suggesting that structural brain changes in
schizophrenia are subtle or that some of the significances may
have been overestimated. However, we tried to minimize falsepositive findings by using a relatively conservative statistical
threshold in the voxel-based morphometry analysis, and by estimating the standard error of the t statistics by using a permutation
approach in the TBSS analysis. In TBSS, we permuted the data
5000 times to obtain large, and consequently relatively conservative, standard errors of the t statistics. Such an approach is usually
considered robust enough to allow the use of a canonical statistical threshold of .05.48
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Comparison of Multiecho Postprocessing Schemes for SWI
with Use of Linear and Nonlinear Mask Functions
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ABSTRACT
BACKGROUND AND PURPOSE: SWI is an MR technique conventionally implemented with single-echo gradient-echo data. The purpose
of this study was to compare single-echo SWI processing and 2 multiecho SWI processing schemes: postaverage, where an SWI image is
created for each echo and then averaged to create a single volume; and frequency-based, where a SWI image is generated from an average
frequency image. Linear and nonlinear mask functions were investigated for all 3 processing schemes.
MATERIALS AND METHODS: Comprehensive optimizations were performed. Single and multigradient-echo data were acquired at 3T in
10 volunteers. Contrast-to-noise ratio was measured in various structures. Visibilities of the same structures were ranked in different SWI
images by trained raters.
RESULTS: When image evaluation was based on measurements of contrast-to-noise ratio, the nonlinear mask and frequency-based
scheme were superior. However, when image evaluation was based on ranks of qualitative visibility, the linear mask and postaverage
scheme were superior. Although the nonlinear mask and frequency-based scheme allow increased contrast of paramagnetic perturbers
such as the globus pallidus, periventricular veins, red nucleus, and subthalamic nucleus, they do not necessarily increase the information
content of the image; rather, they result in a harsh contrast that is visually unpleasing to radiologists and wherein more subtle structure is
relatively less apparent.
CONCLUSIONS: Linearly masked postaverage SWI is the recommended implementation of multiecho SWI for radiologic use; however,
nonlinearly masked frequency-based SWI may have use in computer-based segmentation or registration.
ABBREVIATIONS: CNR ⫽ contrast-to-noise ratio; GP ⫽ globus pallidus; OR ⫽ optic radiations; RN ⫽ red nucleus; STN ⫽ subthalamic nucleus

S

WI is an MR imaging technique that exploits the effect of
variations in magnetic susceptibility on gradient-echo signal
to produce enhanced image contrast. Most MR imaging studies
reconstruct only the magnitude image; phase is generally discarded. However, the phase data contain potentially useful information about inclusions in the imaging volume that change the
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local magnetic field. SWI processing allows this information to be
incorporated into the magnitude image because the underlying
structure may not necessarily be visible on magnitude alone.1
SWI was originally used to produce high-resolution venograms.2 SWI has found additional uses in clinical and research
settings because of its sensitivity to other physiologically relevant
magnetic field perturbers such as blood products,3 iron,4 and calcium.5 However, single-echo SWI is useful in the visualization,
but not the quantification, of field perturbers. Modifications of
SWI allow simultaneous quantification of the nature or amount
of the perturber. For example, the effective transverse relaxation
ⴱ
rate (R2), which can be extracted from multiecho gradient-echo
data via voxelwise curve fitting, is a metric that scales linearly with
iron concentration in the brain.6
Brainovich et al7 described a postprocessing scheme for dualecho gradient-echo data. In this scheme, average phase and average magnitude volumes were generated and subsequently used to
produce a single SWI volume. Denk and Rauscher8 used a multiecho acquisition with 5 echoes to produce 5 SWI volumes that

were subsequently averaged to produce a single average SWI volume. They reported improvements in contrast-to-noise ratio
(CNR) of veins compared with conventional SWI. In addition,
ⴱ
they described computation of R2 maps as a natural extension of
the multiecho acquisition. In all cases, a conventional linearphase mask function for SWI was used. The use of alternative
mask functions theoretically results in an increased CNR of the
cerebral veins,9 though this claim has not been rigorously tested in
vivo.
There are 2 main goals of this work: first, a comparison of 3
SWI postprocessing schemes (single echo and 2 multiecho methods); and second, a comparison of the conventional (ie, linear)
mask function with a novel nonlinear mask function. We identified the following objectives: 1) to describe and outline modifications to previously published multiecho SWI, as well as describe a
nonlinear mask function; 2) to optimize the number of mask
function multiplications for all combinations of postprocessing
scheme and mask function; and 3) to compare all postprocessing
schemes and mask functions in vivo by using both quantitative
and radiologic assessments.10

involves the temporal unwrapping of phase, as well as masking the
weighted average of frequency maps rather than the arithmetic
mean of the phase images. Although the mean of the frequency
maps is a physical and intuitive quantity, the mean of the phase
images used by Brainovich et al7 is not logical from a physical or
mathematic perspective.
For the homodyne filter, a 2D Hann window (1 period of a
raised cosine) with dimensions equal to 30% (for multiecho) or
20% (for single-echo) of the respective matrix dimensions,
rounded to the nearest integer, was used. This constant width
filter, in conjunction with the temporal phase unwrapping that
was used, resulted in the ability to remove all relevant phase
wraps.

SWI Mask Functions
Two different mask functions were compared. First, the conventional linear mask function was used. In general form, the linear
mask, L, is defined as follows:

E1)

MATERIALS AND METHODS
Processing was performed in Matlab (MathWorks, Natick, Massachusetts) and FSL (http://www.fmrib.ox.ac.uk/fsl). Statistical
analyses were performed in SPSS (IBM, Armonk, New York).

SWI Postprocessing Schemes
Three postprocessing schemes were compared: 1 for single-echo
SWI and 2 for multiecho SWI. First, single-echo SWI processing
involves background phase removal by using the homodyne
method,11 generation of a phase mask, and multiplication of the
mth power of the mask by the magnitude image.12
Second, the multiecho SWI method of Denk and Rauscher8
was modified and herein is referred to as the postaverage method.
Postaverage multiecho SWI involves single-echo SWI processing
on data from each echo, and averaging of the resulting images.
Denk and Rauscher8 prescribe this technique with a linearly (in
TE) increasing homodyne filter width to remove background
contributions to phase from each echo to account for the additional phase wrapping at longer TE. We used a constant (with TE)
filter size, as a compromise between eliminating phase wraps in
later echoes and preserving the relevant contrast between echoes
in a consistent manner.
Third, a frequency-based method for multiecho SWI was used
and is based on the method described initially by Brainovich et al.7
For the image volume reconstructed from each echo, the background phase was removed by use of the homodyne method.
Successive phase images were then temporally unwrapped by using Matlab’s 1D unwrap function on the TE-dependent voxel
data. Each unwrapped phase image was then divided by its corresponding TE to produce a frequency image. A weighted average of
frequency was calculated from these individual frequency images:
weights were inversely proportional to the variance of the frequency: (magnitude)2 (TE)2. A mask was computed from the average frequency image, and its mth power was multiplied by the
average magnitude image for that section. This method is similar
to what has been described by Brainovich et al7 but, in addition,
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For single-echo and postaverage, X ⫽ ⫺ rad is used, with x in radians. For frequency-based SWI where x is in units of Hertz, X is set to
the equivalent value: (⫺ rad)(1 cycle/2 rad)(1/TEaverage) ⫽ 18.2
Hz, where TEaverage is the average of the TEs used (described below).
Second, a nonlinear mask function was used. This Hann-derived mask, H, is defined as follows:
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The values X and x can be expressed in either units of phase or
frequency. X was set to  (for single-echo and postaverage) or the
equivalent value of 18.2 Hz (for frequency-based SWI). Compared with the linear filter, it was expected that this filter would
result in reduced image noise and increased contrast for negative
phase/frequency structures.

MR Imaging
All scanning was performed on a 3T MR imaging scanner (Tim
Trio; Siemens, Erlangen, Germany) by use of a 32-channel head
coil. For evaluation and comparison of different SWI postprocessing schemes, 10 healthy volunteers were scanned (7 women;
age, 28 ⫾ 7 years). We collected data by using a single-echo 3D
gradient-echo (TE, 20 ms; TR, 30 ms; bandwidth, 80 Hz/pixel;
acquisition time, 6:28; fully flow-compensated) and multiecho
3D gradient-echo sequences (TE1, 10 ms; echo spacing, 7 ms; 6
echoes; TR, 52 ms; bandwidth, 160 Hz/pixel; acquisition time,
11:12; first echo fully flow-compensated). For both sequences,
common parameters were matrix, 448 ⫻ 336 ⫻ 60; field of view,
224 ⫻ 178 ⫻ 60 mm3; flip angle, 12°; section oversampling,
12.5%. Both acquisitions were accelerated with generalized autocalibrating partially parallel acquisition (R ⫽ 2, reference lines ⫽
AJNR Am J Neuroradiol 35:38 – 44
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24). Phase data from each channel were combined on-line by use
of vendor software. This study was approved by the institutional
review board. Informed consent was obtained in writing from all
participants.
Six SWI volumes were created per participant: 3 postprocessing schemes with 2 mask functions each. The single-echo magnitude volume was registered to the first echo magnitude of the
multiecho volumes to allow careful comparison of the different
methods on individual vessels or regions, even if motion were
present between the different volumes. Single-echo SWI volumes
were computed, following which the magnitude registration parameters were applied.

Numeric Optimization
A 2D numeric phantom was created to evaluate the CNR of a vein
by use of different postprocessing schemes and mask functions.
The purpose of this simulation was to optimize the number of
mask multiplications, m, for different postprocessing schemes.
The phantom consisted of a 512 ⫻ 512 array. All pixels were
ⴱ
assigned values of the effective transverse relaxation time, T2 (32
ms), and equilibrium signal, S0 (425), based on their measured
values in WM in the in vivo multiecho data. One column was
designated the vein compartment and was assigned a frequency
that was varied for different trials. All other pixels were assigned a
frequency of zero for all trials. This is similar to a previously described simulation to optimize the number of mask multiplications for conventional SWI.12
We simulated the data by creating magnitude and phase image
pairs for different TEs. At a given TE, signal magnitude was calⴱ
culated according to S共TE兲 ⫽ S0 exp共⫺TE/T2). Phase was calculated as (frequency)⫻(TE). Each magnitude and phase pair was
converted into real and imaginary images, to each of which normally distributed noise with a standard deviation of 18 was added
to ensure comparable signal-to-noise in simulated data when
compared with periventricular WM by use of our acquisition parameters. The noisy real and imaginary images were then converted back to magnitude and phase.
We simulated a multiecho dataset by creating magnitude/
phase pairs for TEs of 10, 17, 24, 31, 38, and 45 ms. From the same
simulated multiecho data, 1 multiecho SWI image was generated
according to each of the 4 possible combinations of multiecho
postprocessing scheme (postaverage and frequency-based) and
mask function (linear and nonlinear).
We simulated single-echo data by creating 1 magnitude/phase
pair at a TE of 20 ms. Noise was decreased by a factor of 20.5 to
simulate decreased noise accompanying the reduction in bandwidth from 160 Hz/pixel in the multiecho acquisition to 80 Hz/
pixel in the single-echo acquisition. In addition, the WM S0 was
decreased by 16% to account for the reduction in the steady-state
signal accompanying the decrease in TR. For the simulated singleecho data, a single SWI image was produced with each mask
function.
Contrast was measured as the difference in mean signals between 2 ROIs in the SWI volumes: one placed in the vein compartment, and one in the WM compartment. The CNR was calculated as this contrast divided by the standard deviation of the
40
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signal in the latter ROI, which is the standard definition of CNR
used in SWI numeric optimization.12

Visual Optimization
Values of m were also optimized by 3 radiology residents, each
with 29 months of experience, who rated SWI images from 4
volunteers. For each volunteer, image volumes included each of
the 6 SWI combinations processed with a range of m values. Images processed with the linear mask function were processed with
m’s from 0 –11, incremented in steps of 1. Images processed with
the nonconventional filter were processed with m’s from 0 –55,
incremented in steps of 5. This larger range and coarser increment
of m values were found to yield a similar range of contrasts to the
images processed with the conventional mask. Raters were shown
24 sets of 12 volumes. The raters were not blinded to the value of
m, but each set was presented in a random order to ensure that
experience from early sets did not influence the rating of later
sets. Rating instructions were as follows: “For each set, identify
the single value of m which is optimal. When considering optimal m, consider SWI quality from a radiologic standpoint.
Please consider how structure contrast as well as image noise is
affected by choice of m. Specifically, you should consider the
visibility of veins (both small veins such as those at the lateral
ventricles, and large veins) as well as other structures that may
be targeted with SWI, such as: red nucleus, subthalamic nucleus, globus pallidus.” Each rater performed rating independently. To evaluate interrater agreement, a 2-way mixed-average measures interclass correlation coefficient was calculated
for the pooled ratings.

ROI Analyses
For in vivo data, ROI analyses were used to compare optimized
SWI techniques. For each participant, ROIs were drawn in the
right hemisphere of single-echo, linearly masked SWI volume and
propagated into the other volumes. Signal-to-noise ratio was approximated in the frontal WM of all participants as the mean
divided by standard deviation of the signal in the ROI. CNR was
measured between various anatomic structures (globus pallidus
[GP], optic radiations [OR], periventricular veins, subthalamic
nucleus [STN], and red nucleus [RN]) and the adjacent WM as
the difference between mean values of signal in 2 ROIs (one in the
structure of interest, one in the adjacent WM) divided by the
standard deviation of signal in the WM ROI.

Visual Comparison
The same 3 raters evaluated the optimized SWI images with respect to visibility of the different structures. For each of the 10
volunteers, the 6 different SWI volumes were assigned a random
letter for blinding purposes. Raters were instructed to rank the
volumes from best (rank 1) to worst (rank 6) for different structures. Specific instructions were “consider: the contrast of the
structure with surrounding tissue, the ability to resolve its borders, and how image noise influences visibility.” Visibility was
ranked for the same structures in which CNR was measured. The
qualitative impression of SNR in the frontal WM was also ranked.
Images were rated for severity of artifacts at the sinuses from least
severe (rank 1) to most severe (rank 6).

RESULTS
Optimization of m
Plots of CNR as a function of m are presented (Fig 1) for several different
choices of the frequency of the vein
compartment of the numeric phantom.
Optimal values of m depend strongly on
the frequency of the vein; minimal and
maximal values of optimal m over the
range of frequencies investigated are
presented in the accompanying Table.
According to simulation, greater CNR is
achievable with the nonlinear mask,
though typically larger values of m are
required. Simulation predicts that the
frequency-based method allows the
greatest CNR and that both multiecho
methods are superior to single-echo
SWI.
Optimization of m was also performed via visual rating of images. For
measurement of the optimal value of m
for a given processing combination, the
median (across the 4 volunteers) of the
median (across the 3 raters) is reported
in the Table. In all cases, the optimal
value as determined by the raters falls
FIG 1. CNR vs number of mask multiplications (m) for different SWI postprocessing schemes (red: within the range of optimal values presingle-echo, blue: postaverage, green: frequency-based) and mask functions (solid: linear, dicted by simulation. The interclass cordashed: nonlinear) as simulated for a vein of varying frequency in WM. Simulated frequencies relation coefficient was found to be 0.96,
were ⫺1.0 Hz (A), ⫺2.5 Hz (B), ⫺5 Hz (C), and ⫺10.0 Hz (D).
indicating excellent interrater agreement.
When
implementing
different SWI techniques herein, we
Optimization of m
use
the
values
of
m
that
are
determined
to be optimal by the raters.
Simulation
Radiologist Rating
Min.
Max.
Optimal ma Optimal mb
Single-echo
Linear
Nonlinear
Postaverage
Linear
Nonlinear
Frequency-based
Linear
Nonlinear

Optimal m
(Minc,Maxd)

4
11

17
⬎60

6 (4,7)
35 (20,35)

3
14

15
⬎60

7 (5,10)
35 (25,45)

3
8

15
⬎60

5 (2,7)
25 (20,40)

a,b

Minimal, maximal values, respectively, of m that yield maximal contrast-to-noise
ratio for any frequency of vein simulated.
c,d
Minimal, maximal values, respectively, assigned by any of the 3 raters.

To evaluate interrater agreement, we calculated the interclass
correlation coefficient on rankings of each structure analyzed. For
each volunteer, for each combination of processing scheme and
mask function, the 3 ranks assigned by the raters were averaged to
create a mean rank. To separately test the significance of the 2
main effects (processing scheme and filter), for each level of each
main effect, we added mean ranks across all levels of the other main
effect. Nonparametric-related samples tests were then used to compare all levels of a given effect: the Friedman test for scheme and the
Wilcoxon signed-rank test for filter. Where appropriate, the Wilcoxon test was used post hoc with Bonferroni correction.

In Vivo Data
Minimum intensity projections through 4 mm for a subset of a
section at the level of the basal ganglia are shown in Fig 2 for all
permutations of postprocessing scheme and mask function. An
increase in SNR is apparent when single-echo images are compared with multiecho images. In general, the nonlinear mask
function results in improved noise characteristics compared with
the linear filter, and its use also dramatically enhances contrast in
some regions (eg, for large veins [arrow in Fig 2F] and at the edges
of the basal ganglia [arrowheads in Fig 2F]). Small veins that are
not visible in single-echo SWI are readily detected in all implementations of multiecho SWI, such as at the horns of the ventricles (arrows in Fig 2B), though their appearance is smoother and
more continuous when the linear filter and/or postaverage processing is used.

ROI Analyses
Normalized measurements of SNR and CNR are presented in
On-line Fig 1. The nonlinear mask function results in a significantly larger SNR or CNR (P ⬍ .05 for GP, P ⬍ .01 for periventricular veins, STN; P ⬍ .001 for frontal WM, OR, or RN). The
frequency-based scheme results in a significantly larger CNR or
SNR than both postaverage and single-echo techniques, except
AJNR Am J Neuroradiol 35:38 – 44
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FIG 2. Minimum intensity projections through 4 mm at the basal ganglia for different SWI postprocessing schemes (ﬁrst column: single-echo,
second column: postaverage, third column: frequency-based) and mask functions (ﬁrst row: linear mask, second row: nonlinear mask).

for GP, where no significant difference is detected between postaverage and frequency-based processing, though both result in a
significantly larger CNR than single-echo. Specific P values are
presented for pair-wise comparisons of the processing scheme in
On-line Fig 1.

Visual Comparison
Mean ranks are presented (On-line Fig 2) for qualitative impression of SNR of the frontal WM, and for visibility of various structures. For all paramagnetic perturbers (GP, STN, RN, and
periventricular veins), the linear filter resulted in significantly
(P ⬍ .001) greater visibility (equivalently, lower mean rank). The
postaverage scheme resulted in significantly lower mean ranks
than both frequency-based and single-echo schemes for these
structures as well— except for the periventricular veins, where no
significant differences were observed between postaverage and
frequency-based processing. In contrast, for visibility of OR and
SNR of the frontal WM, the nonlinear filter was ranked as significantly better (P ⬍ .001). For OR, the frequency-based scheme
was significantly better than both single-echo and postaverage
42

Quinn

Jan 2014

www.ajnr.org

schemes. Specific P values are presented for pair-wise comparisons of the processing scheme in On-line Fig 2. Mean ranks of
artifact severity are presented (Fig 3). In general, the linear mask
function results in less severe artifacts, (P ⬍ .001); the postaverage
scheme results in least severe artifacts. Interrater agreement, as
assessed by the interclass correlation coefficient, was excellent
(frontal WM, 0.88; GP, 0.93; OR, 0.85; periventricular veins, 0.82;
STN, 0.91; RN, 0.93; artifacts, 0.96).

DISCUSSION
This study presents a comparison of 1) different SWI processing
schemes; and 2) different mask functions, in SWI image quality as
assessed by ROI analysis and visual rating.

SWI Optimization
Our choice of m for implementation in human data was based on
optimized values as determined by radiologist raters. This is justified for several reasons: 1) in all cases, rater-optimized values fell
within the range of optimal m predicted by simulation; 2) raters
were instructed to consider the influence of m not only on the

FIG 3. Mean rank of artifact severity at sinuses. Filled black circles:
linear mask function; empty squares: nonlinear mask function. Points:
median; bars: interquartile range (n⫽10). Illustrated are signiﬁcant P
values for pair-wise comparisons of postprocessing schemes (* P ⬍
.05, ** P ⬍ .01).

veins but also on other structures and noise; 3) there was excellent
interrater agreement; and 4) radiologists are the end-users of SWI.
Our optimal m value for linearly masked single-echo (ie, conventional) SWI was 6. In contrast, conventional SWI is virtually always implemented with m⫽4. This choice is influenced by a seminal SWI study12 where CNR vs m was simulated for a comparable
range of vein phases. As in our simulation, that study found that a
lower m is required for maximal CNR for an increasingly large
phase. Our raters found a slightly larger value of m to be most
suitable. As our optimizations involved simulation and rating,
they are more comprehensive than previous efforts. We have endeavored to choose values of m that are suitable for optimal visibility of a range of structures; however, if reoptimization is required for a specific application, it should be performed by
trained raters.

In Vivo Data
For small veins, typical targets of SWI, ROI measurements in vivo
agree with those predicted by simulation: optimal CNR can be
achieved with the nonlinear mask implemented with a frequencybased processing scheme. This conclusion can be extended to a
CNR of paramagnetic perturbers in general. However, according
to visual assessment by trained raters, these same structures are
most visible when SWI is performed with the linear mask and
postaverage processing. This apparent contradiction highlights a
discrepancy between CNR and the qualitative impression of visibility. Although the nonlinear filter and frequency-based scheme
might independently result in more dramatic contrast (eg, at the
edges of the GP in Fig 2), they do not necessarily increase the
information content of the image compared with other implementations of multiecho SWI. Rather, their implementation can
result in an image with harsher contrast wherein a more subtle
structure is less apparent. Images appear “burnt out” when the
contrast is too high, with scarce gradation in the grayscale, which
was interpreted by raters as potential loss of information. It seems

that maximal contrast should not be the exclusive target when
visibility is being optimized.
The nonlinear mask function and frequency-based processing
demonstrated best performance with respect to the frontal WM
and OR, a diamagnetic perturber, as judged by both quantitative
measures in ROI analyses, and visual ranking. For both the frontal
WM and OR, we do not expect the mean signal in an ROI to
change after multiplication with the described mask functions,
given their zero or positive frequency, respectively. Therefore, the
improved performance of nonlinear mask function and frequency-based processing for the frontal WM and OR can be attributed
to the reduced noise introduced into the image in these regions by
these postprocessing strategies, given the absence of changes in
mean signal or contrast.
One limitation of multiecho SWI is increased scan time. Fewer
echoes or reduced coverage could be used to reduce scan time. As
an alternative, if coverage were expanded to allow imaging of the
entire supratentorial brain, scan time would be on the order of 20
minutes. In addition to SWI, it is possible to obtain many contrasts from this acquisition, including Rⴱ2 maps, frequency maps,
and quantitative susceptibility maps. Given the high-yield nature
of this acquisition, the parameters recommended here are not
unreasonable in a clinical setting.

Field Inhomogeneity Artifacts
Multiecho SWI processing, in particular postaverage, typically resulted in less severe field inhomogeneity artifacts compared with
single-echo SWI. Denk and Rauscher8 showed that, by using a
filter width that varies with TE, field inhomogeneity artifacts
could be reduced further in postaverage processing while preserving contrast elsewhere in the image. To limit the matrix of comparisons in our present study, we elected not to investigate the
effects of an adaptive filter, though we expect its use would result
in further reduction of these artifacts.

Prospective Applications
Ultimately, our recommendation for SWI implementation depends on the desired application and allowed time. It is certainly
clear that any implementation of multiecho SWI results in superior images to single-echo SWI.
For radiologic use, postaverage processing and the linear filter
are favored. Given its favored performance for visualization of
paramagnetic perturbers, this implementation of multiecho SWI
seems especially well suited to the study of neurodegenerative
diseases in which iron deposition is implicated. In addition, this
technique might have a role in the study of traumatic brain injury,
stroke, and other conditions where abnormalities in the vasculature or blood products are involved. One specific diagnostic application is assessing the presence of veins within WM lesions. At
7T, this has been demonstrated to be specific to multiple sclerosis13; however, current techniques at 3T lack the sensitivity to
delineate such veins. Optimized multiecho SWI holds promise for
reproducing these findings at clinical field strengths.
In our study, volunteers were free of pathologic conditions,
and raters were thus only able to evaluate the visibility of normal
structures. It is possible that the high-contrast, low-noise properties of either (or both) frequency-based processing and the nonlinear filter may facilitate more rapid detection of very
AJNR Am J Neuroradiol 35:38 – 44
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subtle pathologic conditions such as microbleeds. As an alternative, although frequency-based, nonlinearly filtered SWI may be
undesirable for radiologic assessment, such an image may be optimal for automated tasks where high contrast and low noise
would be favored, such as STN segmentation for electrode targeting, computer-based delineation of veins, or registration tasks.

CONCLUSIONS
Linearly masked postaverage SWI is the recommended implementation of multiecho SWI for radiologic use; however, nonlinearly masked frequency-based SWI may have use in computer-based segmentation or registration. A discrepancy
between measures of CNR and subjective impressions of visibility was found, highlighting an important caution for SWI
optimization.
Disclosures: Matthew Quinn—RELATED: Grant: CIHR operating grant.* Amy Lin—
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Intracranial Imaging of Uncommon Diseases Is More
Frequently Reported in Clinical Publications Than in
Radiology Publications
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ABSTRACT
BACKGROUND AND PURPOSE: Descriptions of uncommon diseases with intracranial imaging abnormalities are often difﬁcult to ﬁnd in
the radiology literature. We hypothesized that reported imaging ﬁndings of such conditions in the recent literature were more frequent
in clinical compared with radiology journals.
MATERIALS AND METHODS: PubMed searches from December 1, 2007 to December 1, 2012 were performed for 5 uncommon CNS
diseases with intracranial imaging manifestations: 1) Susac syndrome; 2) amyloid ␤–related angiitis; 3) Parry-Romberg syndrome/en coup de
sabre; 4) transient lesion of the splenium of the corpus callosum; and 5) reversible cerebral vasoconstriction syndrome. Articles were
classiﬁed as a case report, case series, or original research. Journals were categorized as radiology or clinical. The 1- and 5-year Impact
Factors of the journals were recorded.
RESULTS: Two hundred two articles were identiﬁed for the 5 diseases, including 151 (74%) case reports, 26 case series (13%), and 25 original
research articles (13%); 179 (89%) were published in nonradiology journals, compared with 23 (11%) in radiology journals. There was no
signiﬁcant difference between the mean 1- and 5-year Impact Factors of the radiology and clinical journals.
CONCLUSIONS: Recent reports of the selected uncommon diseases with intracranial manifestations are more frequent in clinical journals
when compared with dedicated radiology publications. Most publications are case reports. Radiologists should review both radiology and
clinical journals when reviewing imaging features of uncommon diseases affecting the brain. Lack of reporting on such disease in the
radiology literature may have signiﬁcant practice, educational, and research implications for the radiology community.
ABBREVIATIONS: ABRA ⫽ amyloid ␤–related angiitis; RCVS ⫽ reversible cerebral vasoconstriction syndrome

T

he frequency with which the radiology versus the clinical literature reports on the imaging findings and techniques of
uncommon CNS diseases is not known. Although little has been
published about the rates at which radiologists read specific medical journals, there is some evidence that radiologists tend to read
radiology journals and that specialists tend to focus on clinical
journals within their respective areas.1-3 There is also evidence
that journal articles are a preferred source of information for clinical decision-making by physicians.2 It is important to characterize the avenues of knowledge dissemination, to direct radiologists
and clinicians to the most likely primary resources that can help
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optimize management of patients with an uncommon CNS
disease.
In our day-to-day clinical practice, we have anecdotally
found much of the relevant information on imaging findings
about several uncommon CNS diseases in the clinical rather
than the radiologic literature. However, this perception has
not been confirmed with a systematic study of the medical
literature. Additionally, the type of articles in which imaging of
uncommon CNS disease is reported is not known but could be
useful to investigate to increase understanding of the source of
reported imaging findings. Many of the purported imaging
features of uncommon CNS diseases may be found within case
reports rather than within original research, in part because of
low prevalence of disease and inherent difficulty with patient
accrual. However, case reports have faced high rejection rates
within the radiology literature, and some radiology journals no
longer consider case reports for publication in recent years,4
even though a survey has indicated that many radiologists find
case reports useful.5
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To further investigate these unresolved questions, we selected
5 uncommon diseases with potentially important intracranial imaging manifestations. We hypothesized that reported imaging
findings of such conditions in the recent literature were more
frequent in clinical compared with radiology journals.

MATERIALS AND METHODS
CNS Conditions
Five uncommon conditions with important intracranial imaging
manifestations were selected for review: Susac syndrome, transient lesion of the splenium of the corpus callosum, amyloid ␤–related angiitis (ABRA), Parry-Romberg syndrome/en coup de sabre, and reversible cerebral vasoconstriction syndrome (RCVS).
Although the precise incidence of these conditions is not known
with certainty, they were selected because 1) imaging plays an
important role in diagnosis and/or management and 2) these are
common enough that the authors have cumulatively seen cases of
each in our subspecialized academic practice but evaluate each
one infrequently. Multiple unrelated conditions were selected to
evaluate for overall patterns in publication of topics relevant to
neuroradiology rather than the publication pattern of a single
condition. Because Parry-Romberg syndrome and en coup de sabre are now considered to be related along the same spectrum of
morphea by many authorities in dermatology,6 they were considered together as Parry-Romberg syndrome/en coup de sabre.

PubMed Search
PubMed searches of the English literature from December 1, 2007
to December 1, 2012 were performed for the aforementioned
conditions. We evaluated topics over a 5-year period to capture an
adequate number of publications for analysis but limited our
search to these recent years to ensure results are representative of
current patterns of publication. All searches were performed between December 1, 2012 and December 10, 2012. The condition
names and common synonyms were used as search terms to capture most of the relevant literature. The following search terms
were used with an English language– only modifier: 1) Susac syndrome: “Susac syndrome OR Susac’s syndrome,” 2) transient lesion of the splenium of the corpus callosum: “(transient lesion OR
reversible lesion) AND corpus callosum,” 3) ABRA: “amyloid beta-related angiitis OR ABRA OR amyloid vasculitis,” 4) ParryRomberg syndrome/en coup de sabre: “Parry-Romberg syndrome OR en coup de sabre,” and 5) RCVS: “reversible cerebral
vasoconstriction syndrome OR RCVS OR Call-Fleming.”

Inclusion Criteria
Included case reports or case series contained, at minimum, a
description of the imaging findings as well as at least 1 figure
demonstrating a radiologic image of the brain. A report of multiple cases with common diagnosis and pure description of findings
was categorized as a case series. A publication with multiple cases
that included a clearly defined systematic method of analysis of an
imaging finding/technique or other pertinent aspect of the disease
was designated original research. Included original research contained, at minimum, description of imaging findings of some included patients, though an actual figure of an example of an imaging finding was not required. Included intracranial imaging was
cross-sectional (either CT or MR imaging), transcranial Doppler,
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and/or angiographic (conventional DSA, MRA, or CTA). Original research articles that studied patients both with and without
the target diagnosis, such as those with comparison of patients
with ABRA and primary CNS vasculitis, were included. Imaging
of the face without intracranial imaging, such as reports of extracranial head and neck findings in Parry-Romberg syndrome/en coup de sabre alone, was not sufficient for inclusion
because the focus of this study was on intracranial findings.
Exclusion criteria were 1) wrong topic captured by search
terms; 2) animal study; 3) review article, commentary, or editorial
without concomitant incremental case report; 4) no images of the
brain included for case reports or case series; 5) no description of
imaging findings for an original research article; and 5) full-text
not available when insufficient information for analysis was available in the abstract. The full text was analyzed whenever possible.
For articles in which there was no abstract or insufficient information available within the abstract, an attempt was made to obtain the full text by our institutional librarians from the publisher
or interlibrary loan. In these cases, if the librarians were unable to
obtain the full text from the publisher without charge, the article
could not be analyzed and was excluded.

Literature Search Analysis and Author Experience
The journal for each included article was recorded and categorized as
radiology or clinical with consensus agreement among the authors.
Radiology journals were those with a clear primary focus of reporting
imaging findings/techniques. The authors reviewed all journals and
arrived at consensus designation of each journal as in either the radiology or clinical category. A description of the type of imaging and
imaging analysis in each original article was recorded. The articles
within the most common radiology journal were examined to determine if they would fulfill current publication criteria (as of April 1,
2013). Additionally, although review, commentary, and editorial articles were not grouped with original reports and studies for the formal analysis, these could also serve as a source of information for
radiologists and clinicians. Therefore, the journals of these publications were also categorized as radiology or clinical.
Six of the authors (V.T.L., D.F.B., C.H.H., F.E.D., K.M.S.,
L.J.E.) are board-certified radiologists with 1, 1, 2, 4, 5, and 7 years
of postfellowship radiology experience, respectively. Four of the
authors (C.H.H., F.E.D., K.M.S., L.J.E. have obtained a Certificate
of Added Qualification in neuroradiology. One author (D.A.D.)
is a radiology resident. Two of the authors (D.F.B. and C.H.H.)
also have board certification in clinical neurology, with 5 years of
clinical neurology experience each.
The affiliation of each author of the included articles was noted.
Articles were categorized as having either 1) at least 1 radiologist as an
author or 2) no radiologist listed as an author. If a radiologist author
was not identified but the affiliation of every author could not be
confirmed, the article was excluded from the author analysis. If at
least 1 radiologist as an author was identified, it was included regardless of the availability or type of other author affiliations.
The 2011 1-year and 5-year Impact Factors were recorded for
each journal as a measure of frequency of journal citation. The
Impact Factors were obtained from an on-line data base, Journal
Citation Reports, which is published by Thomson Reuters.7 Journals that had no recorded Impact Factors were assigned Impact

Factor values of 0 for the purpose of data analysis. Mean Impact
Factors of the radiology and clinical journals for each included
article were compared with a paired t test. The mean Impact Factors were weighted to account for some journals having more than
1 article identified within this literature analysis; 95% CIs were
calculated. P ⬍ .05 was considered statistically significant.

RESULTS
Literature Search
Four-hundred seventy-one publications were captured by the
search terms. Two hundred sixty-nine were excluded from analysis for the following reasons: 1) wrong topic captured by search
terms (n ⫽ 160, 59%); 2) animal study (n ⫽ 3, 1%); 3) review or
commentary without incremental case report (n ⫽ 51, 19%); 4)
no CNS images provided for a case report or series (n ⫽ 45, 17%);
5) full text unavailable when insufficient information was available in the abstract (n ⫽ 10, 4%); and 6) no imaging description
for original research articles (n ⫽ 0, 0%).
Two hundred two publications (43% of 471) were identified
within 12 radiology and 80 clinical journals. The most common
radiology and clinical journals are listed in Table 1. The most
common radiology journal was the American Journal of Neuroradiology, whereas the most common clinical journal was the Journal of Neurologic Sciences. Three of 5 (60%) of the articles in the
American Journal of Neuroradiology were case reports or series
with ⬍5 patients and would no longer be considered for publication in this journal after July 1, 2011, whereas 2 (40%) were case
series with ⬎5 patients and would still be considered.8 A complete
list of the journals identified and designation as radiology or clinical is catalogued in the On-line Appendix.
Table 2 details the categorization of publication of the clinical and
radiology articles. The final study sample of 202 publications included 151 (74%) case reports, 26 case series (13%), and 25 original
research articles (13%). Overall, 179 (89%) were published in nonradiology journals compared with 23 (11%) in radiology journals.

Case reports were the most common form of publication for articles
in both the radiology and the clinical literature, accounting for 18 of
23 (78%) and 133 of 179 (75%) of radiology and clinical articles,
respectively. Additionally, 47 of 51 (92%) separate review, commentary, or editorial articles were within clinical journals.
A brief description of the identified original research articles is
listed in the On-line Table. All 25 (100%) original research articles
were in the clinical literature. Fifteen (60%) of the original research articles addressed RCVS, though each of the 5 diagnoses
had at least 1 original research article. The role of imaging within
these articles varied and included articles with a primary aim of
characterizing imaging findings such as serial MRA examinations
with RCVS9 or MR imaging findings of Susac syndrome at 7T,10
as well as articles primarily assessing an imaging technique or
sequence, such as diffusion tensor imaging in Susac syndrome.11

Author Afﬁliations
In 19 of 202 (9%) of articles, all in clinical journals, a radiologist
author could not be confirmed and complete lists of author affiliations could not be found. Complete lists of author affiliations were
available for 183 of 202 (91%) articles. Radiologists were authors in
98 of these 183 (54%) articles, including 22 of 23 (96%) articles in
radiology journals and 76 of 160 (48%) articles in clinical journals.

Impact Factors
There was no significant difference between the mean 1- and 5-year
Impact Factors (P values of .29 and .39, respectively) between radiology and clinical journals (Table 3). One-year Impact Factors did not
exist for the journals of 1 of 23 (4%) articles in the radiology literature
and for the journals of 21 of 179 (12%) articles in the clinical literature. Five-year Impact Factors did not exist for 2 of 23 (9%) articles in
radiology journals and 31 of 179 (17%) articles in clinical journals.

DISCUSSION

In the present study, identified reports and original research of imaging
features of each of the selected uncommon conditions with brain
Table 1: The 3 most common radiology and clinical journals with
pathology were more frequent in the clinical compared with the rathe included diagnoses
diology literature. Radiologists are under-represented as authors on
Journal
No. of Articles
such publications in the clinical literature. These findings have nuRadiology
merous implications for neuroradiology practice and patient care.
1) AJNR Am J Neuroradiol
5
Description and analysis of imaging findings of CNS disease in
2) J Neuroimaging
4
3) Interv Neuroradiol
3
the clinical literature is important for several reasons. Clinicians
Clinical
should know the utility of various neuroradiologic techniques to
1) J Neurol Sci
16
ensure the most appropriate test is requested for a given clinical
2) Cephalgia
13
scenario and should learn about new techniques as they become
3) Neurol Sci
9
available. With many CNS pathologies, imaging findings can help
direct treatment, can be of prognostic
Table 2: Frequency of identiﬁed publication in radiology and clinical journals
significance, and can help to assess reJournal Type
PRS
ABRA
TLCC
Susac
RCVS
Overall
sponse to clinical treatment.
Radiology
Clinicians aware of reports of imaging
Case reports
4
0
6
3
5
18
findings
of neurologic disease in the cliniCase series
0
0
4
0
1
5
cal literature will probably expect conOriginal research
0
0
0
0
0
0
All publication categories
4
0
10
3
6
23
sulted neuroradiologists to have knowlClinical
edge of these imaging findings. If the
Case reports
17
8
35
21
52
133
primary targeted audience of the journals
Case series
3
1
7
2
8
21
containing these reports is highly skewed
Original research
1
4
1
4
15
25
toward physicians other than radiologists,
All publication categories
21
13
43
27
75
179
it is possible that these imaging findings, or
Note:—PRS indicates Parry-Romberg syndrome; TLCC, transient lesion of the splenium of the corpus callosum.
AJNR Am J Neuroradiol 35:45– 48

Jan 2014

www.ajnr.org

47

Table 3: Mean Impact Factors of included radiology and clinical
journals
1-Year Impact Factor
5-Year Impact Factor
Journal Type Mean (95% CI) P Value Mean (95% CI) P Value
Radiology
1.80 (1.25–2.36)
.29
1.87 (1.20–2.54)
.39
Clinical
2.84 (2.17–3.51)
2.66 (2.02–3.29)
Note:—Journals with no listed impact factor were assigned values of “0” for the
analysis in this table.

even the existence of the condition, will be under-recognized by radiologists. In fact, under-recognition of Susac syndrome by radiologists has been cited by Dr Susac.12 Radiologists are potentially the first
physicians to encounter findings suggestive of a rare CNS condition
and have great potential to affect management. Specifically, radiologist under-recognition could initiate an incorrect, possibly invasive,
diagnostic workup and delay both the correct diagnosis and the most
appropriate therapy.
Although information of the reading habits of radiologists is
scant, Andreisek et al3 previously suggested that physicians focus
on literature published in journals targeted to their respective
specialties.3 These authors compared 2 nearly identical, independently derived grading systems for spinal canal stenosis, one in the
radiology literature and one in the orthopedic literature, as an
example of duplicative and fragmented knowledge between the
clinical and radiology literature. The findings of the present literature analysis indicate that it could be beneficial for radiologists to
read, critique, and report imaging findings embedded in the nonradiology literature and to increase publication on these and similar CNS diseases within the radiology literature.
There are multiple potential explanations for the findings of this
study. For example, clinical journals outnumber radiology journals.
De-emphasis of case reports by radiology journals could also shift the
balance of publication to clinical journals. Interestingly, most of included publications in the most common radiology journal in this
study would not have been considered for publication in this journal
after July 1, 2011, indicating some submissions since this date would
presumably have been directed to other journals. Possibly in response to unmet demand for case report publication, several case
report radiology journals have recently been introduced, but it is
unclear if this will ultimately result in an increased number of radiology publications of uncommon CNS conditions. In addition, some
publications containing imaging information potentially describe a
new predisposing clinical condition, associated clinical symptoms or
syndrome, treatment, affected demographic, or observed prognosis
that might be most useful for a clinical audience. It is also possible
that a single interested clinical specialist might see several patients
with the same rare condition and publish his or her experience while
the images of the individual patients are interpreted by several different radiologists. Additionally, lack of familiarity with conditions not
reported in the radiologic literature may perpetuate a cycle wherein
radiologists do not develop an interest in publishing on these uncommon conditions and remain unaware of new diagnostic issues. Other
explanations include possible differences between neuroradiologists
and neurologists in the degree of academic involvement, incentive to
publish, and degree of subspecialization.
Although the Impact Factor ratings are not perfect measures of
the value of an individual article or even a journal, the results
of the current study indicate that the preponderance of articles on
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the selected topics in the clinical versus radiology literature is not
explained by a lower clinical journal Impact Factor.13 Radiologists
were also authors in nearly half of articles within the clinical literature, indicating that lack of radiologist authorship should not
account entirely for the proportional number of articles published within the clinical literature.
This literature analysis has several limitations. Only a limited
number of conditions in a specified time period were evaluated,
which could not capture all results from all potential search terms,
search engines, neuroradiology diagnoses, or dates of publication.
This study did not assess the actual rate of radiologist awareness of
the imaging findings of the included conditions, references to the
nonradiologic literature within radiology review articles, radiology textbooks, and/or radiology conferences. Rates of publication
of imaging findings in nonradiology journals could differ with
category or prevalence of a specific neuropathology and could
differ across various subspecialty topics within radiology. A small
number of articles were not included because of the lack of availability of all necessary information for data analysis. Finally, the
Impact Factor analysis includes an assumption that articles in
journals without listed Impact Factors can be represented.

CONCLUSIONS
This literature analysis demonstrates that uncommon conditions
with potentially important CNS imaging findings are more often
published in clinical rather than radiology journals, and radiologists are under-represented as authors on such publications. Radiologists should consider the use of broad literature searches and
baseline journal reading to include clinical journals, as well as
increasing the frequency of publication of imaging findings of
uncommon conditions in the primary radiology literature.
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ABSTRACT
BACKGROUND AND PURPOSE: In recent years, there has been increasing use of CTP imaging in patients with aneurysmal SAH to evaluate
for vasospasm. Given the critical role of the arterial input function for generation of accurate CTP data, several studies have evaluated the
effect of varying the arterial input function location in patients with acute stroke. Our aim was to determine the effect on quantitative CTP
data when the arterial input function location is distal to signiﬁcant vasospasm in patients with aneurysmal SAH.
MATERIALS AND METHODS: A retrospective study was conducted of patients with aneurysmal SAH admitted from 2005 to 2011.
Inclusion criteria were the presence of at least 1 anterior cerebral artery or MCA vessel with a radiologically signiﬁcant vasospasm and at
least 1 of these vessels without vasospasm. We postprocessed each CTP dataset 4 separate times by using standardized methods, only
varying the selection of the arterial input function location in the anterior cerebral artery and MCA vessels. For each of the 4 separately
processed examinations for each patient, quantitative data for CBF, CBV, and MTT were calculated by region-of-interest sampling of the
vascular territories. Statistical analysis was performed by using a linear mixed-effects model.
RESULTS: One hundred twelve uniquely processed CTP levels were analyzed in 28 patients (mean age, 52 years; 24 women and 4 men)
recruited from January 2005 to December 2011. The average Hunt and Hess scale score was 2.89 ⫾ 0.79. The average time to CTP from initial
presentation was 8.2 ⫾ 5.1 days. For each vascular territory (right and left anterior cerebral artery, MCA, posterior cerebral artery), there
were no signiﬁcant differences in the quantitative CBF, CBV, and MTT generated by arterial input function locations distal to signiﬁcant
vasospasm compared with nonvasospasm vessels (P ⬎ .05).
CONCLUSIONS: Arterial input function placement distal to signiﬁcant vasospasm does not affect the quantitative CTP data in the
corresponding vascular territory or any other vascular territory in aneurysmal SAH.
ABBREVIATIONS: ACA ⫽ anterior cerebral artery; AIF ⫽ arterial input function; aSAH ⫽ aneurysmal subarachnoid hemorrhage; VSP ⫽ vasospasm

I

n recent years, there has been increasing use of CTP imaging in
patients with aneurysmal subarachnoid hemorrhage (aSAH) to
evaluate vasospasm (VSP). Several studies have reported CTP as a
valuable tool for detecting perfusion deficits related to vasospasm,
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described as focal areas of CBF reduction and/or MTT prolongation.1-5 To obtain the CBF, MTT, and CBV maps, one performs
postprocessing of the acquired dataset. Deconvolution-based
postprocessing algorithms require selection of an arterial input
function (AIF) to represent the actual injection rate of contrast as
time-series data during its first pass in the artery. The mathematic
algorithm “deconvolves” this arterial attenuation curve from the
tissue attenuation curve to compute an impulse residue function.
On the basis of the impulse residue function curve, CBF is calculated as the height of this curve, CBV is the area under the curve,
and MTT is the area under the curve of the impulse residue function divided by its height.
Given the critical role of the AIF for generation of accurate
CTP data, several studies have evaluated the effect of varying the
AIF location in patients with acute stroke.6-8 These studies revealed no significant difference in the quantitative CTP data with
AIF selection ipsilateral or contralateral to the side of MCA vessel
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occlusion in either the anterior cerebral artery (ACA) or MCA
segments. However, AIF selection distal to an embolus revealed significant differences in the quantitative CTP data recommending
avoidance of this location.9 It is unclear to what extent these findings
are applicable to patients with aneurysmal subarachnoid hemorrhage because vasospasm results in narrowing rather than abrupt
occlusion of the cerebral arteries. When significant vasospasm
(ⱖ50% narrowing) is present, perfusion deficits have been reported
in the corresponding vascular territories,1,2 supporting the hypothesis that AIF selection distal to severe vasospasm could potentially
affect quantitative CTP data. To date, there are no reports in the
literature evaluating AIF placement in vasospasm. The purpose of
this study was to determine the effect on quantitative CTP when the
AIF location is distal to significant vasospasm in patients with aSAH.

MATERIALS AND METHODS
Study Design
A retrospective study of consecutive patients with aSAH enrolled
in a prospective clinical trial was performed to compare quantitative CTP data when the AIF location is distal to significant vasospasm (AIFVSP) versus without vasospasm (AIFnon-VSP). Patients were enrolled in an institutional review board–approved
clinical trial at our institution from January 2005 to December
2011. aSAH was diagnosed by NCCT, CTA, DSA, and/or CSF
analysis. The following inclusion criteria were applied in this
study to compare quantitative CTP data when postprocessing occurred with AIFVSP and AIFnon-VSP in each patient: 1) CTA performed at the same time as CTP to determine which vessels were
in vasospasm at the time of CTP acquisition, 2) the presence of
significant arterial narrowing related to vasospasm on CTA in at
least 1 first-order segment of the ACA or MCA, and 3) the absence
of significant vasospasm on CTA in at least 1 first-order segment
of the ACA or MCA. The exclusion criteria were the following: 1)
CTP with extreme patient motion or inadequate contrast bolus
for which postprocessing could not be performed, and 2) CTP
performed following treatment for vasospasm.
Retrospective chart review was performed to collect demographic data on the study population, including age, sex, Hunt
and Hess scale grade, ruptured aneurysm location, and the day
CTP was performed following aneurysm rupture.

CTA Scanning and Interpretation
CTA of the head was performed by using a standard scanning
protocol at our institution with LightSpeed or Pro 16 scanners
(GE Healthcare, Milwaukee, Wisconsin). The scanning parameters were 140 kV(peak) and 370 mA at 0.625-mm thickness. A
total of 90 mL of nonionic iodinated contrast was administered
intravenously at 4 mL/s by using a power injector. Standardized
maximum intensity projection images were reconstructed in the
coronal, sagittal, and axial planes.
CTA was used to determine the angiographic criteria for proximal vasospasm of the first-order cerebral vessels (A1 and M1
segments) on the basis of the arterial luminal narrowing compared with the normal parent vessel and baseline CTA performed
on admission. On the basis of published data, significant vasospasm was defined as ⱖ50% narrowing, because this threshold
has been shown to be associated with CT perfusion deficits,1,2
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while no significant vasospasm was defined as ⬍50% narrowing.
CTA examinations were interpreted by 2 observers, neuroradiologists who performed the clinical interpretation (with 7–27
years’ experience) and another neuroradiologist (with 3 years’
experience) blinded to all clinical and imaging information. Arterial caliber measurements were made by measuring the linear
diameter of the lumen at the point of greatest narrowing, by using
the imaging plane (axial source images or coronal or sagittal reformations) that demonstrated the most severe narrowing and
then comparing this diameter with the native arterial luminal diameter on baseline imaging performed before the period of vasospasm. If no prior imaging was available, the normal-appearing
vessel segment immediately proximal to the point of narrowing
was used as a reference for normal vessel diameter. If this was also
thought to be narrowed secondary to vasospasm, the contralateral
vessel was used to approximate normal vessel caliber. If diffuse
vasospasm was present and no prior imaging was available for
comparison, research reader judgment based on previous clinical
experience was used to assess the expected normal vessel caliber to
grade vasospasm severity. For disagreements, a third neuroradiologist (with 11 years’ experience) independently reviewed the
examination in a blinded fashion.

CTP Scanning, Postprocessing, and Data Collection
CTP was performed during the typical time for vasospasm between days 6 and 10 following aneurysm rupture. There is a standard scanning protocol for CTP at our institution by using LightSpeed or Pro 16 scanners (GE Healthcare) with cine 4i scanning
mode and 45-second acquisition at 1 rotation per second by using
80 kVp and 190 mA. A scanning volume of 2.0 cm was used,
consisting of 4 sections at 5.0-mm thickness with its inferior extent selected at the level of the basal ganglia, above the orbits, to
minimize radiation exposure to the lenses. Approximately 45 mL
of nonionic iodinated contrast was administered intravenously at
5 mL/s by using a power injector with a 5-second delay.
We performed postprocessing of the acquired dataset into
CBF, CBV, and MTT maps on an Advantage Workstation (GE
Healthcare) by using CTP software, Version 3.0, using a deconvolution method. The postprocessing technique was standardized
for all patients according to recommended guidelines,10 selecting
the venous function as the superior sagittal sinus. While we maintained all postprocessing parameters constant, each CTP dataset
was postprocessed 4 times by varying only the AIF location in the
A2 segment of the right and left ACAs and M2 segment of the right
and left MCAs (Fig 1). Placement of the AIF in the right- and leftsided A2 and M2 segments was performed by a neuroradiologist
(with 11 years’ experience) on the basis of the concurrent CTA.
Quantitative analysis was conducted by using a standardized
method with contiguous region-of-interest placement, measuring 157 mm2, sampling the cerebral cortex. Each CTP section in
each functional map (CBF, MTT, and CBV) had up to 24 ROIs
distributed in the following territories: approximately 6 ROIs in the
ACA, 12 ROIs in the MCA, and 6 ROIs in the posterior cerebral
artery. For accurate comparison of the quantitative CTP data derived
from each of the 4 different AIF locations, a region-of-interest template was created for each patient to replicate the exact size and location of the region-of-interest sampling at each CTP level.

sis (mean, SD) were based on pilot data. The
sample size calculation was performed by
using PASS 2008, Version 8.0.13. All tests
were performed as 2-tailed. A sample size of
112 CTP levels (28 patients) achieved 90%
power with a significance level (␣) of .05.
Quantitative analysis of the CTP parameters was performed by using a linear
mixed-effects model. The response variable was CBF; the fixed effects in the model
were vascular territory, AIF location, and
AIF status (AIFVSP and AIFnon-VSP). Subjects were included as random effects to account for multiple measures per subject.
Differences in CBF values in the AIFVSP and
AIFnon-VSP data by vascular territory and
FIG 1. Examples of the standardized AIF locations selected according to the study protocol. The AIF location were reported along with 95%
AIFs (red arrows) are placed in the right and left A2 and M2 segments of the ACA and MCA, confidence intervals. Overall, this model acrespectively, within the same patient. The venous output function (blue arrows) is not varied
and held constant within the same patient. The arterial attenuation curves (green) and venous counts for intersubject variability, variabilattenuation curves (purple) generated by the respective arterial and venous functions are dem- ity in the number of vasospasm and nonvaonstrated to the right of each image. In this particular example, the AIF location in the left M2 sospasm vessels among patients, variability
segment is distal to vasospasm. Note, the reduced height of its arterial attenuation curve.
in the number of measurements among paTable 1: Characteristics of the study population
tients, and missing data. Most important, analysis for all 6 vascuCharacteristic
Value
lar territories can be performed by using this single fitted
Age (mean) (yr)
52 ⫾ 11
model. Similar models were fit for the CBV and MTT analysis.
Sex: female
86% (24/28)
Statistical analysis was performed by a biostatistician and conHunt and Hess scale score (mean)
2.89 ⫾ 0.79
ducted by using R: A Language and Environment for Statistical
a
8.2 ⫾ 5.1
Time to CTP (mean) (days)
b
Computing (http://www.R-project.org).
Aneurysm site
Basilar
ICA
AcomA
ACA
MCA
PcomA
Multiple
First-order cerebral arteriesc
Signiﬁcant vasospasm, AIFVSP
(ⱖ50% narrowing)
No signiﬁcant vasospasm, AIFnon-VSP
(⬍50% narrowing)

3.6% (1/28)
35.7% (10/28)
14.3% (4/28)
3.6% (1/28)
32.1% (9/28)
25% (7/28)
25% (7/28)
56
54

Note:—AcomA indicates anterior communicating artery; PcomA, posterior communicating artery.
a
Time from initial diagnosis to CTP scanning.
b
Number of patients with an aneurysm at the speciﬁed site. Note that the total
exceeds 100% because some patients had multiple aneurysms.
c
Two cerebral arteries could not be evaluated due to streak artifacts and motion.

Statistical Analysis
We performed a power analysis to determine the sample size
needed for this study design, analyzing quantitative CTP data
from 6 vascular territories (right- and left-sided ACA, MCA,
and posterior cerebral artery) in each patient. Bonferroni adjustments were performed for multiple comparisons so that the significance level (␣) remained at .05. An effect size for CBF of 5
mL/100 g/min was used, indicating that the study would be adequately powered to detect a mean CBF difference of 5 U (per
vascular territory) between the AIFVSP and AIFnon-VSP data. This
more conservative approach by using a 5-U difference in CBF may
not necessarily be clinically significant, but it is important in ensuring
that the study design would detect small differences between AIFVSP
and AIFnon-VSP data. The remaining parameters in the power analy-

RESULTS
Study Population Characteristics
Twenty-eight consecutive patients with aSAH were included to
achieve sufficient power for statistical analysis. The mean age was
52 ⫾ 11 years. There were 86% (24/28) female and 14% (4/28) male
patients. Table 1 demonstrates the characteristics of the study
population.
One hundred twelve postprocessed CTP levels were derived
from the 28 patients; each patient’s acquired data were repeatedly
postprocessed 4 times by varying only the AIF location (right- and
left-sided A2 and M2 segments). Of the 112 A1 and M1 vessels
assessed for this study, we required a third reader as a tie-breaker
in 7.1% (8/112) of vessels. Analysis was performed at the level of
the 6 vascular territories (right- and left-sided ACA, MCA, and
posterior cerebral artery), resulting in 672 territories for each
CBF, CBV, and MTT analysis.

Quantitative CTP Analysis by AIF Location
Figure 2A demonstrates the mean and 95% CI of the quantitative
CTP for all vascular territories in both the AIFVSP and AIFnon-VSP
data according to each AIF location. There was no statistically significant difference in the quantitative CBF, CBV, and MTT for any of
the AIF locations when they were distal to significant vasospasm.

Quantitative CTP Analysis by Vascular Territory
Figure 2B demonstrates the mean and 95% CI of the quantitative
CTP for each vascular territory in both the AIFVSP and AIFnon-VSP
data. There was no statistically significant difference in the quanAJNR Am J Neuroradiol 35:49 –54
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FIG 2. A, Model-adjusted mean and 95% CI bars are displayed for the quantitative CBF, CBV and MTT data for all the vascular territories
according to the AIF location. The dashed line represents the quantitative data when AIFVSP was used for post-processing and the continuous
line represents the quantitative data when AIFnon-VSP was used. B, Model-adjusted mean and 95% CI bars are displayed for the quantitative
CBF, CBV and MTT data for each vascular territory when the AIF is located in a vessel with or without proximal vasospasm. The dashed line
represents the quantitative data when AIFVSP was used for post-processing and the continuous line represents the quantitative data when
AIFnon-VSP was used. ACA indicates anterior cerebral artery; and PCA, posterior cerebral artery.
Table 2: Model-adjusted mean and 95% CI for CBF, CBV, and MTT data classiﬁed by the vascular territory and AIF location in its
supplying artery in both AIFVSP and AIFnon-VSP data
Cerebral Blood Flow (mL/100 g/min)
Cerebral Blood Volume (mL/100 g)
Mean Transit Time (sec)
Vascular Territory
R ACA
RA2 AIFVSP
RA2 AIFnon-VSP
R MCA
RM2 AIFVSP
RM2 AIFnon-VSP
L ACA
LA2 AIFVSP
LA2 AIFnon-VSP
L MCA
LM2 AIFVSP
LM2 AIFnon-VSP

Mean

95% CI

Mean

95% CI

Mean

95% CI

38.68
42.11

31.23, 46.12
33.79–50.43

2.23
2.33

1.89–2.57
1.96–2.70

5.16
5.28

4.50–5.81
4.60–5.97

60.99
62.80

55.41–66.56
57.13–68.46

2.92
2.61

2.64–3.2
2.33–2.89

4.87
4.68

4.28–5.46
4.09–5.27

34.23
37.73

24.91–43.54
30.58–44.88

2.14
2.09

1.73–2.54
1.76–2.41

5.11
5.07

4.38–5.84
4.43–5.72

53.09
58.76

47.46–58.72
53.14–64.39

2.63
2.71

2.36–2.91
2.44–2.99

5.07
4.28

4.48–5.66
3.69–4.87

Note:—R indicates right; L, left.

titative CBF, CBV, and MTT for any vascular territory when the
AIF location was distal to vasospasm.

quantitative CBF, CBV, and MTT for any vascular territory when
the AIF location in its supplying artery was distal to vasospasm.

DISCUSSION
Quantitative CTP Analysis by AIF Location and Its
Corresponding Vascular Territory
An additional analysis was performed to evaluate quantitative
CTP for the MCA and ACA territories when the AIF was located
in its supplying artery in both the AIFVSP and AIFnon-VSP data
(Table 2). There was no statistically significant difference in the
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CTP has been increasingly used in patients with aSAH, given its
reported high sensitivity and specificity to detect perfusion abnormalities thought to occur in vasospasm.1,3-5,10 Furthermore, several studies have reported quantitative threshold values for
CBF and MTT to determine perfusion deficits for management
and treatment of vasospasm.1,3,4,10 However, generation of

vascular territories when the AIF location
was in its supplying artery distal to significant vasospasm. Even though our software does not use delay-correction that
would likely have demonstrated differences between AIFVSP and AIFnon-VSP
CTP data if present, these findings suggest
that the deconvolution-based algorithm
is robust to alterations in the arterial attenuation curve occurring in significant
vasospasm. Similar findings in patients
with acute stroke were reported for deconvolution-based algorithms, with delay-insensitive techniques producing less pronounced differences in quantitative CTP
data when AIF placement distal to the embolus was used.9 Another possible explanaFIG 3. Functional maps of CBF, CBV, and MTT using an AIFVSP and AIFnon-VSP within the same tion is that the delay in contrast arrival distal
patient. Top row represents the CTP maps for the AIF location in an A2 segment without to vasospasm is not as severe as that distal to
vasospasm in the proximal ACA. Bottom row represents the CTP maps for the AIF location in an
M2 segment distal to proximal vasospasm. There is no signiﬁcant difference in the quantitative an occlusive embolus, thereby not signifidata between these 2 sets of CTP maps in this patient. In addition, the maps appear qualitatively cantly affecting CTP quantitation.
similar with a small perfusion deﬁcit in the left temporoparietal region.
These results have several potential
implications for patient care in centers usaccurate and reproducible quantitative CTP data relies on seing CTP in patients with aSAH. First, flexibility in selecting the
lecting an appropriate AIF. Standardization of AIF placement
AIF location in patients with vasospasm is valuable, given the
by using the A2 segment has been suggested in patients with
challenges with streak artifacts from surgical clips or coils and
acute stroke to improve its reproducibility.6 This approach is
motion degradation in this population. Second, it is not always
not feasible in patients with aSAH, given the diffuse and variknown at the time of postprocessing the CTP whether a vessel is in
able pattern of vasospasm.
vasospasm when selecting the AIF location. Our study suggests
A review of the literature reveals several studies demonstrating
that the presence of significant vasospasm does not have to be
the robustness of various AIF locations in patients with acute
determined from CTA before selecting an AIF location. Third,
stroke.6-9,11 These studies found that major variations in the AIF
given that many postprocessing software programs have fully or
location, whether ipsilateral or contralateral to the affected terrisemiautomated processing methods to rapidly generate CBF,
tory, had no significant effect on the quantitative CTP data.6,8,9,11
CBV, and MTT data, our study supports the selection of variable
Additionally, the ACA and even the superficial temporal artery
AIF locations in the A2 or M2 segments by automated computer
may be used as appropriate AIF locations in patients with acute
algorithms. Last, AIF placement is not a limiting factor in poststroke, regardless of the cortical region affected; using these locaprocessing CTP data in patients with diffuse vasospasm.
tions may assist in its standardization.6,8,9,11 Most important,
There are several limitations in our study to be considered. We
placement of the AIF in a vessel distal to the embolus has been
were not able to assess collateral circulation and communicating
shown to affect the quantitative CTP data by overestimating MTT
arteries with great certainty because these vessels were below the
and underestimating CBF values due to the marked delay or lack of
diagnostic threshold of the concurrent CTA. Documentation of
contrast distal to the clot.9 It is physiologically plausible that marked
the collateral circulation would have been helpful to further exdelay in contrast arrival distal to a vessel in significant vasospasm may
plore possible explanations of why significant vasospasm does not
also occur in patients with aSAH, affecting the quantitative CTP data,
affect the quantitative data, especially because vasospasm has
but to our knowledge, this has never been studied.
been shown to delay blood flow and collateral circulation can
Significant vasospasm, defined as ⱖ50% arterial narrowing,
potentially help maintain perfusion, as seen in acute stroke.14-16
1,2
has been found to result in perfusion deficits, suggesting that
However, the effect of collateral flow on perfusion has not been
this degree of arterial narrowing is hemodynamically significant
well-studied in vasospasm and remains uncertain. In addition,
and potentially could result in delay of contrast arrival in the distal
AIF location in the posterior circulation was not evaluated
vessel. On the basis of digital subtraction angiography, delay in
because many CTP examinations in this study captured limited
contrast arrival was found in vessels distal to significant vasoareas of the posterior circulation. Finally, because no statistispasm,12 with associated diminished height and prolongation of
cally significant difference was detected between AIFVSP and
the arterial attenuation curve.13 Our study revealed no statistically
AIFnon-VSP CTP data, the risk of our study being underpowered
significant difference in the quantitative CBF, CBV, or MTT data
might be considered as a possible limitation. However, because we
between AIFVSP and AIFnon-VSP data (Fig 3) according to the AIF
were statistically powered to detect differences that are even below
location and vascular territory. Furthermore, there was no quanthe threshold of what many would not consider a clinically significant difference in CBF (5 U), this is unlikely to have affected the
titative difference in these CTP parameters in the ACA or MCA
AJNR Am J Neuroradiol 35:49 –54
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significance or validity of our findings. Finally, although we chose
a software package without delay-correction that would likely
have demonstrated differences between AIFVSP and AIFnon-VSP
CTP data if present, this work will require future validation across
multiple software platforms, including those with algorithms involving delay-correction, to ensure generalizability across variable postprocessing techniques.

4.

5.

6.

CONCLUSIONS
AIF placement distal to significant vasospasm does not significantly affect the quantitative CTP data in the corresponding vascular territory or any other vascular territory in patients with
aSAH. Therefore, vasospasm status should not necessarily influence the selection of the AIF location in either the ACA or MCA
segments. This information may be helpful in selecting an AIF
location in patients with challenging aSAH with diffuse vasospasm and streak artifacts from aneurysm repair or motion.
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Morphologic, Distributional, Volumetric, and Intensity
Characterization of Periventricular Hyperintensities
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ABSTRACT
BACKGROUND AND PURPOSE: White matter hyperintensities are characteristic of old age and identiﬁable on FLAIR and T2-weighted MR
imaging. They are typically separated into periventricular or deep categories. It is unclear whether the innermost segment of periventricular white matter hyperintensities is truly abnormal or is imaging artifacts.
MATERIALS AND METHODS: We used FLAIR MR imaging from 665 community-dwelling subjects 72–73 years of age without dementia.
Periventricular white matter hyperintensities were visually allocated into 4 categories: 1) thin white line; 2) thick rim; 3) penetrating toward
or conﬂuent with deep white matter hyperintensities; and 4) diffuse ill-deﬁned, labeled as “subtle extended periventricular white matter
hyperintensities.” We measured the maximum intensity and width of the periventricular white matter hyperintensities, mapped all white
matter hyperintensities in 3D, and investigated associations between each category and hypertension, stroke, diabetes, hypercholesterolemia, cardiovascular disease, and total white matter hyperintensity volume.
RESULTS: The intensity patterns and morphologic features were different for each periventricular white matter hyperintensity category.
Both the widths (r ⫽ 0.61, P ⬍ .001) and intensities (r ⫽ 0.51, P ⬍ .001) correlated with total white matter hyperintensity volume and with
each other (r ⫽ 0.55, P ⬍ .001) for all categories with the exception of subtle extended periventricular white matter hyperintensities, largely
characterized by evidence of erratic, ill-deﬁned, and fragmented pale white matter hyperintensities (width: r ⫽ 0.02, P ⫽ .11; intensity: r ⫽
0.02, P ⫽ .84). The prevalence of hypertension, hypercholesterolemia, and neuroradiologic evidence of stroke increased from periventricular white matter hyperintensity categories 1 to 3. The mean periventricular white matter hyperintensity width was signiﬁcantly larger
in subjects with hypertension (mean difference ⫽ 0.5 mm, P ⫽ .029) or evidence of stroke (mean difference ⫽ 1 mm, P ⬍ .001). 3D mapping
revealed that periventricular white matter hyperintensities were discontinuous with deep white matter hyperintensities in all categories,
except only in particular regions in brains with category 3.
CONCLUSIONS: Periventricular white matter hyperintensity intensity levels, distribution, and association with risk factors and disease
suggest that in old age, these are true tissue abnormalities and therefore should not be dismissed as artifacts. Dichotomizing periventricular and deep white matter hyperintensities by continuity from the ventricle edge toward the deep white matter is possible.
ABBREVIATIONS: DWMH ⫽ deep white matter hyperintensities; IQR ⫽ interquartile range; PVWMH ⫽ periventricular white matter hyperintensities; WMH ⫽
white matter hyperintensities

T

he presence of brain white matter hyperintensities is a common neuroradiologic finding in older individuals without
disease1 and in those with neurologic disease. They appear on CT
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tricular or deep categories.2 Periventricular white matter hyperintensities (PVWMH) are regarded as hyperintensities adhering to a
“continuity rule,” so that they are confluent with and extend away
from the ventricular wall.2,3 Deep white matter hyperintensities
(DWMH), conversely, are said to be separated from the PVWMH by
at least 1 voxel4 and reside within the deep white matter.
It is not clear from previous investigations whether the innermost segment of PVWMH is indeed white matter pathology or is
a mere manifestation of artifacts from CSF flow signal. PVWMH
that exhibit a regular pattern and are narrower than 2 voxels have
been considered true white matter abnormalities by some,2,3
whereas others classified them as artifacts.5 However, no evidence
has been provided to support these conventions.
The criteria for separating WMH into PVWMH or DWMH
have typically relied on rules of continuity of WMH from the
lateral ventricles,6,7 but distance from the ventricular edges has
also been proposed. For example, PVWMH have been reported to
penetrate as much as 7 and 13 mm into the brain parenchyma,8,9
and any WMH found within 3 mm from the ventricular wall have
been proposed to belong to a distinct subtype, “juxtaperiventricular.”6 Some studies2,10 render these classifications artificial. Others claim that they are arbitrary11 and contrary to pathologic evidence of common vascular mechanisms, or they have suggested
that PVWMH and DWMH volumes are highly correlated and
have found that their spatial analysis failed to identify distinct
subpopulations for PVWMH and DWMH.12 Thus, a robust analysis of PVWMH morphology, distribution, and clinical correlates
is required to determine a more appropriate classification of these
hyperintense regions and their associations.
The purpose of this study was to characterize PVWMH more
clearly by their spatial distribution, signal intensity, and relationship to risk factors. The analyses were designed to test 3 hypotheses concerning the definition and classification of PVWMH: 1) A
hyperintense thin white line detected along the rim of the lateral
ventricle is not a manifestation of a partial volume effect (artifacts) but is evidence of abnormal tissue; 2) PVWMH and
DWMH dichotomization is possible and appropriate by a compound rule of continuity from the ventricular surface, unique
distribution patterns, and morphologic characteristics; and 3)
both PVWMH and DWMH are associated because they have similar distributional properties and common risk factors and therefore are potentially part of the same disease process.

MATERIALS AND METHODS
Subjects and Brain MR Imaging Acquisition
Brain axial FLAIR images and self-reported clinical data were obtained from 667 participants of the Lothian Birth Cohort 1936
(353 males and 314 females), a group of community-dwelling
individuals without dementia, 72–73 years of age (mean, 72.7⫾
0.7 years) at the time of scanning and data collection. This cohort
was recruited as part of the Disconnected Mind project (http://
www.disconnectedmind.ed.ac.uk), an investigation of the aging
brain and related cognitive changes.13 Formal written consent
from all subjects and ethical approval were acquired.
MR imaging was conducted in the Brain Research Imaging
Centre, University of Edinburgh (http://www.bric.ed.ac.uk). A
Signa Horizon HDx 1.5T clinical scanner (GE Healthcare, Mil56
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waukee, Wisconsin), equipped with a self-shielding gradient set
and a manufacturer-supplied 8-channel phased-array head coil,
was used to acquire FLAIR-weighted datasets (TR/TE/TI ⫽ 9002/
147.38/2200 ms, 4-mm section thickness, matrix ⫽ 256 ⫻ 256,
and 15.63-Hz bandwidth) among other sequences. Full details of
the MR imaging protocol have been published previously.14

Categorization of PVWMH
We defined 4 categories to describe the morphologic and distributional properties of the PVWMH on the basis of visual rating
scales2,15,16 and distinctions arising from clinical studies.2,16,17
These categories were the following (Fig 1): 1) a thin white line on
the borders of the ventricles (corresponding to the commonly
termed “pencil-thin” rims2); 2) a thick rim characterized by attenuated PVWMH with irregular boundaries; and 3) extended
PVWMH characterized by either large caps at the horns of the
ventricles or wide hyperintense areas that penetrate into the
DWMH and can converge with DWMH. These 3 categories are in
correspondence with Fazekas visual rating scale PVWMH categories 1, 2, and 3, respectively. An additional category (4) “subtle
extended PVWMH” was considered for subjects with extensive
evidence of “dirty” or ill-defined, subtle, pale PVWMH18 and
noncontinuous and diffuse periventricular hyperintensities, with
varying and erratic intensity patterns emerging from the lateral
ventricle wall, as described previously.10,18,19 These were much
less well-defined and much less intense than the very obvious
white hyperintensities classed in 1–3 above. Each FLAIR image
was visually assessed by 2 observers, blinded to each other’s results
and to any other information (ie, clinical or obtained from image
processing or other visual rating scales). Discrepant borderline
cases were discussed until agreement was reached. A random subsample (n ⫽ 70) was assessed twice by both observers separately;
the intraclass correlation coefficient was 0.98.

Quantitative Measurement of Intracranial and WMH
Volumes
The intracranial volume (ie, contents within the inner skull table
including brain tissue, CSF, veins, and dura), with an inferior
limit on the axial section just superior to the tip of the odontoid
peg at the foramen magnum, was extracted semiautomatically by
using the T2*-weighted sequence, with the Object Extraction
Tool in Analyze (AnalyzeDirect, Mayo Clinic, Rochester, Minnesota) followed by manually editing.
WMH were segmented semiautomatically on the quantized
color image obtained after fusing coregistered FLAIR and T2*weighted sequences, mapping them in green and red respectively,
and applying minimum variance quantization. This technique is
described in Valdés Hernández et al,20 validated elsewhere,21 and
implemented by MCMxxxVI_ALE (a tool freely available from
(www.sourceforge.net/projects/bric1936). Intracranial volume
was used to correct WMH volumes for head size.

Intensity Analysis
The intensity of PVWMH was measured by using a tool Intensity
Analyzer (freely downloadable from http://www.sourceforge.net/
projects/bric1936). This tool allows a straight line to be plotted on
an MR imaging section to generate a uniform readout of the normalized signal-intensity profile along the plotted line (y-axis) ver-

interest bilaterally in the frontal white
matter (selected for the relative absence of
WMH).21

3D Distributional Visualization
of WMH
3D distributional visualization of WMH
was conducted representing in 3D the binary masks of the WMH of the random
subsample mentioned above by using the
surface builder tool in Mango software
(University of Texas Health Science Center, Houston, Texas; http://ric.uthscsa.
edu/mango). This was to determine
whether the spatial separation between
PVWMH and DWMH is an artificial convention on the basis of 2D visualization.12

Statistical Analysis
In addition to the imaging measurements,
we analyzed smoking status and clinical
data: the presence or absence of hypertension, diabetes, hypercholesterolemia, and
cardio- and cerebrovascular disease. Subjects were classified as having cerebrovascular disease if the subject either self-reported stroke or transient ischemic attack
or had neuroradiologic evidence of previous stroke on MR imaging, determined as
explained elsewhere.20
The Kruskal-Wallis test with a post
hoc Dunn test was used to identify significant differences between categories and
groups of participants with/without the
FIG 1. Representative images from each category. From top to bottom: 1) thin white line, 2) thick
rim, 3) extended PVWMH, and 4) subtle extended PVWMH. From left to right: axial FLAIR MR presence of risk factors, and the Spearman
imaging, readout from the novel Intensity Analyzer tool, and 3D distributional mapping of test was used to assess the correlations.
WMH. The Intensity Analyzer axes: x, width in millimeters; y, signal intensity (percentage peak For all statistical tests, we used GraphPadfrom the adjacent lateral trough).
Prism, Version 5.0 (GraphPad Software,
San Diego, California). Statistical signifisus its normalized length (x-axis). From each scan, we chose a
cance was set at P ⬍ .05 (2-tailed). Results are presented as median
section toward the top of the lateral ventricles (just after the basal
and interquartile range (IQR) (25%–75%) unless stated
ganglia disappears) and drew a line perpendicular to the intervenotherwise.
tricular septum starting at the left hemispheric white-gray matter
boundary and finishing at the corresponding right boundary, takRESULTS
ing care that it crossed the area where the width of the PVWMH was
Characteristics of the Sample
closer to the mean width visually estimated (Fig 1). In all cases, we
In total, 327 (49.17%) subjects had hypertension, 67 (10.08%)
measured the width of the PVWMH (distance from the edge of the
had diabetes (type 1, n ⫽ 7 and type 2, n ⫽ 60), 278 (41.80%) had
ventricles to the end of the first spike along the plotted line) and their
hypercholesterolemia, and 178 (26.77%) had a history of cardiopeak intensity (expressed as the percentage increase with respect to
vascular disease (Table). From the total number of subjects with
the mean intensity of the adjacent lateral trough).
cerebrovascular disease, 44 (6.62%) self-reported a history of
The aforementioned criterion for determining the intensity of
stroke and 95 (14.33%) had neuroradiologic confirmation of a
the PVWMH was cross-checked as follows: We placed squared
previous stroke. The median WMH volume was 7.7 mL (IQR ⫽
regions of interest (2 ⫻ 2 mm) at the central and innermost region
13.6 mL).
of the hyperintensity rim on 4 consecutive sections by using Analyze 10.0 on a subsample of 10% of the subjects selected ranCategorization of PVWMH
domly from each PVWMH category and calculated the mean inOnly 2 subjects did not exhibit any evidence of PVWMH, leaving
tensity of those regions. The mean intensity of the healthy white
665 (99.7%) subjects who were divided into 4 categories as folmatter was calculated by placing a square (5 ⫻ 5 mm) region of
lows: thin white line, 273 (41.05%); thick rim, 233 (35.04%); exAJNR Am J Neuroradiol 35:55– 62
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Characteristics of the sample

Category of PVWMH
Thin white line
Thick rim
Extended PVWMH
Subtle extended PVWMH
Total

No. of
Subjects
273
233
90
69
665

Smokers
No.
143
127
47
35
352

%
52.38
54.51
52.22
52.24
52.93

Hypertension
No.
120
126
50
31
327

%
43.96
54.08
55.56
46.27
49.17

Diabetes
No.
30
26
6
5
67

%
10.99
11.16
6.67
7.46
10.08

Hypercholesterolemia
No.
103
106
48
21
278

%
37.73
45.49
53.33
31.34
41.80

History of
Cardiov.
Disease
No.
74
62
24
18
178

%
27.11
26.61
26.67
26.87
26.77

History of
Cerebrov.
Disease
No.
32
44
30
9
115

%
11.72
18.88
33.33
13.43
17.29

Note:—Cardiov. Indicates cardiovascular; Cerebrov, cerebrovascular.

FIG 2. Box-and-whisker plot showing the distribution of PVWMH
across the categories. Boxes indicate 25%–75% interquartile range;
horizontal lines in boxes, median width; whiskers, 5%–95% range;
dots, detected outliers that reside outside the whisker range. The
distribution of total WMH volumes across these categories is widespread (maximum ⫽ 98.38 mL), but differences among all categories
are statistically signiﬁcant.

tended PVWMH, 90 (13.53%); and subtle extended PVWMH, 69
(10.08%) (Table). The distribution of total WMH volumes across
these categories was widespread (from almost none to maximum ⫽
98.38 mL), but statistically significant volumetric differences were
found among all categories (thin white line median ⫽ 3.77 mL,
IQR ⫽ 1.39 – 6.65 mL; thick rim ⫽ 11.13 mL, IQR ⫽ 7.47–19.03;
extended PVWMH ⫽ 31.02 mL, IQR ⫽ 20.73– 40.33; subtle extended PVWMH ⫽ 6.46 mL, IQR ⫽ 3.02–10.26) (Fig 2).

adjacent lateral trough) were significantly greater in both the thick
rim (5.29 mm, IQR ⫽ 4.69 – 6.14; 53.16%, IQR ⫽ 40.15– 66.64)
and extended PVWMH (6.17 mm, IQR ⫽ 5.14 –7.56; 56.22%,
IQR ⫽ 44.26 –71.53) categories. Subtle extended PVWMH exhibited multiple small-intensity peaks proximal to the ventricles and
ill-defined boundaries of the PVWMH (as expected). This category was found to have a median width of 3.86 mm (IQR ⫽
2.70 –5.00 mm) and a median intensity amplitude of 16.44%
(IQR ⫽ 10.18 –21.16), the latter being significantly lower than all
other categories (Fig 3).
The difference between the sampled intensity of the healthy
white matter, equivalent to the mean intensity measured from the
adjacent lateral trough (as in “Materials and Methods”), and the
PVWMH rim was significantly smaller in the thin white line category compared with the thick rim (mean difference ⫽ 54.82%)
and extended PVWMH (mean difference ⫽ 68.31%) categories.
This means a gradual increase in the intensity of the PVWMH
from the ventricular wall toward the deep white matter, with an
increase in the load of white matter changes.

Volumetric Analysis
Overall, the widths of PVWMH were found to be highly correlated (P ⬍ .001) with WMH volume, uncorrected ( ⫽ 0.61) and
corrected by intracranial volume ( ⫽ 0.62). The WMH volume
(corrected and uncorrected) was significantly correlated with the
width of 3 PVWMH category groups separately without excluding outliers (ie, outside the 5%–95% range): thin white matter
( ⫽ 0.32, P ⬍ .001); thick rim ( ⫽ 0.61, P ⬍ .001); and extended
PVWMH, ( ⫽ 0.44, P ⬍ .001), but not with the subtle extended
PVWMH ( ⫽ ⫺0.20, P ⫽ .11). Similarly, an overall significant
correlation (P ⬍ .001) was found between mean intensity amplitude and WMH volume uncorrected ( ⫽ 0.45) and corrected by
intracranial volume ( ⫽ 0.42) in all categories with the exception
of the diffuse subtle extended PVWMH ( ⫽ 0.02, P ⫽ .84).

Intensity Analysis
The Intensity Analyzer tool identified signature intensity patterns
and features for each morphologic category. Figure 1 shows a
representative case of each category with the output from the
Intensity Analyzer and the 3D visualization of the WMH. The
PVWMH mean width and mean intensity amplitudes were directly and highly correlated with each other ( ⫽ 0.55, P ⬍ .001)
for the whole sample.
Subjects with PVWMH categorized as thin white lines exhibited expected thin widths (3.2 mm, IQR ⫽ 2.63–3.78) and sharp
intensity peaks (33.99% increase from the adjacent lateral trough,
IQR ⫽ 23.46 – 44.74). Compared with the thin white line category, both width and intensity (mean increase with respect to the
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Distributional Analysis
Among 665 subjects, we found only 1 subject who exhibited a
PVWMH width of ⬎13 mm (14.71 mm). In the extended
PVWMH category (mean PVWMH width ⫽ 6.52 ⫾ 0.2 mm),
57/90 conformed to ⬍7 mm, and 71/90 to ⬍8 mm, leaving only
19/90 subjects within the sample for whom these distances may
not be applicable.
The 3D representation of the WMH showed that subjects in
the thin white line category had WMH that strictly adhered to the
ventricle walls; however, regions of discrete DWMH were also
present. In both the thin white line and thick rim categories,
PVWMH were disconnected from hyperintensities in the deep

On the basis of vascular neuroanatomy, it has been suggested that the
boundary of PVWMH and DWMH may
lie within a 3- to 13-mm watershed
zone.8,23 For our sample, the mean width
of the PVWMH in the extended PVWMH
category agreed with more specific suggestions that PVWMH may be separately identified from DWMH by distance thresholds4,9 of ⬍7 or ⬍8 mm. For
scans on the third category (extended
PVWMH), 8 mm also seemed an adequate distance for considering the boundary between PVWMH and DWMH. Previous investigations have found that
volumetric measures of the ventricles,24
FIG 3. Box-and-whisker plots showing the distribution of PVWMH. Mean width (A) and mean intracranial space, and brain tissue are
intensity amplitude (percentage peak from adjacent lateral trough) (B) across the different highly variable between subjects. In this
categories. Boxes indicate 25%–75% interquartile range; horizontal lines in boxes, median width; birth cohort, the use of WMH volume unwhiskers, 5%–95% range; dots, detected outliers that reside outside the whisker range.
corrected or corrected either for brain tissue or intracranial volume has been demonstrated not to affect the analysis of
white matter and subcortical regions, albeit the visual impression
WMH load20 as the results presented here corroborate.
of continuity can be observed in 2D MR imaging. In the extended
PVWMH category, extensive confluence was found between
Evidence of advanced leukoaraiosis on intensity analysis reperiventricular white matter intensities and DWMH. In this catveals a typical pattern (extended PVWMH) of a juxtaperivenegory, regions of nonconfluence were typically found lateral to the
tricular signal-intensity peak followed by another DWMH peak.
midventricular PVWMH as “pockets” of healthy white matter
This pattern is also found on 3D distributional mapping, but only
between periventricular white matter intensities and DWMH reat the PVWMH rim do the surrounding caps of the frontal and
gions. 3D representation of the WMH of those subjects with difoccipital horns exhibit extensive confluence with DWMH. This
fuse subtle extended PVWMH revealed highly erratic and fragcommonly found trough of signal intensity at the PVWMH rim
mented distributions of both PVWMH and DWMH (Fig 1).
may mark the boundary of the periventricular white matter hyperintensities and DWMH distinction and may conform to a diRelationship with Vascular Risk Factors
chotomy on the basis of rules of continuity to the ventricle.6,7 This
A stepwise increase was found in the percentage of subjects falling
distinction, less informative than advanced distributional probawithin each of the first 3 categories (thin white line, thick rim,
bilistic atlases, has proved valid in clinical practice and research.
extended PVWMH) and their histories of hypertension, hyperWe found a positive and significant association between
cholesterolemia, and evidence of stroke (Fig 4A). PVWMH were
PVWMH width and hypertension, which is a small-vessel disease
significantly wider in subjects with hypertension (P ⫽ .03) and
risk factor considered to be more highly associated with
evidence of stroke (P ⬍ .001), regardless of the category (Fig 4B).
DWMH.2,5,25-27 However, an alternative interpretation of this
finding is that higher widths are associated with higher total
DISCUSSION
WMH volumes and thus are due to an indirect association, or that
It has previously been suggested that PVWMH of ⬍2 voxels wide
5
certain areas of PVWMH that penetrate into the deep WM should
are a manifestation of a partial volume effect or, alternatively,
22
be considered DWMH. Evidence of subependymal defects, tranartifacts due to CSF pulsation. In this study, the PVWMH rim
sudation of ventricular CSF, and impaired cerebral autoregulamean signal intensity in the thin white line that borders the vention in patients with hypertension who have severe PVWMH has
tricles was highly correlated and proportional with both total burbeen reported previously.28 We also found that PVWMH were
den (volume) of WMH and the width of PVWMH (maximum of
significantly wider in subjects with evidence of stroke, but not in
3 mm for this category), as well as in the 2 categories for which
smokers, and in subjects with a history of hypercholesterolemia,
such a result would be obvious: PVWMH penetrating into the
diabetes, or cardiovascular disease. The percentage of subjects
deep white matter and large caps confluent with DWMH. An
with hypertension, hypercholesterolemia, and evidence of stroke
artifactual phase shift effect (produced by CSF pulsation) or trunincreased with increasing total WMH volume in thin, thick rim,
cation artifacts (common in areas where high and low signals are
and extended PVWMH categories.
adjacent to each other) would not show these correlations. These
The extensive presence of diffuse subtle PVWMH, also comfindings suggest that these thin PVWMH are evidence of true
monly
termed “dirty-appearing white matter,” has been rarely
white matter abnormalities. However, it does not mean that artireported
in the literature. Ge et al10 found that such regions, most
facts do not occur at the ventricle wall but, rather, that these artioften found in proximity to the ventricles, exhibit a signal greater
facts cannot be identified by measurements of PVWMH width or
signal intensity on FLAIR MR imaging.
than healthy white matter but lower than established WMH.
AJNR Am J Neuroradiol 35:55– 62
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FIG 4. A, Percentage of subjects with vascular risk factors: hypertension, diabetes (type 1 and 2), hypercholesterolemia, smoking history, and
history of cardio- and cerebrovascular disease. B, PVWMH mean width found in subjects with either the presence or absence of vascular risk
factors. Mean width is signiﬁcantly higher in those with hypertension (⫹4.81%, P ⫽ .03) and evidence of stroke (⫹18.97%, P ⬍ .001).

The current investigation confirms this finding in 67 subjects
(10.08%), with mean intensity amplitudes for these WMH significantly lower than those in other WMH categories and higher
than those in healthy white matter. The underlying pathologic
processes were not explored in this study, but the fact that no
correlations were found between the width or intensity of this
type of PVWMH and WMH total volume or the vascular risk
factors explored in this study supports the suggestion that diffuse
subtle extended PVWMH are evidence of evolving, preactive
WMH,29 and/or secondary degenerative processes remote from
established WMH,19 which can be confirmed on a follow-up
scanning wave of these subjects. WMH segmentation and 3D distributional mapping confirm that these are ill-defined18 and fragmented regions.
The study strengths are that to our knowledge, this is the first
study that jointly analyzes in detail the morphologic, distributional, volumetric, and intensity characteristics of PVWMH in an
attempt to provide evidence about the nature (ie, real lesion or
artifactual) of the periventricular thin hyperintense rim that commonly appears in brain FLAIR scans. A large sample size provided
robust estimates of effect. Careful blinding of the analyses and a
narrow age range to avoid confounding factors are also among the
strengths of the study. Each conclusion resulted from a combination of multiple types of assessments, all conducted blinded to
each other’s results: visual (based on clinically proved visual rating scales and outcomes), computational, and clinical (vascular
risk factors). The Intensity Analyzer tool presented is relatively
fast, taking only ⬍5 minutes to assess the width and intensity for
a single subject (including the manual placing of the measuring
line), and allows linear measurements, histogram, and voxelbased intensity analyses of tissues and anomalies on MR images.
We used coregistered FLAIR and T2*-weighted images and multispectral data fusion to segment the WMH.21 Combinations of
multiple sequences have proved to largely remove the artifactual
confound.30,31
60
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The study also has limitations. Despite the fact that visual assessment and categorization of PVWMH in “borderline” cases
were discussed and agreed on between the 2 observers, the distinction from 1 category to another was not clear in some cases. Also,
because WMH segmentations and volumes were not divided into
periventricular white matter hyperintensities and DWMH as previous investigators have done,7,12 the associations of WMH volume with other parameters are not sensitive to differences between periventricular white matter hyperintensities and DWMH.
Another limitation is that the data used in our analysis merely
indicated whether the vascular risk factor was present or absent,
not allowing detailed analyses of these variables (such as blood
pressure measurement) as performed by other investigators.25,26
The analysis presented here used a semiquantitative PVWMH
visual rating scale. Although the intra-/interobserver agreements
on the categorization process were 0.99 and 0.97, respectively, a
fully automatic quantitative WMH mapping9,24 will allow a more
detailed study of the WMH distribution. This study used data
obtained from community-dwelling individuals. The distribution
patterns of PVWMH categories and widths might differ in disease
cohorts.

Recommendations for Further Investigation
Few studies have reported or addressed the pathologic correlates
of periventricular white matter hyperintensities and DWMH.32
Further investigation is needed to identify reliable indicators of
artifacts on brain MR imaging. Using pathologic samples may also
allow the comparison of PVWMH on MR imaging with pathologic evidence of white matter abnormalities and may resolve the
problem of the extent of PVWMH caused by artifacts. Referral to
or combination with other sequences such as T1-, T2-, and proton attenuation–weighted MR imaging; the use of sequence
coregistration; and multiple-level assessment of morphometric
features33 may otherwise guide the distinctions explored here (ie,

between categories of PVWMH, PVWMH and DWMH, or thin
white line and artifacts). Determining the significance of the fragmentation found in thin white line and diffuse PVWMH categories may also be achievable. These findings might indicate true
white matter abnormalities and artifacts or might instead identify
inaccuracies in segmentation (due to difficulties of definition
from surrounding tissues19).
This study advocates considering the use of quantitative measures of intensity with other features like volume and distribution
in the study of WMH. The methodology followed here, though
not intended to make recommendations for the definitive ranges
of PVWMH (collectively or in different categories), complements
the qualitative assessment of WMH with quantitative measures of
PVWMH width and intensity.
The 3D visualization techniques presented here and in other
studies7 should be explored further in studies of WMH to clarify
the spatial distribution of WMH, enabling stronger conclusions
about defining subtypes, etiology, and progression. This study
supports the contention that 3D analysis avoids some of the limitations of 2D axial analysis,12 which allowed identifying otherwise undetected fragmented patterns of PVWMH.

CONCLUSIONS
PVWMH intensity levels, distribution, and association with risk
factors and disease suggest that in old age, these are true tissue
abnormalities and therefore should not be dismissed as artifacts.
Dichotomizing periventricular white matter hyperintensities and
DWMH by continuity from the ventricle edge toward the deep
white matter is possible.
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COMMENTARY

Incidental Periventricular White Matter Hyperintensities
Revisited: What Detailed Morphologic Image Analyses Can
Tell Us

S

oon after the introduction of MR imaging, periventricular hyperintensities started to vex the scientific community.1 While
they may be a consequence of distinct disorders such as multiple
sclerosis causing focal periventricular lesions or increased intraventricular pressure giving rise to extending hyperintense rims
around the lateral ventricles, most periventricular white matter
hyperintensities (PVWMH) constitute an unexpected or incidental finding similar to hyperintensities in the deep white matter
(DWMH).2 Thus, numerous studies have attempted to clarify the
etiology and clinical consequences of these signal abnormalities
and their association with one another. These investigations often
led to quite contradictory results which is not fully surprising
given the variability with which PVWMH and DWMH have been
quantified up to combining signal abnormalities at both locations
in 1 rating scale.3,4 Observed anatomic overlap and a close correlation of PVWMH and DWMH volumes also led to the suggestion
that their separation was arbitrary and not warranted,5 despite
evidence for histopathologic differences.6,7 Still others completely
dismissed linear areas of PVWMH as artifacts,8 contributing to
the uncertainty of how to deal with this frequently noted
phenomenon.
After a period of stagnation, the work of Valdés Hernández et
al, “Morphologic, Distributional, Volumetric, and Intensity
Characterization of Periventricular Hyperintensities,”9 now
promises to move the field forward again. Using MRI obtained
from a large cohort of community-dwelling subjects without dementia, these investigators undertook accurately quantifying the
maximum intensity and width of hyperintense signal changes observed with different categories of PVWMH, such as a thin white
line, a thick rim, or penetrating toward or confluent with
DWMH.10 In parallel, they also generated 3D reconstructions of
all white matter hyperintensities (WMH). These showed that
PVWMH were clearly discontinuous with DWMH in all categories, except for rare instances with PVWMH penetrating toward
or confluent with DWMH. As would be expected, maximum signal intensity and width increased with the semiquantitative classification of PVWMH severity, and this change was accompanied
by an increase in the prevalence of hypertension, hypercholesterolemia, and neuroradiologic evidence of stroke.

Neither these observations nor the close correlation of
PVWMH widths and signal intensities with WMH volumes confirms or refutes speculations on a common pathomechanism for
PVWMH and DWMH. Presented findings, however, clearly substantiate the prevailing morphologic separation of PVWMH and
DWMH and indicate the availability of relatively simple and robust tools for their more refined assessment. This should open
new avenues, especially for longitudinal evaluations. Furthermore, the fact that a close correlation between WMH volume and
mean intensity and width of the signal was also seen for linear
PVWMH strongly disputes a mainly artifactual genesis of such
signal changes.
Valdés Hernández et al9 also call attention to another finding
that should be followed up. In approximately 10% of investigated
individuals, the authors observed “dirty” or ill-defined subtle,
pale changes in the periventricular white matter, which they
termed “subtle extended PVWMH.” This category of periventricular signal abnormality was characterized by ill-defined
boundaries and multiple small intensity peaks, which were significantly lower than those observed in all other categories. Likewise
there was also no association between mean intensity and width of
the signal and WMH volume seen with this category of PVWMH.
Thus far “dirty white matter” on proton-attenuation or T2weighted (FLAIR) images has received attention primarily in MS,
in which it appears to indicate subtle tissue damage either as a
consequence of the inflammatory process or secondary to degeneration.11 Ge et al12 thought that such areas might indicate prelesional changes.
In this context, it is interesting that a more recent study investigating morphologic factors related to the subsequent growth of
DWMH also described subtle FLAIR hyperintensities of the brain
tissue as one of the indicators of subsequent lesion development
and expansion.13 Notwithstanding the superior sensitivity and
undoubted contribution of quantitative techniques like diffusion
tensor and magnetization transfer imaging for assessing microstructural tissue changes, these observations indicate that even
conventional images may contain valuable information regarding
the identification of individuals with a high probability of showing progression of white matter changes. Attention to subtle tissue
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changes on FLAIR may thus constitute another possibility for
improving our insight into PVWMH development and help in
selecting individuals for whom the institution of preventive therapeutic strategies might be most timely.14 Clearly this hypothesis
will need to be validated by longitudinal studies.
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Accuracy of Vessel-Encoded Pseudocontinuous Arterial
Spin-Labeling in Identiﬁcation of Feeding Arteries in Patients
with Intracranial Arteriovenous Malformations
S.L. Yu, R. Wang, R. Wang, S. Wang, Y.Q. Yao, D. Zhang, Y.L. Zhao, Z.T. Zuo, R. Xue, D.J.J. Wang, and J.Z. Zhao

ABSTRACT
BACKGROUND AND PURPOSE: Identifying feeding arteries of intracranial AVMs is very important for preoperative evaluation. DSA
remains the reference standard for diagnosis but is invasive. Our aim was to evaluate the diagnostic accuracy of vessel-encoded pseudocontinuous arterial spin-labeling in identifying feeding arteries of intracranial AVMs by using DSA as the criterion standard.
MATERIALS AND METHODS: Eighteen patients with AVMs were examined with vessel-encoded pseudocontinuous arterial spin-labeling and
DSA. Three postlabeling delays (postlabeling delay ⫽ 1, 1.3, and 1.6 seconds) were applied in 6 patients, and a single postlabeling delay (1 second) was
applied in the remainder. Perfusion-weighted images were decoded into individual vascular territories with standard and relative tagging efﬁciencies, respectively. The supply fraction of each feeding artery to the AVM was calculated. The within-subject ANOVA was applied to compare
supply fractions acquired across 3 postlabeling delays. Receiver operating characteristic analysis curves were calculated to evaluate the diagnostic
accuracy of vessel-encoded pseudocontinuous arterial spin-labeling for identifying the feeding arteries of AVMs.
RESULTS: There were no signiﬁcant differences in supply fractions of the 3 major arteries to AVMs acquired with 3 postlabeling delays (P ⬎
.05). For vessel-encoded pseudocontinuous arterial spin-labeling with standard labeling efﬁciencies, the area under the receiver operating
characteristic analysis curve was 0.942. The optimal cutoff of the supply fraction for identifying feeding arteries was 15.17%, and the
resulting sensitivity and speciﬁcity were 84.62% and 93.33%, respectively. For vessel-encoded pseudocontinuous arterial spin-labeling with
relative labeling efﬁciencies, the area under the receiver operating characteristic analysis curve was 0.957. The optimal cutoff of the supply
fraction was 11.73%, which yielded an 89.74% sensitivity and 93.33% speciﬁcity.
CONCLUSIONS: The contribution fraction of each feeding artery of the AVM can be reliably estimated by using vessel-encoded
pseudocontinuous arterial spin-labeling. Vessel-encoded pseudocontinuous arterial spin-labeling with either standard or relative labeling
efﬁciencies offers a high level of diagnostic accuracy compared with DSA for identifying feeding arteries.
ABBREVIATIONS: ASL ⫽ arterial spin-labeling; AUC ⫽ area under the ROC curve; LICA ⫽ left internal carotid artery; PLD ⫽ postlabeling delay; RICA ⫽ right internal
carotid artery; ROC ⫽ receiver operating characteristic analysis; VA ⫽ vertebral artery; VE-PCASL ⫽ vessel-encoded pseudocontinuous arterial spin-labeling

I

ntracranial AVMs are congenital vascular abnormalities with
ⱖ1 feeding artery and without a normal intervening capillary
bed. The principal presentation of an AVM is parenchymal hem-
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orrhage, which accounts for 2%– 4% of overall hemorrhagic
strokes1 and confers significant morbidity and mortality. AVMs
may increase in size and show vascular remodeling with time. The
management of AVMs includes microsurgery, stereotactic radiosurgery, embolization, and multimodality treatments. Residual lesions
may exist after microsurgery, though with a low incidence.2,3 Complete obliteration with stereotactic radiosurgery requires approximately 1–3 years to complete, and a cure is not always achieved.4 For
a large AVM, partial embolization is performed to make it amenable
to further surgery or radiosurgery.5 The identification of feeding arteries of an AVM and calculation of corresponding contribution
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fractions are helpful for standard microsurgical operations, in which
the arterial feeders are generally occluded first, followed by excision
of the nidus, and finally resection of the draining veins.6 Information
about feeding arteries can also help in determining the sequence of
arteries to be managed. A reliable, safe, and convenient imaging technology with the capability of identifying feeding arteries would be
highly desirable for frequent examinations of AVMs.
DSA remains the criterion standard for the diagnosis and evaluation of intracranial AVMs. In our institution (Beijing Tiantan
Hospital), it is usually performed just before the operation to
identify feeding arteries and corresponding draining veins. As an
invasive technique, DSA exposes both doctors and patients to the
radiation of x-rays and carries potential risks related to contrast
agents and the experience of the operators.7 Although these results are rare, DSA may cause vessel injury, stroke, and even death,
which is most concerning.8 Various MRA techniques have been explored for the evaluation of AVMs, such as 4D time-resolved dynamic MRA with or without contrast enhancement.9,10 Arterial
spin-labeling (ASL) offers a method for quantifying regional CBF by
using magnetically labeled arterial blood water as an endogenous
tracer.11 While delayed arterial transit may cause underestimation of
tissue perfusion in patients with stroke, the opposite effect—the
rapid transit of labeled blood through arteriovenous shunts— can be
exploited for direct visualization and, potentially, quantification of
arteriovenous shunting.12,13 More recently, pseudocontinuous ASL
has been introduced, which uses a train of discrete radio-frequency
pulses to mimic flow-driven adiabatic inversion and combines the
continuous superior signal-to-noise ratio of ASL and the higher tagging efficiency of pulsed ASL.14 Vessel-encoded pseudocontinuous
arterial spin-labeling (VE-PCASL) is a time-efficient method for

mapping multiple vascular territories by using x and y gradients to
encode arteries within the labeling plane.15 It has been applied in the
evaluation of collateral circulation in ischemic cerebrovascular diseases in previous studies.16,17
In this study, we applied VE-PCASL in patients with intracranial AVMs to identify feeding arteries of AVMs on the basis of the
estimated supply fractions of the arteries. Due to the presence of
noise in the supply fraction maps and potential contamination of
ASL signals between vessels, a cutoff or threshold was applied on
the estimated supply fraction to identify the “true” feeding arteries of AVMs. The accuracy of VE-PCASL for identifying feeding
arteries at various cutoff values of the supply fraction was evaluated by using DSA as the criterion standard.

MATERIALS AND METHODS
Patients
This study was approved by the institutional review boards, and written informed consent was obtained from all participants. The inclusion criteria were patients diagnosed with intracranial AVMs and
without other brain lesions who were scheduled for DSA examination at Beijing Tiantan Hospital. The general contraindications for
MR imaging examination were applied as the exclusion criteria.

DSA Technique
DSA was performed according to a standard protocol during routine clinical examinations on a biplane angiography system (Advantx LCV⫹; GE Healthcare, Hertfordshire, UK). A 5F diagnostic
catheter was navigated into the bilateral internal carotid, external
carotid, and vertebral arteries (VAs) (6 vessels), respectively, via
the right femoral artery to acquire standard anteroposterior and
lateral projections, each by manual delivery of a 5- to 7-mL iodinated contrast agent injection per run (iodixanol, Visipaque; GE
Healthcare, Co. Cork, Ireland).

MR Imaging
MR imaging was performed on a 3T Tim Trio system (Siemens,
Erlangen, Germany) by using a body coil transmitter and a 12channel head coil as a receiver. First, a sagittal localizer scan was
performed for anatomic reference; then TOF MRA was performed to select the right and left ICAs and vertebral arteries, on
the basis of which the tagging plane was determined (Fig 1). The
labeling offset from the center of the imaging slab was 80 mm. In
FIG 1. Labeling plane on the coronary (A) and transverse (B) MRA images.
Arrows show RICA (R), LICA (L), and vertebrobasilar arteries (B).
this axial tagging plane, the ICAs and vertebral arteries had an
approximately trapezoidal arrangement
Table 1: Modiﬁed Hadamard encoding matrix based on estimated relative labeling
and the direction of flow was predomiefﬁciencies of the 18 patients with AVMs
nantly inferior-to-superior. The image
A
⫺1.0000
⫺1.0000
⫺1.0000
1.0000
sections were positioned parallel to the
1.0000
1.0000
1.0000
1.0000
⫺0.9200 ⫾ 0.083
0.1600 ⫾ 0.186
0.7100 ⫾ 0.340
1.0000
labeling plane. Postlabeling delay (PLD)
0.9200 ⫾ 0.083
⫺0.1600 ⫾ 0.186
⫺0.7100 ⫾ 0.340
1.0000
was set at 3 time points (1, 1.3, and 1.6
0.9700 ⫾ 0.105
⫺0.5300 ⫾ 0.112
0.9700 ⫾ 0.105
1.0000
seconds) in 6 patients and at a single
⫺0.9700 ⫾ 0.105
0.5300 ⫾ 0.112
⫺0.9700 ⫾ 0.105
1.0000
⫹
time point of 1 second in the remaining
⫺0.1087 ⫾ 0.0312
0.1087 ⫾ 0.0312
⫺0.3067 ⫾ 0.0210
0.3067 ⫾ 0.0210
A
12 patients. Imaging parameters were as
0.1125 ⫾ 0.0387
⫺0.1125 ⫾ 0.0387
⫺0.3233 ⫾ 0.031
0.3233 ⫾ 0.031
0.0000
⫺0.0000
follows: TR/TE/flip angle ⫽ 3000 ms/10
⫺0.3333 ⫾ 0.0402
0.3333 ⫾ 0.0402
ms/90° for PLD ⫽ 1 second (while TR ⫽
⫺0.0680 ⫾ 0.0446
0.0680 ⫾ 0.0446
0.3067 ⫾ 0.0210
⫺0.3067 ⫾ 0.0210
3.3 seconds for PLD ⫽ 1.3 seconds and
0.2209 ⫾ 0.0528
⫺0.2209 ⫾ 0.0528
TR ⫽ 3.6 seconds for PLD ⫽ 1.6 seconds),
0.1667
0.1667
0.1667
0.1667
FOV ⫽ 220 ⫻ 220 mm2, 12 sections with a
0.1667
0.1667
6-mm thickness and 1.5-mm gap, matrix
Note:—Data are means.
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size ⫽ 64 ⫻ 64, 7/8 partial k-space, 120 measurements, and 2D EPI
readout. We performed 6 cycles of VE-PCASL: global tag, control,
tag of the left-versus-right ICA, tag of ICA versus the vertebrobasilar artery.15 The total scanning time was 6.2 minutes for 1 PLD and 20
minutes for 3 PLDs.

Data Processing

Raw EPI images were corrected for motion. Global perfusionweighted images were obtained by subtraction of the globally
tagged images from the control images. CBF was calculated
according to previous studies.18 A standardized 12-voxel region of interest was placed in the contralateral basal ganglia on
the signal-intensity difference (global perfusion) image to
measure the mean value and SD. Basal ganglia signal (mean) ⫹
8 SDs was set as the threshold to generate a mask for the AVM
lesion on the global perfusion image.12
The 6 cycles of EPI images were averaged and decoded into
individual vascular territories corresponding to the left ICA,
right ICA, and VA, with standard and relative tagging efficiencies,15 respectively. The standard tagging efficiency matrix was
adopted from previous studies.15 In addition, the relative tagging efficiency for each artery (assuming that the efficiency of
nonselective labeling is 1) was measured directly from the experimental data by using the histogram method in each subject.19 The estimated relative tagging efficiencies were then
used in the construction of the modified Hadamard encoding
matrix (Table 1).
The AVM mask determined on global perfusion images was
FIG 2. For the 6 patients (18 vessels) with 3 PLDs, there are no signifoverlaid on individual perfusion maps of the 3 main feeding
icant differences in the supply fractions with relative labeling efﬁciencies (P ⬎ .05).
arteries. The contributions of the 3 main arteries to the AVM
lesion were quantified by calculating
Table 2: Demographic data on the studied population and characterization information of
supply fractions.19 The supply fraction
AVMs
was defined as CBF values of all voxels
Major Feeding Arteries
within the AVM mask on individual
Diagnosed
by
DSA
Spetzler-Martin
CBF maps (CBFind) divided by the
Patient No.
Age (yr)
Sex
Classiﬁcation
RICA
LICA
VA
summation
of CBF values of the 3
1
23
M
S2E1V0
0
1
1
main arteries—that is, CBFind/
2
21
M
S2E0V1
1
1
1
3
34
M
S2E0V0
0
1
1
(CBFLICA ⫹ CBFRICA ⫹ CBFVA) ⫻
4
44
M
S2E1V1
1
1
1
100%.
5
6
7a
8a
9a
10a
11a
12a
13
14
15
16
17
18

27
22
40
46
31
47
13
39
27
31
25
47
39
28

F
F
M
F
F
F
M
M
F
M
M
M
F
F

S3E1V0
S3E1V1
S2E0V0
S2E0V0
S2E1V0
S2E1V0
S1E0V0
S2E0V0
S2E1V0
S3E1V0
S1E1V0
S2E0V0
S1E1V1
S1E0V0

1
1
0
1
1
1
0
1
1
1
0
1
0
0

0
1
1
1
0
0
1
0
0
1
1
0
1
1

1
1
1
1
1
1
1
0
1
1
1
1
1
0

Note:—S indicates the size of the cerebral AVM nidus (1, ⬍3 cm; 2, 3⬃6 cm; 3, ⬎6 cm); E, eloquence of adjacent brain
(0, noneloquent; 1, eloquent); V, venous drainage pattern (0, superﬁcial draining vein; 1, deep draining vein).
a
Patients who had 3 PLD time points. Zero and 1 indicate arteries that have or have not contributed to AVM lesions.

Table 3: Different cutoff values of the supply fraction of feeding arteries of the AVM and
the resulting sensitivity and speciﬁcity with standard or relative labeling efﬁciencies
respectively
Standard
Relative
Cutoff Value
0%
5%
10%
15%
20%
25%

Sensitivity
100%
97.44%
92.31%
84.62%
76.92%
74.36%

Speciﬁcity
0
40%
73.33%
93.33%
93.33%
93.33%

Sensitivity
100%
97.44%
89.74%
82.05%
79.49%
69.23%

Speciﬁcity
6.67%
66.67%
80%
93.33%
93.33%
93.33%

Analysis
Two experienced neurosurgeons (both
with ⬎10 years’ experience) who were
blinded to the results of VE-PCASL reviewed DSAs in a random order to identify the major arteries that supplied the
AVM lesions. In each patient, each of the
3 major arteries (a total of 54 arteries)
was labeled zero or 1 as feeding arteries
of the AVM. In cases of disagreement, a
consensus was sought. Two experienced
researchers reviewed the ASL perfusionweighted images independently in a random order. Image quality was scored
from 5 to 1, corresponding to excellent,
good, fair, poor, or uninterpretable, respectively. The Cohen  was obtained to
evaluate interobserver agreement on
image quality. The  coefficient of agreement was graded as follows: 0 – 0.2 ⫽
poor to slight; 0.21– 0.4 ⫽ fair; 0.41–
0.6 ⫽ moderate; 0.61– 0.8 ⫽ excellent;
0.81– 0.99 ⫽ nearly perfect; 1.0 ⫽
perfect.20
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Receiver operating characteristic analysis (ROC) curves were
generated from the supply fractions of the 3 major arteries obtained by VE-PCASL with PLD ⫽ 1 second, by using the Statistical
Package for the Social Sciences, Version 16.0 (IBM, Armonk, New
York). The area under the ROC curve (AUC) was calculated to
compare the diagnostic accuracy of VE-PCASL with standard and
relative labeling efficiencies, respectively. The cutoff of the supply
fraction was determined as the value that achieved a targeted balance between sensitivity and specificity. In the present study, the
value of the supply fraction associated with the maximal sum of
sensitivity and specificity was chosen as the optimal cutoff.
Statistical analyses were performed by using within-subject
ANOVA to compare supply fractions acquired with different
PLDs. The data processing was performed with Matlab R2009a
(MathWorks, Natick, Massachusetts).

FIG 3. ROC curves of VE-PCASL with standard (blue line) and relative (green line) labeling efﬁciencies, respectively, for the identiﬁcation of feeding arteries, and the AUC is larger for relative labeling efﬁciencies.

RESULTS
Patients
Between December 2011 and November 2012, eighteen consecutive patients (8 women/10 men; mean age, 32.8 ⫾ 10.8 years) with
intracranial AVMs were recruited for this prospective study. All
18 patients demonstrated no other lesions in the brain, and 1

FIG 4. Patient 1, a 23-year-old man. He had headaches and blurred vision in both eyes for half a year. The supply fractions of the left ICA, VA, and
right ICA were 52.59%, 46.75%, 0.66% and 49.27%, 50.71%, 0 with standard and relative labeling efﬁciencies, respectively, showing good
agreement between the 2 methods. A, VE-PCASL with standard labeling efﬁciency (arrows show the AVM lesion). B, DSA shows that the AVM
lesion is fed by the left ICA and VA.
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FIG 5. Patient 13, a 27-year-old woman. She had a sudden severe headache accompanying a visual ﬁeld defect 2 months ago, which was
conﬁrmed as spontaneous intraventricular hemorrhage by CT. A, VE-PCASL with standard labeling efﬁciencies shows relatively poor separation
of left-versus-right ICA perfusion territories, and there are abnormally high signals in the left ICA perfusion territory with the supply fraction of
14.31%, mismatching the results of DSA. B, VE-PCASL with relative labeling efﬁciencies shows an improved separation, and there are fewer
abnormally high signals from the left ICA perfusion territory with the supply fraction of 1.14% (arrows show the AVM lesion). C, DSA shows that
the AVM lesion is fed by the VA and right ICA.

patient had an interventional operation to partially embolize the
AVM lesion. The demographic data of the studied population are
listed in Table 2. The time interval between preoperative DSA and
VE-PCASL was 2⬃40 days (mean ⫽ 11.7 ⫾ 14.1 days).

Image Quality
The identification of feeding arteries of the AVM was consistent
between the 2 neurosurgeons on the basis of DSA reports. VEPCASL was performed successfully in all 18 patients in whom
AVM lesions could be identified with obviously high CBF values.
The average score of image quality of the ASL maps was 4.36 ⫾
0.72. The  coefficient was 0.723 between the 2 raters, which indicates excellent agreement.

Reliability of VE-PCASL
Supply fractions of individual feeding arteries to the AVM lesions
were successfully obtained by using both standard and relative
tagging efficiencies, respectively. For the 6 patients with 3 PLDs,
there were no significant differences in the supply fractions obtained at 3 PLDs (P ⬎ .05, Fig 2).

Diagnostic Accuracy of VE-PCASL
The diagnostic accuracy of VE-PCASL assessed by ROC showed
high sensitivity and specificity at various cutoff levels for both
standard and relative labeling efficiencies (Table 3). Both methods yielded a high diagnostic accuracy with an AUC ⬎ 0.9 (P ⬍
.01) (Fig 3).

For VE-PCASL encoded with standard labeling efficiencies,
the ROC curve showed that the cutoff of 15.17% supply fraction is optimal for identifying feeding arteries to the AVM. For
that cutoff level (ie, supply fraction ⱖ15.17%), the sensitivity
was 84.62% and the specificity was 93.33%, the positive predictive value was 97.06%, and the negative predictive value was
70%. The AUC was 0.942 (P ⬍ .01), indicating a high level of
accuracy (Fig 4).
VE-PCASL with relative labeling efficiencies showed an improved ability to discriminate ASL signals from different arteries.
This resulted in an improved sensitivity while maintaining the
specificity with a decreased cutoff of supply fractions. The AUC
for this method was 0.957, and the optimal cutoff of the supply
fraction was 11.73%, which led to an 89.74% sensitivity, 93.33%
specificity, 97.22% positive predictive value, and 77.78% negative
predictive value. The AUC by using relative labeling efficiencies
was greater than that of standard labeling efficiencies, though
there were no significant differences between the AUCs of the 2
decoding methods (Fig 5).
However, VE-PCASL with relative labeling efficiencies was
not perfect. Figure 6 shows an AVM located in the right occipital
lobe that was fed by the VA and right ICA on DSA. VE-PCASL
with standard labeling efficiencies showed abnormally high signals in the left ICA perfusion territory with a supply fraction of
27.53%, mismatching the results of DSA. VE-PCASL with relative
labeling efficiencies reduced the supply fraction of the left ICA to
AJNR Am J Neuroradiol 35:65–71
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FIG 6. Patient 9, a 31-year-old woman. She had dizziness for approximately 2 years. VE-PCASL with standard labeling efﬁciencies showed
abnormally high signals in the left ICA perfusion territory with the supply fraction of 27.53%, mismatching the results of DSA. A, VE-PCASL with
relative labeling efﬁciencies shows reduced abnormal signals with the supply fraction of 25.67% but still fails to match the results of DSA (arrows
show the AVM lesion). B, DSA shows that the AVM lesion is fed by the VA and right ICA.

25.67% but still failed to match the results of DSA. There were still
hyperintensities in the left ICA perfusion territory.

DISCUSSION
VE-PCASL is a recently introduced time-efficient method for
mapping multiple vascular territories. It can estimate the fraction
of CBF supplied by each artery by using x-y gradients to encode
the major arteries within the labeling plane. The imaging process
is conceptually similar to that of conventional angiography without the use of x-rays or iodinated contrast agents. As a result,
VE-PCASL has engendered increasing attention in the evaluation
of cerebrovascular disorders such as steno-occlusive disease, aneurysms, and AVMs. However, 1 shortcoming of VE-PCASL is its
sensitivity to magnetic field inhomogeneity effects at the labeling
location, which affects tagging efficiencies of individual arteries.21
Furthermore, for AVMs, there is clearance of tagged blood by
venous flow due to the lack of a normal capillary network, which
would lead to inaccuracy in quantifying CBF. In the present study,
we estimated the relative tagging efficiencies of 3 major arteries in
each individual patient by using the histogram method. We also
applied 3 different PLDs to check whether the supply fraction can
be estimated reliably. The results were relatively stable across different PLDs; this finding indicates that VE-PCASL can provide a
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reliable estimation of supply fractions of individual arteries despite several potential confounding factors such as relaxation and
venous outflow of the labeled blood.
Optimal Hadamard encoding assumes that all inflowing blood
is either fully inverted or fully relaxed for each tagging cycle, and
there are equal numbers of tag and control conditions for each
vessel.15 This assumption may not be realistic because of vessel
geometry and variations in tagging efficiencies due to field inhomogeneity effects. As a result, the discrimination of arteries may
not be perfectly achieved and there may be contamination of ASL
signals from different arteries. This result may not be prominent
in healthy populations but would be noteworthy in AVM lesions
in which CBF is abnormally high. To circumvent this problem,
Wong15 proposed a histogram-based method for estimating vessel-specific labeling efficiencies from VE-PCASL data, which were
applied in the construction of the encoding matrices to improve
the separation of supplying arteries within vascular territories.
Overall, VE-PCASL with both standard and relative labeling efficiencies showed a high level of accuracy in identifying feeding arteries
(AUC ⫽ 0.942 and 0.957). In the present study, the optimal cutoff
was chosen as a balance between sensitivity and specificity (maximal
sum). Because no statistical significance was observed, it is too

soon to conclude that VE-PCASL with relative labeling efficiencies has better performance compared with that of standard labeling efficiencies. VE-PCASL with both standard and relative labeling efficiencies awaits further evaluation in larger scale clinical
studies.
Various MR imaging techniques have been applied as noninvasive and radiation-free methods for the evaluation of intracranial AVMs. However, the subjective interpretation of feeding arteries may be viewer-dependent. VE-PCASL evaluates feeding
arteries and AVM lesions differently than TOF-MRA or DSA. It
does not display the vascular architecture directly but provides a
quantitative estimate of supply fractions of individual arteries,
which can be displayed in color scales. The fractional supply was
calculated to evaluate the role of each feeding artery quantitatively
rather than by qualitative approaches without standardization. In
addition, it can help to determine dominant feeding arteries, the
pattern of which would influence the chances for complete or
subtotal obliteration of AVM lesions.22 The cutoff or threshold of
the supply fraction should be determined according to the clinical
purpose. For example, if the purpose was for preliminary screening of feeding arteries, the lower cutoff (higher sensitivity) should
be applied, while a higher cutoff (higher specificity) should be
chosen for precise identification of feeding arteries.
In addition to the advantages of a quantitative evaluation of
supply fractions, VE-PCASL can display the spatial relationship
between AVM lesions and functional or eloquent cortices, which
would provide valuable information for neurosurgical operations. Furthermore, VE-PCASL can evaluate hypoperfused areas
around the AVM to probe a potential “steal phenomenon” related
to the AVM lesion.12 Recently, VE-PCASL has also been expanded to encode branches of the circle of Willis, even without
prior knowledge of vessel positions.23
A limitation of our study is that the number of patients was
relatively small; thus, the selection of the cutoff may serve as a
reference rather than a criterion. Another limitation is that we did
not label bilateral external carotid arteries with VE-PCASL, which
may also contribute to the feeding of intracranial AVMs (1 AVM
in this study was confirmed to be fed partially by ipsilateral external carotid artery on DSA). However the latter problem has recently been resolved technically17 and labeling bilateral external
carotid arteries can be applied in assessments of AVM lesions in
the future.

CONCLUSIONS
Quantitative supply fractions of feeding arteries to intracranial
AVMs can be reliably estimated with VE-PCASL. VE-PCASL with
either standard or relative labeling efficiencies demonstrated a
high level of accuracy for identifying feeding arteries of AVMs.
Even though VE-PCASL cannot replace DSA for clinical diagnosis
currently, it can act as preoperative adjunct to estimate relative
contributions of feeding arteries.
Disclosures: Rong Xue—RELATED: Grant: Ministry of Science and Technology of
China,* Chinese Academy of Sciences Knowledge Innovation Project.* Danny J.J.
Wang—RELATED: Grant: National Institutes of Health. *Money paid to the
institution.
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Decreased T1 Contrast between Gray Matter and
Normal-Appearing White Matter in CADASIL
F. De Guio, S. Reyes, M. Duering, L. Pirpamer, H. Chabriat, and E. Jouvent

ABSTRACT
BACKGROUND AND PURPOSE: CADASIL is the most frequent hereditary small-vessel disease of the brain. The clinical impact of
various MR imaging markers has been repeatedly studied in this disorder, but alterations of contrast between gray matter and
normal-appearing white matter remain unknown. The aim of this study was to evaluate the contrast alterations between gray matter
and normal-appearing white matter on T1-weighted images in patients with CADASIL compared with healthy subjects.
MATERIALS AND METHODS: Contrast between gray matter and normal-appearing white matter was assessed by using histogram analyses of 3D T1 high-resolution MR imaging in 23 patients with CADASIL at the initial stage of the disease (Mini-Mental
State Examination score ⬎ 24 and modiﬁed Rankin scale score ⱕ 1; mean age, 53.5 ⫾ 11.1 years) and 30 age- and sex-matched
controls.
RESULTS: T1 contrast between gray matter and normal-appearing white matter was signiﬁcantly reduced in patients compared
with age- and sex-matched controls (patients: 1.35 ⫾ 0.08 versus controls: 1.43 ⫾ 0.04, P ⬍ 10⫺5). This reduction was mainly driven
by a signal decrease in normal-appearing white matter. Contrast loss was strongly related to the volume of white matter
hyperintensities.
CONCLUSIONS: Conventional 3D T1 imaging shows signiﬁcant loss of contrast between gray matter and normal-appearing white matter
in CADASIL. This probably reﬂects tissue changes in normal-appearing white matter outside signal abnormalities on T2 or FLAIR sequences.
These contrast alterations should be taken into account for image interpretation and postprocessing.
ABBREVIATIONS: CADASIL ⫽ cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy; NAWM ⫽ normal-appearing white
matter; MMSE ⫽ Mini-Mental State Examination

C

erebral autosomal dominant arteriopathy with subcortical
infarcts and leukoencephalopathy (CADASIL) is a hereditary
small-vessel disease of the brain secondary to mutations of the
NOTCH3 gene.1 Conventional MR imaging markers have been
repeatedly investigated in this disorder.2-5 The impact of lacunar
lesions detected on T1-weighted sequences seems more impor-

Received January 15, 2013; accepted after revision April 4.
From University Paris Diderot (F.D.G., H.C., E.J.), Sorbonne Paris Cité, Paris, France;
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tant than that of white matter lesions observed on FLAIR sequences.6 Recently, various measures of brain and cortical atrophy were shown to be related to clinical worsening.7,8
As reported in the context of Alzheimer disease,9 contrast between gray matter and normal-appearing white matter (NAWM)
may be altered in CADASIL. This could have important implications for both image interpretation in the clinical setting and postprocessing in research studies. So far however, the alterations of
MR imaging T1 contrast between GM and NAWM have not been
evaluated in CADASIL. The aim of the present study was to assess
potential contrast alterations between GM and NAWM on T1weighted images in patients with CADASIL at the initial stage of
the disease compared with age- and sex-matched individuals.

MATERIALS AND METHODS
Participants
Patients with CADASIL without dementia (Mini-Mental State
Examination [MMSE] score ⬎ 24)10 and without significant disability (modified Rankin Scale score ⱕ 1)6 were recruited from

Characteristics of patients with CADASIL and healthy controls
Age (yr) (mean) (range)
Male sex (No.) (%)
Right-handed (No.) (%)
Level of education (yr)
MMSE (mean) (median) (range)
Brain volume in mm3 (mean)
Normalized GM peak (mean)
Normalized WM peak (mean)
Contrast between GM and NAWM (mean)
White matter lesion volume, (mean) (median) (range) in mm3
Lacunar lesion volume (mean) (median) (range) in mm3 (n ⫽ 14/22, 64%)b
No. of microhemorrhages (mean) (median) (range) (n ⫽ 8/22, 36%)b

Patients with CADASIL (n = 22)
53.5 ⫾ 11.1, 32.1–74.5
11/22 (50%)
22/22 (100%)
11.7 ⫾ 3.9
28.5, 29, 25–30
1017202 ⫾ 113233
0.30 ⫾ 0.05
0.59 ⫾ 0.06
1.35 ⫾ 0.08
97972.9, 76256.6, 7249.8–267095.1
526.1, 290.1, 14.0–1974.7
6.5, 2.5, 1–32

Healthy Controls (n = 29)
53.8 ⫾ 11.0, 30.1–71.4
15/29 (52%)
28/29 (97%)
13.6 ⫾ 3.5
29.0, 29, 26–30
1003640 ⫾ 84340
0.31 ⫾ 0.05
0.67 ⫾ 0.09
1.43 ⫾ 0.04
NA
NA
NA

P Value
.73
.88
.99
.08
.26
.64 (.61)a
.48 (.45)a
.001 (.001)a
.001 (⬍10⫺5)a
–
–
–

Note:—NA indicates not applicable; –, no test performed.
a
P value adjusted for age and sex.
b
In patients with such lesions (number given in parentheses).

our French data base on a voluntary basis. Twenty-three patients
were included. Thirty healthy controls from a local volunteer data
base were age- and sex-matched. A local ethics committee validated the protocol.

Clinical Assessment
All participants underwent a comprehensive neuropsychological
evaluation preceded by a clinical psychological interview. Global
cognitive performances were assessed by using the MMSE.10 This
widely used global cognitive battery scores from 0 to 30. As a
general rule, patients with a score under 24 are considered to have
dementia.11 Disability was assessed by using the modified version
of the Rankin Scale (from 0, no disability, to 5, major disability),
in which scores ⱕ1 denote no disability.6 Other tests, including
those of visual object or spatial perception and verbal or visual
episodic memory and the evaluation of attention and executive
processes, were performed but are not detailed here because they
were not relevant to the present study.

MR Imaging Protocol
3D T1 images were acquired with a 3T Tim Trio MR imaging
scanner (Siemens, Erlangen, Germany) equipped with a 12-channel head coil, by using a single standard MPRAGE sequence (inplane resolution ⫽ 1 ⫻ 1 mm2, section thickness ⫽ 1.1 mm, TR ⫽
2300 ms, TE ⫽ 2.98 ms, TI ⫽ 900 ms, flip angle ⫽ 9°). Within 6
months, as part of another ongoing longitudinal study, patients
also underwent an MR imaging protocol on a 1.5T Signa scanner
(GE Healthcare, Milwaukee, Wisconsin) with 3D T1 fast-spoiled
gradient echo (in-plane resolution ⫽ 1.02 ⫻ 1.02 mm2, section
thickness ⫽ 0.8 mm, TR ⫽ 9 ms, TE ⫽ 2 ms, flip angle ⫽ 20°),
FLAIR (in-plane resolution ⫽ 1 ⫻ 1 mm2, section thickness ⫽ 5.5
mm, TR ⫽ 8402 ms, TE ⫽ 161 ms, TI ⫽ 2002 ms), and T2*
gradient echo (in-plane resolution ⫽ 1 ⫻ 1 mm2, section thickness ⫽ 5.5 mm, TR ⫽ 500 ms, TE ⫽ 15 ms) sequences, from
which lesion masks, volumes of lacunar lesions and of white matter hyperintensities, and the number of cerebral microhemorrhages were obtained as previously reported.6,7

Image Processing
3D T1-weighted images were segmented to obtain brain masks for
GM and WM by using the Morphologist pipeline of BrainVISA
(http://www.brainvisa.info), which relies on a histogram analysis
algorithm performed after a first step consisting of field inhomo-

geneity bias correction.12 Lacunar lesions were defined on T1weighted images as hypointense lesions with a signal identical to
that of CSF, a diameter of ⬎3 mm, and a distinct shape from that
of enlarged perivascular spaces.13 Microhemorrhages were defined as rounded foci of signal loss with a diameter inferior to 5
mm on gradient-echo sequences and distinct from vascular flow
voids, leptomeningeal hemosiderosis, or nonhemorrhagic mineralization. Masks of white matter hyperintensities were obtained
from FLAIR sequences by applying an adaptive threshold derived
from the signal-intensity histogram and were manually corrected
afterward only if necessary, as previously detailed.14 Registration
matrices between FLAIR and 3D T1 sequences were calculated
with the FLIRT rigid body registration algorithm (www.fmrib.ox.
ac.uk/fsl) and then were applied on masks of white matter hyperintensities by using nearest neighbor interpolation to obtain binary masks of white matter lesions in the space of the 3D T1
sequence, as previously reported.7 In patients, histograms of biascorrected 3D T1 images were computed within the brain mask
and outside the lesion mask to study GM and NAWM. Histograms were computed on whole GM and WM in control subjects.
To ensure that computing histograms in smaller and/or different
volumes did not systematically bias our results, we checked analyses after random attribution of lesion masks of patients to MR
imaging scans of control subjects. The contrast between GM and
NAWM was defined as the ratio of the intensity level corresponding to the NAWM peak and the one corresponding to the
GM peak. Image intensity was normalized between subjects
according to their minimum values (representing at least 1000
voxels) and to the intensity level of the vitamin E capsule that
was placed before MR imaging acquisition to indicate the right
side of the subject.

Statistical Methods
R software (http://www.R-project.org) was used for statistical
analyses. Group comparisons were made according to variable
types and distributions. For numeric variables, we used t tests
when variables were normally distributed, taking into account the
equal or unequal variances of the 2 groups. When the assumption
of normality was violated, the Wilcoxon rank sum tests were used.
For categoric variables, 2 tests were used. Contrast differences
between groups were adjusted for age and sex, which may influence tissue contrast,15 by using ANCOVA.
AJNR Am J Neuroradiol 35:72–76
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In patients, linear regression modeling showed that contrast between GM
and NAWM was strongly related to the
logarithm of white matter lesion volume
after adjustment for age and sex (estimate: ⫺0.09; SE: 0.01; P ⬍ 10⫺4). The
contrast was not related to the volume of
lacunar lesions (estimate: ⫺4.97; SE:
2.99; P ⫽ .12) or to the number of microhemorrhages (estimate: ⫺0.002; SE:
0.003; P ⫽ .38).
In patients, we also observed a marginal linear relationship between MMSE
scores and contrast between GM and
NAWM after adjustment for age and sex
(estimate: 9.6; SE: 4.4; P value ⫽ .04). No
other association with other clinical outcomes was significant.

DISCUSSION
In the present study, we observed significant contrast alterations between
NAWM and GM in patients with
CADASIL compared with age- and sexmatched healthy subjects, long before
the appearance of disability. Our results
seemed mainly related to a global reduction of NAWM T1 signal in patients
with CADASIL. These findings are in
line with previous data obtained in
CADASIL that showed alterations of the
NAWM by using magnetization transFIG 1. Reduction of T1 contrast between gray matter and normal-appearing white matter. Axial fer16 or diffusion tensor imaging.17 In
3D T1 image after intensity normalization of a 56-year-old healthy male subject (A) and a 56-yearold male patient with CADASIL (B) with zoom boxes showing reduced contrast between gray contrast to these sophisticated methods,
matter and normal-appearing white matter in CADASIL because NAWM appears darker. Color- our results were obtained on conventional
coded images are enhancing the global heterogeneity of NAWM outside the lesions determined T1-weighted images by using simple poston FLAIR (overlaid in white) in the patient with CADASIL (D) compared with the homogeneous
white matter in the control subject (C). The signal of subcutaneous fat, similar for the 2 subjects, processing steps and were easily confirmed by visual inspection of patient
may serve as a reference for visual inspection.
scans compared with controls (Fig 1).
The decreased signal in NAWM obRESULTS
served in patients with CADASIL may be explained by diffuse white
One control subject did not undergo MR imaging, and histogram
matter edema as recently reported.18 An increase in water content
analysis failed for 1 patient with CADASIL due to a single peak
would induce longer T1 and thus reduce signal in T1-weighted imdetection, leaving 22 patients and 29 control subjects for analyses.
ages. Demyelination, neuronal degeneration, or regional iron conCharacteristics of the 2 groups are reported in the Table. Age, sex,
centration may also be involved in these signal changes.19
level of education, MMSE score, and brain volumes did not sigContrast reduction was previously observed in normal aging20
nificantly differ between patients and controls.
and was proposed as an alternative marker of tissue loss in AlzWe observed a significant contrast reduction between GM and
heimer disease.9 Here, the contrast reduction was strongly and
NAWM in patients compared with controls, which persisted after
independently related to the extent of WM lesions in patients. A
adjustment for age and sex as illustrated in Fig 1 (patients: 1.35 ⫾
correlation between average magnetization transfer imaging met0.08 versus controls: 1.43 ⫾ 0.04, P ⬍ 10⫺5). These contrast alrics of the NAWM and lesion volume was previously reported in
terations were mainly driven by modifications of NAWM because
CADASIL, which authors attributed to Wallerian degeneration
normalized values showed a decreased NAWM peak in patients
secondary to axonal injury.16
(patients: 0.59 ⫾ 0.06 versus controls: 0.67 ⫾ 0.09, P ⫽ .001) but
Our results may have consequences for postprocessing of
no difference in GM peaks (Fig 2).
3D T1 images in research studies. Indeed, high-resolution 3D
Applying white matter lesion masks of patients on scans of
T1 acquisitions are necessary so far to perform fine-tissue segcontrol subjects randomly did not alter the NAWM peak computation (unchanged in 14 subjects, mean variation of 0.2% in the
mentation, voxel-based morphometry studies, and advanced
other 8 subjects).
image techniques such as cortical surface analysis7 or cortical
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with CADASIL in such a short period is
negligible, unlikely to alter our results.7
Moreover, manual corrections performed to include potential hypointense
lesions on T1 secondary to this time interval or to other potential sources such
as variation of field strength, differences
in section thickness between FLAIR and
3D-T1, or registration imprecisions and
not overlaid by lesion masks did not alter our results (data not shown).
Another limitation of our study was
the global computation of the contrast
between GM and NAWM, not allowing
a regional quantification of contrast reduction. This global measure was
thought to be more robust, given the
large variability of WM lesion extent in
patients with CADASIL, and highlighted
a diffuse biologic mechanism occurring
FIG 2. 3D T1 intensity histograms in a patient with CADASIL and a control subject. Normalized in whole NAWM. Finally, the signal
histograms computed within the brain and outside the white matter lesion masks for the 56-yearold patient with CADASIL and control subject of Fig 1. For the control subject, a histogram is normalization chosen to compare
redrawn after exclusion of voxels corresponding to the white matter lesion mask of the patient NAWM mean intensity across subjects
(overlaid in white). While the gray matter peak is roughly the same between subjects, the was not perfect because the vitamin E
white matter peak is left-shifted in the patient with CADASIL, leading to a reduced contrast
between GM and NAWM. Computation of the histogram for the control subject outside the capsule was not equally placed on sublesion mask (randomly allocated from a patient with CADASIL) did not change WM peak and jects and therefore was dependent on
contrast values.
gradient nonlinearity effects and field
thickness estimation8 through dedicated software, and it has
heterogeneities. However, the large differences observed between
been demonstrated that contrast properties could influence
the 2 groups in NAWM and not in GM could not be explained
cortical thickness measures.9,21 Contrast alterations may also
only by field heterogeneities.
serve as a visual clue to the diagnosis of CADASIL because they
Our study also has several strengths. There was a high homodo not seem to be as severe in other types of small-vessel disgeneity between groups in terms of age and sex, which was imporease of the brain, but further studies will be necessary to evaltant, given the effect of age on contrast. Patients and controls were
uate this hypothesis.
imaged with the same MR imaging scanner and protocol, with
special care to reproduce acquisition conditions. The histogramWe observed a significant relationship between MMSE scores
based technique to compute the tissue contrast is simple but was
and contrast changes in patients with CADASIL. However, this
robust and adapted to patients with large WM lesions, leading to
finding should be interpreted cautiously because MMSE scores
straightforward and original results.
lay within normal ranges and the P value was marginally significant (.04). Moreover, we did not observe any other association
between cognitive tests and contrast changes in patients. Further
CONCLUSIONS
studies with larger samples and patients with more severe disease
Conventional 3D T1 imaging shows significant loss of contrast
will help to determine the clinical significance of T1 contrast
between GM and NAWM as soon as the early stages in CADASIL.
changes.
These contrast alterations should be taken into account for both
Our study has some limitations. FLAIR sequences were not
image interpretation and postprocessing. Whether these alterapart of the 3T protocol because it was designed for a cortical mortions can be used as a new biomarker in CADASIL or in other
phology study. Control subjects had no lesion mask, and histosmall-vessel diseases of the brain requires further investigation.
grams were computed on the whole WM. However, we showed
that applying WM lesion masks of patients on control scans ranACKNOWLEDGMENTS
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The authors acknowledge Jocelyne Ruffié, Veronique Joly-TesWM lesions are hypointense on T1-weighted images. Therefore,
taud, Laurence Laurier, and Chantal Ginisty for the recruitment
lesions potentially included in the WM would have induced a
process of patients and controls.
decreased contrast in controls, which is the opposite of what we
found (ie, an increased contrast in controls). FLAIR sequences for
Disclosures: François De Guio—RELATED: Grant: ERA-NET-Funded Collaborative
Network MESCOG,* Comments: The network is funded under the ERA-Net scheme
patients were obtained within 6 months by using 1.5T acquisiin FP6 2007–2011 by the European Commission. Marco Duering—UNRELATED:
tions and 5-mm-thick sequences. Hypointense lesions on T1 may
Grants/Grants Pending: BMBF/DZNE, Travel/Accommodations/Meeting Expenses
thus appear outside lesion masks determined on FLAIR. HowUnrelated to Activities Listed: United Leukodystrophy Foundation. Hugues
ever, the extension of white matter lesions in nondisabled patients
Chabriat—UNRELATED: Board Membership: Lundbeck, Janssen, Comments: steerAJNR Am J Neuroradiol 35:72–76

Jan 2014

www.ajnr.org

75

ing or safety committees, Consultancy: Lundbeck, Janssen, Comments: during the
past 5 years. *Money paid to the institution.

11.
12.

REFERENCES
1. Chabriat H, Joutel A, Dichgans M, et al. CADASIL. Lancet Neurol
2009;8:643–53
2. Yousry TA, Seelos K, Mayer M, et al. Characteristic MR lesion pattern and correlation of T1 and T2 lesion volume with neurologic
and neuropsychological findings in cerebral autosomal dominant
arteriopathy with subcortical infarcts and leukoencephalopathy
(CADASIL). AJNR Am J Neuroradiol 1999;20:91–100
3. Singhal S, Rich P, Markus HS. The spatial distribution of MR imaging abnormalities in cerebral autosomal dominant arteriopathy
with subcortical infarcts and leukoencephalopathy and their relationship to age and clinical features. AJNR Am J Neuroradiol
2005;26:2481– 87
4. van Den Boom R, Lesnik Oberstein SA, van Duinen SG, et al. Subcortical lacunar lesions: an MR imaging finding in patients with
cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy. Radiology 2002;224:791–96
5. Duering M, Zieren N, Herve D, et al. Strategic role of frontal
white matter tracts in vascular cognitive impairment: a voxelbased lesion-symptom mapping study in CADASIL. Brain
2011;134:2366 –75
6. Viswanathan A, Godin O, Jouvent E, et al. Impact of MRI markers
in subcortical vascular dementia: a multi-modal analysis in
CADASIL. Neurobiol Aging 2010;31:1629 –36
7. Jouvent E, Mangin JF, Duchesnay E, et al. Longitudinal changes
of cortical morphology in CADASIL. Neurobiol Aging
2012;33:1002.e29 –36
8. Duering M, Righart R, Csanadi E, et al. Incident subcortical infarcts
induce focal thinning in connected cortical regions. Neurology
2012;79:2025–28
9. Grydeland H, Westlye LT, Walhovd KB, et al. Improved prediction of Alzheimer’s disease with longitudinal white matter/gray
matter contrast changes. Hum Brain Mapp 2013;34:1775– 85
10. Folstein MF, Folstein SE, McHugh PR. “Mini-mental state”: a prac-

76

De Guio

Jan 2014

www.ajnr.org

13.

14.

15.

16.

17.

18.

19.

20.

21.

tical method for grading the cognitive state of patients for the clinician. J Psychiatr Res 1975;12:189 –98
Jagust W, D’Esposito M. Imaging the Aging Brain. New York: Oxford
University Press; 2009
Jouvent E, Viswanathan A, Mangin J-F, et al. Brain atrophy is related
to lacunar lesions and tissue microstructural changes in CADASIL.
Stroke 2007;38:1786 –90
Zhu YC, Dufouil C, Mazoyer B, et al. Frequency and location of
dilated Virchow-Robin spaces in elderly people: a populationbased 3D MR imaging study. AJNR Am J Neuroradiol 2011;
32:709 –13
Viswanathan A, Guichard JP, Gschwendtner A, et al. Blood pressure
and haemoglobin A1c are associated with microhaemorrhage in
CADASIL: a two-centre cohort study. Brain 2006;129:2375– 83
Cho S, Jones D, Reddick WE, et al. Establishing norms for age-related changes in proton T1 of human brain tissue in vivo. Magn
Reson Imaging 1997;15:1133– 43
Iannucci G, Dichgans M, Rovaris M, et al. Correlations between clinical findings and magnetization transfer imaging metrics of tissue
damage in individuals with cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy. Stroke
2001;32:643– 48
Chabriat H, Pappata S, Poupon C, et al. Clinical severity in CADASIL
related to ultrastructural damage in white matter: in vivo study
with diffusion tensor MRI. Stroke 1999;30:2637– 43
Yao M, Jouvent E, During M, et al. Extensive white matter hyperintensities may increase brain volume in cerebral autosomal-dominant arteriopathy with subcortical infarcts and leukoencephalopathy. Stroke 2012;43:3252–57
Kong L, Herold C, Stieltjes B, et al. Reduced gray to white matter tissue intensity contrast in schizophrenia. PLoS One
2012;7:e37016
Salat DH, Lee SY, van der Kouwe AJ, et al. Age-associated alterations
in cortical gray and white matter signal intensity and gray to white
matter contrast. Neuroimage 2009;48:21–28
Salat DH, Chen JJ, van der Kouwe AJ, et al. Hippocampal degeneration is associated with temporal and limbic gray matter/
white matter tissue contrast in Alzheimer’s disease. Neuroimage
2011;54:1795– 802

ORIGINAL RESEARCH

INTERVENTIONAL

Cerebral Aneurysms Treated with Flow-Diverting Stents:
Computational Models with Intravascular Blood
Flow Measurements
M.R. Levitt, P.M. McGah, A. Aliseda, P.D. Mourad, J.D. Nerva, S.S. Vaidya, R.P. Morton, B.V. Ghodke,
and L.J. Kim

ABSTRACT
BACKGROUND AND PURPOSE: Computational ﬂuid dynamics modeling is useful in the study of the hemodynamic environment of cerebral
aneurysms, but patient-speciﬁc measurements of boundary conditions, such as blood ﬂow velocity and pressure, have not been previously
applied to the study of ﬂow-diverting stents. We integrated patient-speciﬁc intravascular blood ﬂow velocity and pressure measurements into
computational models of aneurysms before and after treatment with ﬂow-diverting stents to determine stent effects on aneurysm
hemodynamics.
MATERIALS AND METHODS: Blood ﬂow velocity and pressure were measured in peri-aneurysmal locations by use of an intravascular
dual-sensor pressure and Doppler velocity guidewire before and after ﬂow-diverting stent treatment of 4 unruptured cerebral aneurysms.
These measurements deﬁned inﬂow and outﬂow boundary conditions for computational models. Intra-aneurysmal ﬂow rates, wall shear
stress, and wall shear stress gradient were calculated.
RESULTS: Measurements of inﬂow velocity and outﬂow pressure were successful in all 4 patients. Computational models incorporating
these measurements demonstrated signiﬁcant reductions in intra-aneurysmal wall shear stress and wall shear stress gradient and a trend
in reduced intra-aneurysmal blood ﬂow.
CONCLUSIONS: Integration of intravascular dual-sensor guidewire measurements of blood ﬂow velocity and blood pressure provided
patient-speciﬁc computational models of cerebral aneurysms. Aneurysm treatment with ﬂow-diverting stents reduces blood ﬂow and
hemodynamic shear stress in the aneurysm dome.
ABBREVIATIONS: CFD ⫽ computational ﬂuid dynamics; WSS ⫽ wall shear stress; WSSG ⫽ wall shear stress gradient; TCD ⫽ transcranial Doppler ultrasonography;
pcMRA ⫽ phase-contrast MRA

low-diverting stent technology1 is thought to reduce blood
flow (and hence hemodynamic stresses) inside cerebral aneurysms, promoting thrombosis and lowering rupture risk.2 How-
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ever, 15–35% of aneurysms treated with flow-diverting stents remain patent at midterm angiographic follow-up.3-6 Risk factors
for persistent aneurysm patency include previous aneurysm treatment and female sex, though accurate predictors of treatment
failure and delayed hemorrhagic complications have not been
completely elucidated.7-9
Computational fluid dynamics (CFD) modeling of aneurysms and the surrounding cerebral vasculature allows investigators to study important hemodynamic characteristics such
as wall shear stress (WSS)10,11 and wall shear stress gradient
(WSSG),12 which have been implicated in aneurysm growth,
rupture, and treatment failure.13 Recently, CFD analysis has
been applied to the effects of flow-diverting stent treatment in
an attempt to understand how flow diversion affects aneurysm
hemodynamics for both treatment success14 and complication
avoidance.15-17 However, these reports did not use patientspecific measurements of blood flow velocity and blood pressure when creating CFD models, which may have affected their
results.18,19
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We incorporated patient-specific measurements of blood flow
velocity and blood pressure in the peri-aneurysmal environment
into the boundary conditions of CFD to determine the hemodynamic effects of flow-diverting stents on unruptured aneurysms.

MATERIALS AND METHODS
Population
Four patients with unruptured cerebral aneurysms were included
in this institutional review board–approved prospective study,
and informed consent was obtained. Patient, aneurysm, anatomic, and device characteristics are shown in On-line Table 1. All
patients underwent endovascular flow-diverting stent placement
by use of the Pipeline Embolization Device (Covidien/ev3, Irvine,
California) under isofluorane inhalational anesthesia. The aneurysm in patient 1 was also partially coiled. Patient temperature,
hematocrit, and end-tidal CO2 were recorded. Three-dimensional rotational angiography was obtained before aneurysm
treatment, and contrast-enhanced flat panel CT was obtained after treatment for stent visualization.20

Patient-Speciﬁc Data Collection
Blood flow velocity and blood pressure were measured by use of
the dual-sensor pressure and Doppler velocity guidewire (ComboWire, Volcano Corporation, Rancho Cordova, California) and
workstation (ComboMap, Volcano). The tip of the 0.014-inch
wire contains a piezoresistive pressure sensor and piezoelectrode
Doppler device that emits a 45° sonography beam that measures
velocity 5 mm beyond the tip. This wire has been used to measure
patient-specific blood pressure and blood flow velocity in both
coronary21 and cerebral vessels,22,23 with excellent anatomic
specificity and correlation to measured blood flow.24 In the current study, pressure and velocity were sampled every 5 ms, and
peak systolic, diastolic, and average pressures and velocities were
calculated automatically by the workstation on the basis of the
cardiac cycle.
Before aneurysm treatment, the dual-sensor guidewire was
placed in 2 predetermined peri-aneurysmal locations: 1) proximal petrous carotid artery, and 2) 5 mm distal to the aneurysm
neck. The wire was oriented along the long axis of vessel flow to
maximize the flow velocity signal, and radiographs of the location
of the wire were obtained. Blood pressure and blood flow velocity
were recorded for at least 10 cardiac cycles at each location before
wire removal. After aneurysm treatment, the wire was reintroduced and the same measurements were taken again at all locations. Effort was made to reproduce the exact wire locations during pretreatment measurements as recorded in previous
radiographs. Blood pressure and blood flow velocity measurements were exported to a workstation for CFD analysis.

posttreatment simulations by inserting a saddle-shaped surface to
the location of the stent boundary on the basis of its location in the
posttreatment CT. The stent was modeled as a thin, porous surface with specified pressure-loss coefficients, taken from a previous study25 that computed the pressure drops over low-porosity
flow-diverting stents. Pressure drops were parameterized as 2
unique loss coefficients integrated into our CFD model (On-line
Appendix). In patient 1 (in whom the aneurysm was partially
coiled), a shear and shear gradient value of zero was assigned to
the area of the aneurysm dome excluded after coiling, and the
remaining volume was used for hemodynamic calculations. Tetrahedral meshes were generated for all simulations by use of the
ANSYS Gambit package, release 2.4 (ANSYS, Canonsburg, Pennsylvania). The characteristic width of the computational mesh
cells was 0.2 mm for all cases. Simulations were executed by use of
ANSYS Fluent, release 12.1 (ANSYS), a finite-volume-based
solver. The blood was assumed to be incompressible and Newtonian, with an attenuation of 1050 kg/m3 and viscosity of 3.5 cP.
At the proximal vessel, the time-dependent Womersley velocity profile was prescribed by use of velocity measurements from
the dual-sensor guidewire at position 1 (petrous carotid artery).
These measured velocities were matched to the centerline velocity
of the Womersley flow and used as inflow conditions, incorporating the cross-sectional vessel area from the pretreatment and
posttreatment 3D vessel reconstructions (Fig 1, On-line Appendix). At distal vessels, pressures were prescribed by use of measurements from the dual-sensor guidewire at position 2 (5 mm
distal to the aneurysm neck) for use as outflow conditions. Velocity and pressure waveforms were phase-averaged over at least 10
cardiac cycles before CFD modeling. Flow rates were computed
directly from the wire-derived Womersley velocity profile. Slight
changes in heart rate, mean arterial pressure, and blood flow after
treatment were incorporated into posttreatment CFD models.
The CFD simulations were computed over 3 cardiac cycles, and
the first 2 cycles were excluded from analysis to ensure that the
simulation was independent of the initializing condition. Intraaneurysmal blood flow, WSS, and WSSG were calculated over the
entire aneurysm volume in each patient (On-line Appendix).
Flow rates, WSS, and WSSG were determined both at the moment
of peak systole and averaged over an entire cardiac cycle. Pressure
drops were also simulated between the 2 wire locations (petrous carotid artery and 5 mm distal to the aneurysm neck),
without patient-specific guidewire-derived pressure values.
Statistical comparisons were made by use of the Student t test.

RESULTS
Patient-Speciﬁc Measurements

Computational Modeling
Three-dimensional reconstructions of the vessels were created
from the rotational angiographic images by use of the Vascular
Modeling Toolkit (Bergamo, Italy; www.vmtk.org). Ophthalmic
and posterior communicating arteries and other small sidebranching vessels were eliminated from each model, except for
the posterior communicating artery in patient 1 because they had
a negligible effect on hemodynamic calculations (On-line Appendix). A “virtual stent” was placed into each reconstruction for
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Proximal blood flow velocity and distal blood pressure measurements were successful in all 4 patients both before and after treatment. Blood flow velocity and flow rates at position 1 (petrous
carotid, used for inflow velocity boundary conditions) are shown
in Table 1. Flow rates are presented both as an average over the
entire cardiac cycle and at the moment of peak systole. The differences between pretreatment and posttreatment velocity and
blood flow (both average and peak systolic) at the petrous carotid
artery were not significant (P ⬎ .17).

The premise of aneurysmal flow diversion is the reduction of blood flow
into the aneurysm dome, promoting inAt Peak
tra-aneurysmal thrombosis and proSystole
moting endothelialization of the stent
Pre
Post
wall, which reconstructs the parent ves328.88
236.36
sel excluding the aneurysm. Reduction
147.52
156.28
of hemodynamic stress is thought to be
209.78
239.12
crucial in achieving this goal, and the de269.69
311.23
termination of such stress is a key appli238.97
235.75
77.98
63.31
cation of CFD analysis.14 We observed a
.92
reduction of flow rate, WSS, and WSSG
in the aneurysmal domes. Previous reports of CFD modeling for aneurysmal
flow diversion have shown similar reductions in intra-aneurysmal
velocity and WSS, though WSSG has not been consistently described.2,14,17 We also observed a (nonsignificant) increase in
blood flow in the parent vessel after treatment, possibly the result
of the exclusionary effect of flow diversion on aneurysmal blood
capacitance.
Increased pressure within the aneurysm dome has been suggested as a possible mechanism for delayed aneurysm rupture
after flow-diverting stent treatment. However, in the current
study, blood pressure measurements in peri-aneurysmal locations did not change substantially after aneurysm treatment, nor
did simulated pressure drops. This is in contrast to a previous
CFD report of large pressure drops16 and increased mural tension17 after flow diversion but similar to previous CFD26,27 and in
vivo28 intra-aneurysmal pressure measurements that did not
demonstrate changes after flow-diverting stent treatment. Although we did not measure pressure within the aneurysm lumen
directly, it is unlikely that a substantial intraluminal increase occurred in the face of such small pressure drops, especially considering the lack of preaneurysmal stenosis in the aneurysms we
studied.
Average peak inflow velocity in the petrous carotid artery pretreatment and posttreatment was 43.58 cm/s and 46.02 cm/s, respectively, with a mean flow rate of 143.70 mL/min. Studies of
sonography29 and phase-contrast MRA (pcMRA)30 velocities of
healthy volunteers showed average flow rates of 234 and 277 mL/
min, respectively. The use of idealized assumptions of blood flow
velocity and blood pressure (rather than patient-specific measurements) as boundary conditions would have significantly affected the results of our hemodynamic calculations.18,31,32 The
origin of our lower flow rate values is unclear; however, healthy
volunteers in studies of reference velocity were younger than our
patients (average age, 28 ⫾ 7 years). Age is inversely correlated to
the measured flow rate in the cerebral vasculature in some studies33 but not in others.34 However, we are confident that our direct physiologic measurements with the use of the dual-sensor
guidewire were accurate when measuring such parameters in
vivo, as shown in animal studies comparing such measurements
with direct measurements of blood flow.24
Efforts to improve the accuracy of CFD for better applicability
to an individual patient’s treatment have led to the incorporation
of patient-specific blood flow measurements derived from trans-

Table 1: Dual-sensor guidewire measurements of peak systolic blood ﬂow velocity and ﬂow
rate used for inﬂow boundary conditions
Flow Rate, mL/min
Blood Flow
Velocity, cm/s
n
1
2
3
4
Average
Standard deviation
P

Pre
46.92
37.18
42.05
48.17
43.58
5.02

Post
47.11
37.28
46.3
53.37
46.02
6.63
.17

Averaged Over
Cardiac Cycle
Pre
165.45
101.92
137.20
170.240
143.70
31.44

Post
154.83
110.04
149.09
191.02
151.25
33.15
.34

Note:—Pre indicates pretreatment; post, posttreatment.

Complications
There were no intraprocedural or periprocedural complications
associated with the use of the dual-sensor guidewire. No vascular
injury, thromboembolic event, or new neurologic deficit was observed in any patient.

Computational Modeling
Modeling of WSS and WSSG is shown for each patient in Fig 1.
Colorized maps of the top row of each panel demonstrate pretreatment conditions, the middle row shows posttreatment, and
the bottom row shows the effect of treatment, as calculated by the
difference between pretreatment and posttreatment. In patient 1,
after flow diversion and partial coiling, both WSS and WSSG were
reduced at the aneurysm neck and impact area of the wall opposite
the inflow zone (Fig 1A). In patient 2, the sidewall aneurysm demonstrated similar findings of WSS and WSSG reduction in the
neck and impact area, with corresponding increase in the downstream parent vessel (Fig 1B). Modeling of patient 3, with a more
spherical aneurysm, showed reduction in WSS in nearly the entirety of the aneurysm dome and neck and a slight increase in
WSSG in the neck midpoint (Fig 1C). WSS and WSSG were reduced in the small sidewall aneurysm of patient 4, with increases
in these parameters in the surrounding parent vessel (Fig 1D).
The wire-based CFD calculations of the effects of flow-diverting stent treatment on intra-aneurysmal hemodynamics are
shown in Table 2. Reduction of all parameters was observed in all
patients, with significant decreases in WSS and peak-systolic
WSSG and trends in reduced blood flow (P ⫽ .07) and cardiac
cycle–averaged WSSG (P ⫽ .06). Simulated pressure drops across
the entire CFD model are shown in On-line Table 2. The average
and peak-systolic change in pressure drop after treatment were
⫺0.09 ⫾ 0.26 mm Hg and ⫺0.85 ⫾ 2.08 mm Hg, respectively.
The differences were not significant (P ⫽ .55 and .47).

DISCUSSION
We have successfully incorporated patient-specific measurements of blood flow velocity and blood pressure into CFD modeling of unruptured cerebral aneurysms before and after treatment with flow-diverting stents. The method of applying patientspecific boundary conditions to CFD modeling and quantifying
the effects of flow-diverting stents on aneurysmal hemodynamics
has not been previously reported. This method may improve the
ability of CFD to determine hemodynamic factors associated with
treatment, including aneurysm occlusion, persistent patency, or
delayed hemorrhagic complications.
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FIG 1. Computational models of 4 aneurysms (A–D) integrating patient-speciﬁc dual-sensor guidewire measurements of blood ﬂow velocity and
pressure. Wall shear stress and wall shear stress gradient are shown before and after treatment (top and middle rows, respectively). The
difference (bottom row) represents the effect of treatment on WSS (⌬WSS) and WSSG (⌬WSSG).
Table 2: Computational model-based calculations of intra-aneurysmal hemodynamics before and after ﬂow-diversion treatment with
the use of patient-speciﬁc boundary conditions from the dual-sensor guidewire
Measure
Pretreatment
Posttreatment
% Change
P
Blood ﬂow, mL/min
Time-averaged
81.36
51.38
⫺39.33%
.07
Peak systolic
123.25
88.28
⫺28.84%
.07
WSS, Pa
Time-averaged
1.99
0.92
⫺56.77%
.03
Peak systolic
3.92
2.20
⫺51.89%
.01
WSSG, Pa/m
Time-averaged
2807.95
1730.70
⫺43.38%
.06
Peak systolic
6261.35
4236.05
⫺42.93%
.04

cranial Doppler ultrasonography (TCD)35,36 or pcMRA37-39 as
input conditions. Acquiring flow rates by use of TCD is fast and
noninvasive but may not be accurate in the vertebrobasilar sys146
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tem40 or in small-caliber vessels or in those near the skull base41
and cannot be obtained in up to 16% of patients lacking adequate
temporal bone windows.42 When compared with TCD43 and tra-

ditional CFD,44 flow rates acquired with pcMRA have a lower
temporal resolution and may underestimate peak velocity by up
to 30%, especially in smaller-diameter vessels.44 This degree of
error may substantially influence WSS results.18,44 Additionally,
pcMRA velocity data must be acquired outside of the angiographic workflow, are both time-consuming and expensive to acquire, and require transport that may be dangerous in critically ill
patients.45 These disadvantages reduce the utility of pcMRA- and
TCD-derived flow velocities.
The dual-sensor guidewire has several advantages over the
above techniques in acquiring patient-specific measurements.
Unlike TCD, it can be used in a highly anatomically specific manner in any major blood vessel, including in the vertebrobasilar
system, and does not require temporal bone windows. Advantages over pcMRA include the real-time integration of blood flow
velocity measurements during angiography, without transport to
and from MR imaging. In addition, a previous report of direct
comparison between blood flow velocity measured by pcMRA
and the dual-sensor guidewire showed that pcMRA underestimated peak systolic velocity, which could alter CFD-derived hemodynamic calculations.23 Finally, neither TCD nor pcMRA acquire blood pressure measurements, whereas the dual-sensor
nature of the guidewire allows additional integration of this physiologic parameter into CFD modeling. To our knowledge, the
incorporation of pressure change data into boundary condition
calculations for aneurysmal CFD modeling has not been previously reported. Application of this technique in follow-up studies
may help to determine hemodynamic factors responsible for success or failure of flow-diverting stent treatment.
This study has several limitations. First, a small number of
patients were studied with variable aneurysmal size and morphology, reducing the study’s generalizability (though aneurysm location, vessel diameter, measured velocity, and waveform morphology were similar among all 4 studied patients). Second, although
we attempted to recreate the exact location of the dual-sensor
guidewire in pretreatment and posttreatment conditions, small
variations in the location or angle of the wire may have influenced
blood pressure and velocity measurements. Third, the position of
the virtual stent in posttreatment CFD and the CFD-derived velocities may not precisely match their in vivo locations. These
localization errors were minimized by use of multiple-projection
radiographs and 3D volumes to plan virtual wire and stent placement. Fourth, changes in patient systemic hemodynamic status
over the course of treatment may have influenced velocity and
pressure measurements through the variance of systemic blood
pressure, temperature, and end-tidal CO2. Fifth, subtle changes in
stent porosity caused by deformity in curved cerebral vessels was
not incorporated into CFD simulations.15 Finally, though the
wire was manipulated in an attempt to measure the most robust
velocity signal, it is possible that the measured blood flow velocity
was not perfectly aligned within the center of the vessel, resulting
in slight underestimations or error in these measurements.46

CONCLUSIONS
We have successfully incorporated dual-sensor guidewire measurements of blood pressure and blood flow velocity into patientspecific CFD analyses of unruptured cerebral aneurysms before

and after flow-diverting stent treatment. In accordance with the
therapeutic intent of flow-diverting stents, significant intra-aneurysmal reductions in WSS and WSSG and a trend in reduced
blood flow were observed after treatment.
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ORIGINAL RESEARCH

INTERVENTIONAL

Potential for the Use of the Solitaire Stent for Recanalization
of Middle Cerebral Artery Occlusion without a Susceptibility
Vessel Sign
Y.J. Bae, C. Jung, J.H. Kim, B.S. Choi, E. Kim, M.-K. Han, H.-J. Bae, and M.H. Han

ABSTRACT
BACKGROUND AND PURPOSE: Absence of the MCA susceptibility vessel sign (negative MCA susceptibility vessel sign) on gradient
recalled-echo MR imaging in acute stroke is commonly associated with in situ stenosis and thrombotic occlusion. We evaluated the
effectiveness and safety of the Solitaire stent as the ﬁrst-line device for the recanalization of MCA occlusion with a negative MCA
susceptibility vessel sign.
MATERIALS AND METHODS: Thirty-eight consecutive patients presenting with acute ischemic stroke due to MCA occlusion were
treated by using the Solitaire AB stent alone or combined with thrombolytic drugs. Among these patients, 11 (7 men and 4 women; median
age, 70 years; range, 49 – 89 years) who underwent multimodal stroke MR imaging before the endovascular procedure and had no MCA
susceptibility vessel sign on the initial gradient recalled-echo MR imaging were included in this study. The primary end point was the
recanalization of the occluded artery evaluated by the arterial occlusive lesion score. Clinical outcome was assessed at discharge and 90
days, as was the degree of residual MCA stenosis or reocclusion.
RESULTS: Successful recanalization (arterial occlusive lesion score ⱖ II) without balloon angioplasty was obtained in 9 patients (81.8%). Six
patients (54.5%) had an mRS score of ⱕ2 at 90 days. After a median of 147 days, no patient showed reocclusion on follow-up imaging. There
were no symptomatic intracerebral hemorrhages.
CONCLUSIONS: The Solitaire stent is a feasible tool as the ﬁrst-line device for multimodal endovascular recanalization therapy in acute
ischemic stroke with a negative MCA susceptibility vessel sign. It has a good rate of successful and complete recanalization and is a fast yet
safe procedure.
ABBREVIATIONS: GRE ⫽ gradient recalled-echo; SVS ⫽ susceptibility vessel sign

T

he Solitaire stent (Covidien/ev3, Irvine, California) was initially developed as a device for assisting coil embolization of
intracranial aneurysms.1-3 However, its ability to be completely
and safely retrieved after full deployment allows it to be used as a
device for mechanical thrombectomy in patients with acute
thromboembolic stroke. Many reputable studies have shown that
entrapping and extracting the thromboembolus by using the Solitaire stent is fast and effective in vascular recanalization, espe-
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cially when treating large arterial occlusions, including MCA
occlusion.4-8
Thromboembolus in the MCA is known to create the MCA
susceptibility vessel sign (SVS) on gradient recalled-echo (GRE)
MR imaging.9,10 This sign results from a T2-shortening effect of
intracellular deoxyhemoglobin in the acute stage of a red blood
cell clot.9 Thus, the MCA SVS is more commonly seen in red
blood cell– dominant and mixed clots and can reflect the clot
composition.9,11,12 Cho et al12 also showed that the SVS on GRE
MR imaging was more commonly associated with cardioembolic
stroke (77.5%) than other stroke subtypes (25.5%, P ⬍ .001).
They suggested that the relatively greater thrombus burden in a
cardioembolism may increase the conspicuity of SVS, so the SVS
could be more frequently observed in cardioembolic stroke.
In contrast to the presence of the SVS, its absence is generally
associated with a small amount of thrombus; fibrin-rich thrombus, a potential target for chemical thrombolysis; or an in situ
steno-occlusive lesion, which could be an indication for angioAJNR Am J Neuroradiol 35:149 –55
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plasty.11,12 Consequently, we can assume that mechanical thrombectomy by using the Solitaire stent could be less effective in acute
ischemic stroke with a negative MCA SVS, which could represent
an in situ steno-occlusive lesion. To our knowledge, there has
been no report demonstrating the effectiveness of the Solitaire
stent in acute ischemic stroke with a negative MCA SVS. The
purpose of our study was to evaluate the effectiveness and safety of
mechanical thrombectomy by using the Solitaire stent in acute
ischemic stroke with a negative MCA SVS.

MATERIALS AND METHODS
The institutional review board approved this retrospective study
protocol and waived informed consent.

Patients
In our institution from September 2010 to March 2012, thirtyeight consecutive patients (21 men and 17 women; median age, 70
years; range, 49 – 89 years) presenting with acute ischemic stroke
from an MCA occlusion were treated by using the Solitaire AB
stent alone or combined with thrombolytic drugs. Among them,
the patients who underwent multimodal MR imaging before the
endovascular procedure and who had no MCA SVS on initial
GRE MR imaging were included in our study.
The patients were divided into 3 different categories according
to the interval change in their neurologic symptoms: “Fluctuating” symptoms indicated neurologic deficits that waxed and
waned, “progressive” symptoms were defined as neurologic deficits that got worse as time passed, and “stable” symptoms referred
to neurologic deficits that were maintained before the endovascular procedure.

Stroke MR Imaging Protocol and Analysis
MR imaging was performed by using a 1.5T or 3T unit (Gyroscan
Intera; Philips, Best, the Netherlands) with a sensitivity encoding
head coil. Patients underwent MR imaging by using the following
routine stroke protocol in our institution before the endovascular
procedure: DWI, TOF 3D angiography of the extracranial and
intracranial arteries, GRE T2*-weighted imaging, MR perfusion,
and gadolinium-enhanced T1- and T2-weighted FLAIR imaging.
An average of 20 minutes was required for each routine stroke
protocol MR imaging.
Acquisition parameters for GRE T2*-weighted images were set
as follows: TR, 750 – 800 ms; TE, 10 –15 msec; section thickness, 5
mm; intersection gap, 1 mm; FOV, 250 ⫻ 250 mm; flip angle, 20°.
All images were reviewed by 2 experienced neuroradiologists
(B.S.C. and J.H.K.) who had 5 and 20 years of experience, respectively. If any discrepancy arose, the 2 readers analyzed images in
consensus. First, the presence of the MCA SVS, defined as a hypointense signal change within the MCA with the diameter exceeding that of the contralateral vessel, was assessed on GRE MR
imaging.9 The patients who had the MCA SVS were excluded
from our study. Second, DWI-ASPECTS was estimated by the
method of Barber et al.13

Procedural Techniques
All procedures were performed on a biplanar system (Integris
Allura 12/12; Philips) by a single neurointerventionalist. Initial
150

Bae

Jan 2014

www.ajnr.org

diagnostic cerebral angiography was performed via the transfemoral approach to identify the occluded MCA segment and to
assess the collateral degree.
The proximal occluded segment of the MCA was defined on
conventional angiography.14,15 The MCA trunk (M1) extends
from the ICA bifurcation to the MCA trunk before secondary
division. The MCA branches (M2) start from the secondary division. They course upward and over the insula and end at the top of
the Sylvian fissure where they reach the apex of the circular sulcus.
The MCA distal branches (M3 and M4) begin at the top of the
circular sulcus and end at the surface of the lateral end of the
Sylvian fissure.
A 6F balloon-guided catheter (Cello; Covidien/ev3 Neurovascular, Irvine, California; or Optimo; Tokai Medical Products, Aichi, Japan) was placed in the proximal cervical ICA. Then, a microcatheter (Prowler Select Plus; Codman Neurovascular, Miami
Lakes, Florida; or Rebar 27; ev3) was advanced in the occluded
vessel and navigated distal to the clot. Following this procedure,
the Solitaire AB stent was advanced and deployed from a few
millimeters distal to the clot. After immediate flow restoration
was confirmed, the stent was kept deployed for approximately
3–10 minutes to ensure the entrapment of the clot. Afterward, the
balloon guide was inflated and the microcatheter and stent were
withdrawn gently, under the application of negative suction pressure, through the guiding catheter to prevent distal migration of
the clot while retrieving the guide and microcatheter. When
thrombectomy by using the Solitaire stent failed or partial recanalization was achieved, an intra-arterial thrombolytic agent
(urokinase) was injected inside the clot. Intra-arterial and/or intravenous Aggrastat was infused during the procedure in selected
patients who were without high risk of intracranial hemorrhage.
The patients who had been under medication with anticoagulants
or antithrombotics were not selected. Postprocedural cerebral angiography was performed to assess the recanalization status after
the whole procedure.

Outcome Assessment
The degree of recanalization of the occluded MCA segment was
evaluated with the arterial occlusive lesion score suggested by
Khatri et al.16 Successful recanalization was defined as an arterial
occlusive lesion score ⱖ II, and complete recanalization, as an
arterial occlusive lesion score of III.
On admission, clinical outcomes were assessed by 2 experienced neurologists (M.K.-H. and H.-J.B.) and their faculty. The
mRS score for evaluation of the functional independence level was
also recorded at discharge and 90 days after the procedure. A good
clinical outcome was defined as an mRS score ⱕ 2 at discharge or
at 90 days. On the patient’s follow-up TOF MRA or CTA, the
degree of residual MCA stenosis was determined. The degree of
residual stenosis was graded according to the stenosis diameter as
follows: normal (0%), mild (⬍50%), moderate (50%– 69%), severe (ⱖ70%), and occlusion (no visualization of the MCA segment distal to the occlusion).17
Complications associated with the procedure were also assessed. The major adverse events were the following: 1) deviceassociated complications, including arterial dissection, vessel perforation, or distal embolization; 2) procedural reocclusion of the

Table 1: Patient characteristics and procedural outcome
Other Extra- or
Onset to Recan. FU Artery Status
Age
Occluded Tandem Intracranial
AOL Puncture Time First FU Last FU
IV
Add-On UK ×
Case Sex (yr) Side Artery Stenosis Atherosclerosisa rt-PA Methods 103 Tiroﬁban Score
(hr)
(min) (period) (period)
1
F 89 R
Branch
Yes
Yes
Yes IAT
140 IA
II
3.6
103 Moderate Moderate
(1 day)
(4 mo)
2
M 49 L
Branch
No
Yes
Yes IAT
0 IA ⫹ IV
III
50
11 Severe
Severe
(1 day)
(12 mo)
3
F 85 L
Trunk
No
Yes
No IAT
80 IA
III
17.5
38 Severe
Severe
(1 day)
(5 days)
4
M 59 L
Trunk
Yes
Yes
Yes None
0 None
0
15.2
NA Occlusion Moderate
(6 days) (5 mo)
5
M 53 R
Trunk
No
No
No None
0 None
III
12
25 Mild
Mild
(2 days) (3 mo)
6
F 73 R
Trunk
No
Yes
No IAT
80 None
II
14
45 Moderate Severe
(1 day)
(7 mo)
7
M 49 R
Trunk
No
No
No IAT
80 None
I
6.2
NA Occlusion NA
(5 days)
8
M 73 R
Trunk
No
Yes
No None
0 None
III
9.1
27 NA
NA
9
M 56 R
Trunk
No
Yes
No IAT, balloon 60 IV
III
14.8
87 Severe
Mild
(1 day)
(4 days)
10 F 76 L
Trunk
No
No
No None
0 None
II
21.7
42 Severe
NA
(4 days)
11
M 70 R
Trunk
No
Yes
No None
0 None
III
11
31 Severe
NA
(4 days)
Note:— R indicates right; L, left; IAT, intra-arterial chemical thrombolysis; balloon, balloon angioplasty; IA, intra-arterial; UK, urokinase; AOL, arterial occlusive lesion; Recan. Time,
time from puncture to recanalization; NA, not applicable; FU, follow-up.
a
The presence of multifocal atherosclerosis at extra- or intracranial arteries.

intracranial artery; 3) symptomatic intracranial hemorrhage; and
4) death. Symptomatic intracranial hemorrhage was any hemorrhage demonstrated on the follow-up imaging leading to an interval decrease in the NIHSS score ⱖ 4 from baseline or the lowest
NIHSS score between admission and 7 days or to death.18,19

Statistical Analysis
Continuous variables were expressed as the median value and
range. Categoric variables were expressed as frequency by using
percentages.

RESULTS
Of 38 patients with MCA occlusion, 11 (28.9%) (7 men and 4
women; median age, 70 years; range, 49 – 89 years) were confirmed as having a negative MCA SVS. Among them, 5 (45.5%)
showed the onset of fluctuating symptoms, 3 (27.3%) had progressive symptoms, and the remainder (27.3%) had stable symptoms. The median DWI-ASPECTS calculated on the basis of initial MR imaging was 8 (range, 5–9).
All 11 patients had complete occlusion of 1 MCA segment on
initial angiography. Nine of 11 patients (81.8%) were confirmed
to have an occlusion at the M1 segments. The remaining 2 patients (18.2%) had occluded M2 segments. Tandem stenosis was
noted in 2 patients (18.2%): One patient had a left M1 occlusion
with mild stenosis of the left proximal cervical ICA, and the other
patient had a right M2 occlusion with mild stenosis of the right
proximal cervical ICA.
Before the procedure, 2 of 11 patients (18.2%) underwent
intravenous thrombolysis with rtPA. The median time from
symptom onset to puncture was 14 hours (range, 3.6 –50.0
hours). As an add-on method, intra-arterial thrombolysis with
urokinase was performed in 6 patients (54.5%). One patient

(9.1%) underwent additional balloon angioplasty for the occluded segment. Systemic or intra-arterial infusion of tirofiban
was used in 4 patients (36.4%) when the occluded artery was
recanalized; 2 patients (18.2%) received intra-arterial tirofiban
loading and 1 (9.1%) received intravenous loading. One patient (9.1%) underwent intra-arterial tirofiban loading followed by intravenous maintenance. The overall clinical and
procedural characteristics of the patients are shown in Tables 1
and 2.

Procedural Outcome
Of 11 patients with negative MCA SVS, successful and complete
recanalization was obtained in 9 (81.8%) and 6 patients (54.5%),
respectively. Successful and complete recanalization without balloon angioplasty was achieved in 72.7% and 45.5%, respectively.
After we excluded 2 patients with an arterial occlusive lesion score
of 0 or I, the median time from puncture to recanalization was 38
minutes (range, 11–103 minutes).

Clinical Outcome
All patients were successfully followed for a median of 252 days
(range, 113–547 days). Of 11 patients, 4 (36.4%) had an mRS ⱕ 2
at discharge and 6 (54.5%) had an mRS ⱕ 2 at 90 days.

Patient Follow-Up
The first follow-up CTA or MRA of patients with a negative MCA
SVS was performed in 10 patients after a median of 1.5 days
(range, 1– 6 days) from arrival at the emergency department. The
degree of residual MCA stenosis on the first follow-up imaging
was mild in 1 patient (9.1%), moderate in 2 (18.2%), severe in 5
(45.5%), and occlusion in 2 (18.2%); all these features were presAJNR Am J Neuroradiol 35:149 –55

Jan 2014

www.ajnr.org

151

Table 2: Patient clinical features and clinical outcomes
Symptom DWI ASPECTS
NIHSS
NIHSS
mRS
mRS at
Case
Pattern
Baseline
HT sHT Baseline Discharge Discharge 90 Days
1
Fluctuating
8
No No
20
10
4
4
2
Fluctuating
9
No No
3
2
2
1
3
Fluctuating
7
No No
17
4
4
3
4
Fluctuating
6
No No
17
15
5
3
5
Progressive
5
Yes No
6
1
1
1
6
Fluctuating
7
No No
6
6
3
2
7
Progressive
8
No No
7
8
4
3
8
Stable
6
No No
15
7
4
4
9
Stable
8
No No
15
2
1
1
10
Progressive
8
No No
7
8
4
2
11
Stable
8
No No
5
0
0
1
Note:— HT indicates hemorrhagic transformation; sHT, symptomatic hemorrhagic transformation.

FIG 1. MR imaging in a 49-year-old man with acute ischemic stroke. A, MRA shows the occlusion
of the superior division of the left MCA. B, On GRE MR imaging, the MCA SVS was absent.

ent on the initial baseline imaging. There was no case with reocclusion on the first follow-up imaging.
The second or last follow-up was after a median of 147 days
(range, 25–367 days) in 7 of 11 patients (63.6%); 4 patients did not
have available follow-up imaging after the initial one. On the final
follow-up imaging, mild residual stenosis was shown in 2 patients
(18.2%); moderate, in 2 patients (18.2%); and severe, in another 3
patients (27.3%). None of the cases showed reocclusion on the
final follow-up imaging or symptom recurrence.
In 1 of 11 patients (9.1%) (case 5) with right M1 occlusion,
focal hemorrhage in the head portion of the right caudate nucleus was observed on the 3-hour follow-up CT after recanalization. However, no symptomatic hemorrhage was detected
after the procedure. Procedural reocclusion occurred in 2
cases. Other than this, no complication, such as arterial dissection, vascular perforation, or distal embolism, developed in
any patient. There was no procedure-related or other-cause
mortality.

Representative Case
Case 2. A 49-year-old man visited the emergency department
of our institution with fluctuating motor aphasia and dysarthria. Symptom onset time was 2 days before the hospital visit,
and his initial NIHSS score was 3. The patient underwent MR
imaging with a stroke protocol, and an occlusion of the left M2
segment of the MCA with multiple small infarctions in the left
152
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basal ganglia and subcortical white
matter was confirmed (Fig 1A). The
DWI-ASPECTS was 9. No initial MCA
SVS was demonstrated (Fig 1B).
Because his symptoms worsened to
an NIHSS score of 13 immediately after
the MR imaging, intravenous rtPA infusion was initiated, and endovascular recanalization therapy for the left M2 occlusion was performed. The occlusion of
the left M2 segment was also confirmed
by conventional angiography (Fig 2A).
Immediate flow restoration of the occluded segment was achieved by temporary Solitaire stent deployment in the
occluded segment for 5 minutes (Fig
2B). After the Solitaire stent was removed, in situ moderate stenosis of the
occluded segment was identified by
postprocedural angiography (Fig 2C).
Therefore, an additional intra-arterial
loading of 500 mcg of tirofiban was performed manually, followed by intravenous maintenance. Mechanical recanalization alone took approximately 11
minutes, and the entire intra-arterial
thrombolysis procedure took approximately 38 minutes.

DISCUSSION

To date, the Solitaire stent has been
known to be effective for flow restoration in acute ischemic stroke, especially for mechanical thrombectomy in an acute occlusion of the large intracranial artery.4-8,20,21
However, it is unknown whether the Solitaire stent could be used
as a thrombectomy device and could be effective in recanalizing
an in situ steno-occlusive lesion. In this study, we performed multimodal endovascular recanalization therapy by using the Solitaire stent as a first-line device for 38 MCA occlusions, and 11
MCA occlusions (28.9%) were verified as not showing the MCA
SVS on GRE MR imaging. The rate of negative MCA SVS was in
accordance with a previous report.9 Among these 11 MCA occlusions with negative MCA SVS, successful recanalization without
balloon angioplasty was achieved in 72.7% of the patients, with a
median recanalization time of 38 minutes (range, 11–103 minutes). Several case series describing thrombectomy by using the
Solitaire stent have reported successful recanalization, with a
success rate between 62% and 100%.4-8,20,21 However, the first
multicenter, prospective, randomized trial for the Solitaire system (the Solitaire With the Intention For Thrombectomy
[SWIFT] trial) showed that successful recanalization (Thrombolysis in Myocardial Infarction grade 2 or 3) without symptomatic intracranial hemorrhage was achieved in 61% of the
Solitaire group.8 Thus, our results do not appear to be worse
than those of the SWIFT trial. This finding suggests the possibility that Solitaire thrombectomy, with or without chemical
thrombolysis, could result in successful, rapid, and safe arterial

FIG 2. A, Initial conventional angiography shows complete occlusion of the left M2 segment of the MCA (arrow). B, Conventional angiography
shows immediate blood ﬂow restoration achieved by Solitaire stent deployment. C, After mechanical thrombectomy, moderate stenosis is
noted at the occlusion site.

recanalization with balloon angioplasty or permanent stent
placement, even in cases without the MCA SVS.
Some case series have shown that an in situ steno-occlusive lesion
is related to incomplete vessel recanalization and may require additional balloon angioplasty or permanent stent placement.22 Balloon
angioplasty with or without stent placement as a first-line method
could have some disadvantage in the setting of hyperacute or acute
ischemic stroke. First, the rate of adverse events could be higher without antithrombotic premedication, partly due to plaque vulnerability.23-25 Dorn et al25 reported that the rate of adverse events was
87.5% for acute stroke with complete occlusion but 8.3% for a scheduled angioplasty procedure. Second, anatomic factors such as vessel
tortuosity, occlusion length, or diameter of the proximal or distal
portion of occlusion, as well as the neurointerventionalist’s experience, could be critical for the technical success and procedural outcome of balloon angioplasty.26 Finally, whether aggressive medical
therapy or angioplasty with or without stent placement in combination with aggressive medical therapy is the better treatment method
for symptomatic intracranial stenosis is still under debate.26,27 Consequently, we considered that balloon angioplasty with or without
stent placement was the second option for acute ischemic stroke
without the SVS.
The theoretic background for this interesting result could
be found in studies of the relationship of atherosclerotic
plaque and thrombus formation.28,29 Arterial atherosclerotic
plaques can induce intraluminal thrombus formation at the
site of maximal stenosis or just distal to it. This phenomenon,
known as “atherothrombosis,” is due to the advanced lipid
core of the atherosclerotic plaque, which is rich in tissue factors
that activate platelets and promote coagulation if released into
the blood by either rupture or ulceration of the plaque.30 Thus,
vulnerable plaques with intra-arterial thrombus may act as the
cause of acute ischemic stroke with in situ stenosis rather than
hemodynamic instability.26,28 Because the MCA SVS reflects
clot composition and burden, the atherothrombus may exist
without demonstrating the MCA SVS on GRE MR imaging
because of a different clot composition or a small amount of

clotting.11,12 Moreover, even in the vessel showing MCA SVS, a
concurrent atherothrombus with in situ atherosclerotic stenosis may be present. Therefore, considering the possibility of an
underlying atherothrombus in the stenotic artery, we can conclude that mechanical thrombectomy by using the Solitaire
stent could be effective, even in acute ischemic stroke without
the MCA SVS, by removing the thrombus within stenotic
lesion.
Rapid arterial rethrombosis is associated with high-grade residual stenosis and usually occurs at the site of the initial occlusion, resulting in reocclusion of the recanalized artery.31 Because
platelet activation is a key step in thromboembolism in the reocclusion of an in situ steno-occlusive lesion,31-34 intravenous or
intra-arterial glycoprotein IIb/IIIa inhibitors could be effective
for preventing reocclusion.32,34 On the basis of the findings of the
Abciximab in Emergency Treatment of Stroke Trial, which
showed an increased rate of symptomatic or fatal intracranial
hemorrhage,35 we used intravenous or intra-arterial tirofiban in
our study only when no contraindication existed.
Another interesting finding was that the percentage of patients
who demonstrated fluctuating symptoms was relatively high in
our study. Several reports have suggested that fluctuating symptoms might be a manifestation of intracranial vascular occlusion
with marginal blood flow supplied by collateral circulation.36 In
particular, fluctuating symptoms may suggest existing but unstable and insufficient collateralization,37 which means that intervention including thrombolytic therapy should be considered for
patients with this pattern of symptoms. We thought that fluctuating symptoms could be one of the surrogate markers to predict
in situ stenosis as the cause of the occlusion.
There are a few limitations to our study. First, this was a preliminary report including only a small number of patients. Second, for this retrospective study, we chose consecutive patients
who underwent endovascular intervention with the Solitaire
stent due to acute neurologic deficits caused by MCA occlusion. This choice led to an unavoidable selection bias. Third,
the high section thickness of the GRE sequence (5 mm) could
AJNR Am J Neuroradiol 35:149 –55
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give false-negative results regarding the MCA SVS. Third, the
follow-up imaging technique and the interval between each
follow-up was not consistent among the patients. The precise
comparison of the degree of vessel stenosis is not possible.
Therefore, a large randomized prospective study needs to be
performed, and the effectiveness of the Solitaire stent should
be proved with statistical analysis.

11.

12.

13.

CONCLUSIONS
The Solitaire stent is a feasible tool as a first-line device for endovascular intervention in acute ischemic stroke without the MCA
SVS. It not only provides a good rate of successful and complete
recanalization but also enables rapid yet safe vascular recanalization without reported complications. The most likely theory for
its function is that the removal of the atherothrombus by Solitaire
thrombectomy results in arterial recanalization, but the exact
pathologic mechanism is still unclear. To confirm this theory,
further prospective studies with long-term follow-up should be
conducted.
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Quantiﬁcation of Internal Carotid Artery Flow with Digital
Subtraction Angiography: Validation of an Optical Flow
Approach with Doppler Ultrasound
V. Mendes Pereira, R. Ouared, O. Brina, O. Bonnefous, J. Satwiaski, H. Aerts, D. Ruijters, F. van Nijnatten, F. Perren, P. Bijlenga,
K. Schaller, and K.-O. Lovblad

ABSTRACT
BACKGROUND AND PURPOSE: Digital subtraction angiography is the reference standard technique to evaluate intracranial vascular
anatomy and used on the endovascular treatment of vascular diseases. A dedicated optical ﬂow-based algorithm was applied to DSA to
measure arterial ﬂow. The ﬁrst quantiﬁcation results of internal carotid artery ﬂow validated with Doppler sonography are reported.
MATERIALS AND METHODS: We included 22 consecutive patients who underwent endovascular procedures. To assess the sensitivity of
the algorithm to contrast agent-blood mixing dynamics, we acquired high-frame DSA series (60 images/s) with different injection rates: 1.5
mL/s (n ⫽ 19), 2.0 mL/s (n ⫽ 18), and 3.0 mL/s (n ⫽ 13). 3D rotational angiography was used to extract the centerline of the vessel and the
arterial section necessary for volume ﬂow calculation. Optical ﬂow was used to measure ﬂow velocities in straight parts of the ICAs; these
data were further compared with Doppler sonography data. DSA mean ﬂow rates were linearly regressed on Doppler sonography
measurements, and regression slope coefﬁcient bias from value 1 was analyzed within the 95% conﬁdence interval.
RESULTS: DSA mean ﬂow rates measured with the optical ﬂow approach signiﬁcantly matched Doppler sonography measurements (slope
regression coefﬁcient, b ⫽ 0.83 ⫾ 0.19, P ⫽ .05) for injection rate ⫽ 2.0 mL/s and circulating volumetric blood ﬂow ⬍6 mL/s. For injection rate ⫽
1.5 mL/s, volumetric blood ﬂow ⬍3 mL/s correlated well with Doppler sonography (b ⫽ 0.67 ⫾ 0.33, P ⫽ .05). Injection rate ⫽ 3.0 mL/s failed to
provide DSA– optical ﬂow measurements correlating with Doppler sonography because of the lack of measurable pulsatility.
CONCLUSIONS: A new model-free optical ﬂow technique was tested reliably on the ICA. DSA-based blood ﬂow velocity measurements
were essentially validated with Doppler sonography whenever the conditions of measurable pulsatility were achieved (injection rates ⫽
1.5 and 2.0 mL/s).
ABBREVIATIONS: OF ⫽ optical ﬂow; RMSE ⫽ relative root mean square errors; IR ⫽ injection rate; CA ⫽ contrast agent; USD ⫽ Doppler sonography; 3DRA ⫽ 3D
rotational angiography

E

ven though digital subtraction angiography has traditionally
been confined to standard anatomy assessment, quantification of blood flow based on DSA is becoming an important topic
that could help neurointerventionists in making adequate periprocedural decisions. Some reports have described new techniques based on DSA that are able to assess flow or flow changes
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during treatment of stented aneurysms.1,2 However, the development of clinically useful tools based on the integration of engineering, hemodynamic and physiologic knowledge still requires
improved translation of biofluid mechanical information into
clinical applications.3 X-ray video densitometry, based on the detection of the displacement of radiopaque contrast material
through the vascular system, has been studied since the early
1960s and has been divided into 2 main classes: tracking and computational methods.4 Sarry et al5 estimated the flow by using an
inverse advection model. Bogunović and Loncarić6 proposed the
combination of DSA and 3D rotational angiography (3DRA), using an analysis of the time-attenuation curves. Rhode et al7 developed a model-based and weighted-optical field (OF) approach to
improve already existing techniques and compared the results
with simulation data, while Imbed et al8,9 developed a similar
approach on the femoral artery and simulated angiographic data.
Waechter et al10 developed a model-based approach to measure
flow in the cerebral arteries.

These approaches were all limited in case of fast flows, required longer straight-vessel segments, and were affected by low
signal-to-noise ratios. A dedicated algorithmic scheme was developed to reduce instabilities due to temporal and spatial noise and
to cope with fast flows, to address these issues.11 Essentially, we
used only the modulation by the cardiac cycle to extract flowvelocity values. The OF principle was then applied to the pulsating
component of dye-concentration signal.11 In this article, the first
clinical results of the proposed algorithm applied to the ICA are reported. The clinical implementation and verification against Doppler ultrasound (USD) data in a consecutive cohort of patients are
described, and the limits of the current technique are discussed.

MATERIALS AND METHODS
Clinical Data
The study protocol was approved by our institutional ethics committee (NEC 07– 056). Between 2008 and 2009, all patients undergoing angiographic investigation or endovascular treatment for
intracranial aneurysms in our department were considered for
recruitment. Patients with intraventricular drainage, hydrocephalus, or hematoma were excluded because of a possible unstable
intracranial pressure that could interfere with intracranial flow
during the procedure and image acquisition. We included prospectively 22 consecutive patients with ruptured or unruptured
intracranial aneurysms. All patients were evaluated under general
anesthesia. A 5F 0.038-inch diagnostic catheter (Cook, Bloomington, Indiana) was placed selectively in the ICA (3 cm after the
common carotid bifurcation) by using a femoral approach. The
angiographic examinations were performed with a monoplane
angiographic C-arm Allura FD20 system (Philips Healthcare,
Best, the Netherlands). Every patient underwent 3DRA to acquire
the 3D vascular anatomy with an injection rate (IR) ⫽ 3 mL/s
during 6 seconds. An optimized projection, offering the best view
of the vessel segment, was chosen for flow-rate measurement with
the fewest overlapping vessels. High-speed DSA (60 frames/s with
the 1024 ⫻ 1024 detector pixel matrix) was acquired in 10 seconds. The radiation exposure was equivalent to 2-frames-persecond sequences in terms of dose level. Two or 3 DSA acquisitions by using different contrast agent IRs were obtained for each
patient. The contrast agent (CA) was iopamidol (Iopamiro 300;
Bracco, Milan, Italy), and the injection duration was 3 seconds.
CA was injected with an Imaxeon Avidia angiographic contrast
injector (Medrad, Indianola, Pennsylvania). IRs were randomly
selected before each acquisition among 3 protocols: 1.5 mL/s (n ⫽
19), 2.0 mL/s (n ⫽ 18), and 3.0 mL/s (n ⫽ 13).

nents. The OF approach is a mass-conserving technique, which
was applied in an image-processing algorithm to extract velocity
and flow curves. The second step consisted of projecting the DSA
sequence on the arterial centerline extracted from the 3DRA data
to generate the 2D “contrast wave map” or “flow map,” which
defines the effective progression of the contrast wave along the
arterial axis. Then, a 1D OF scheme was applied iteratively on the
contrast wave map to extract the velocity profile. The iterative
process was stopped when the quadratic error was no longer decreasing. The high-frame-rate acquisition was allowed to reduce
constraints on the required arterial segment length and, therefore,
to address more complex arterial geometries such as in cerebral
vessels. For average velocities as high as 60 cm/s for instance, the
required arterial segment length was approximately 20 mm to
allow a proper warping, which was largely achieved at a frame rate
of 60 Hz (2 times 10 mm). If C (t, z) is the physiologically modulated contrast attenuation at instant time t, and z is the curvilinear
axial position along the centerline, displacement velocity V (t, z)
satisfies the differential contrast wave equation:
1)

⭸C共t,z兲 ⭸C共t,z兲
⫹
V共t,z兲 ⫽ 0.
⭸t
⭸z

If S (z) is the arterial cross-section at z, the volume flow curve is
given by
2)

Q共t兲 ⫽

冕

1
S共 z兲V共t,z兲dz,
L
L

where L is the curvilinear length of the arterial segment. S(z) is
measured from the segmented vasculature in the 3DRA dataset.
Figure 1 summarizes the whole velocity-extraction process,11
starting from the DSA and 3DRA acquisitions (Fig 1A). The centerline of the artery was used to determine the curvilinear path
represented by z. The contrast-level intensity along the curvilinear
length z, namely the flow map or contrast wave map,10,12 is represented in Fig 1B. The velocity profile extracted from the flow
map along with the volumetric flow is represented in Fig 1C.
To ensure good mixing between CA and blood, we selected the
region of interest in the ICA at least 10 arterial diameters from the
injection site.13 The region of measurement was reachable by submandibular USD examination.
The presence of physiologic pulsatility in the contrast material
motion pattern is effectively required for our OF algorithm11 and
was correlated with injection rate quotient (IQR) metric Iq,
3)

Iq ⫽

Optical Flow Principle
The OF-based algorithm used in this study to measure internal
carotid flows was based on both 2D DSA and 3DRA image data.11
The blood-contrast flow-velocity fields were measured from 2D
DSA sequences. The injected contrast material was diluted in the
blood stream while being transported through the vascular network. The pulsating contrast patterns generated by dye injection
under the effect of the cardiac cycle were captured in DSA sequences. The main improvement provided by this approach consisted of extracting only the cardiac modulation from the signal,
while discarding the low-frequency wash-in and washout compo-

Qi
,
QD

where Qi is the IR (milliliters per second) and QD is the timeaverage USD volume flow measure (milliliters per second). It has
been shown, by comparing cardiac cycles measured from both electrocardiogram and time-intensity curves, that for Iq ⱕ 1.2, the physiologic pulsating character is conserved in a CA motion pattern.14

Doppler Measurement (USD)
The ICAs were examined by an experienced investigator with a 5to 11-MHz color-coded duplex linear probe connected to an
Aplio 770A scanner (Toshiba Medical Systems, Tokyo, Japan) by
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FIG 1. Flowchart illustrating the treatment of DSA images to calculate the blood ﬂow of patient 3. First, the 2D images are superimposed on the
3DRA to scale the distances on the 2D images (A). Next, the contrast values are distributed over a straight model (B) to extract a ﬂow map from
the contrast sequence. Last, the ﬂow map is analyzed by using the optical ﬂow principle to estimate ﬂow velocity curves (C). The volume ﬂow
rate curve is estimated by using the section of the artery measured from the 3DRA volume.

using a standard technique.15 The sample volume, adjusted to the
size of the artery, was placed in the ICA with a submandibular
approach, to obtain velocity waveforms. Its placement was adjusted around the site of measurements to acquire the higher color-coded signal. The angle-corrected mean velocity, peak systolic
velocity, and end-diastolic velocity were determined by tracing
the maximum frequency envelope of the waveform. The reference
flow curves, based on Womersley solutions, were extracted with a
Matlab (MathWorks, Natick, Massachusetts) program from images of velocity profiles acquired with USD. The vessel diameter
needed to estimate the volumetric flow rate was measured on the
3D reconstruction. For cases in which several USD measures were
acquired, repeatability was estimated.

Statistics and Regression Analysis
The validation process was performed by using linear regression
fit between QD (Doppler) and Qx (x-ray). QD was either a single
USD time-average flow rate measure (n ⫽ 6) or an average of
several measures (n ⫽ 16). Qx was the time-average measure provided by the OF method. A robust fitting technique was used to
reduce the impact of outliers by iteratively reweighting least
squares with a bisquare weighting function (r ⫽ 4.6)16,17
Q x ⫽ b 䡠 Q D.

4)

The slope b and offset a were the regression coefficients of the
robust fit model. The analysis was made for every injection rate
group separately (1.5, 2.0, and 3.0 mL/s) and for several QD
thresholds (QD ⱕ 3.0, ⱕ4.0, ⱕ5.0, ⱕ6.0, ⱕ7.0 mL/s) to test the
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volume flow limits of the current OF technique prototype. Ideally,
the 95% CI of the regression slope estimate should contain the
value 1. The y-intercept a coefficient was proportional to the CA
injected volume flow and was not taken into account in the validation
process because of the lack of knowledge of this factor.18 Nonparametric Wilcoxon rank sum U tests and the Kruskal-Wallis H test were
used to test statistics for the continuous data: b-slope regression coefficient, injection rate quotient, and Doppler measurement precision. If the H test was significant among 3 groups, the U test was
performed to find out which of the differences were statistically significant. The significance level was fixed to ␣ ⫽ .05.

RESULTS
The On-line Table summarizes the measurements from USD and
DSA. The average Doppler flow rate of the whole patient sample
was 3.2 ⫾ 0.3 mL/s (n ⫽ 22). Of the 22 patients, 16 had at least 2
Doppler measures in the submandibular On-line ICA segment: 11
with relative root mean square errors (RMSE) ⬍10% and the rest
with RMSE between 10% and 25%. This precision did not depend
on the circulating mean flow rate (P ⫽ .13).

Impact of Volume Flow on X-Ray Flow Measurement
QX volume flow quantification was regressed on the reference
USD QD for each injection rate (1.5 mL/s, 2.0 mL/s, and 3.0 mL/s)
and for each QD threshold subsample (ⱕ3 mL/s, ⱕ4 mL/s, ⱕ5
mL/s, ⱕ6 mL/s, ⱕ7 mL/s). Figure 2 illustrates the results for both
QD ⱕ 4 mL/s (left) and QD ⱕ 7 mL/s (right) subsamples. For Qi ⫽
1.5 mL/s (Fig 2A, -B), the regression slopes were b ⫽ 0.49 (95% CI,

FIG 2. A and B, The regression ﬁt at QI ⫽ 1.5 mL/s for QD ⱕ 4 mL/s (left) and QD ⱕ 7 mL/s (right). QX is represented on the y-axis, and QD, on the x-axis.
The data (blue star points), ﬁt (red line), and 95% CI limits (magenta) are all represented. C and D, The regression ﬁt at Qi ⫽ 2.0 mL/s for QD ⱕ 3 mL/s
(left) and QD ⱕ 7 mL/s (right). QX is represented on the y-axis and QD on the x-axis. The data (blue star points), ﬁt (red line), and 95% CI limits (magenta)
are all represented. E and F, The regression ﬁt at Qi ⫽ 3.0 mL/s for QD ⱕ 3 mL/s (left) and QD ⱕ 7 mL/s (right). QX is represented on the y-axis, and QD,
on the x-axis. The data (blue star points), ﬁt (red line), and 95% CI limits (magenta) are all represented.

0.10 – 0.88; R2 ⫽ 0.72) (Fig 2A) and b ⫽ 0.42 (95% CI, 0.21– 0.63;
R2 ⫽ 0.84) (Fig 2B), respectively. For Qi ⫽ 2.0 mL/s (Fig 2C, -D),
the slopes were b ⫽ 0.84 (95% CI, 0.40 –1.28; R2 ⫽ 0.76) (Fig 2C)

and b ⫽ 0.62 (95% CI, 0.33– 0.91; R2 ⫽ 0.81) (Fig 2D), respectively. For Qi ⫽ 3.0 mL/s (Fig 2E, -F), the slopes were b ⫽ 0.35
(95% CI, 0.03– 0.67; R2 ⫽ 0.71) (Fig 2E) and b ⫽ 0.42 (95% CI,
AJNR Am J Neuroradiol 35:156 – 63
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FIG 3. A, the boxplot for the ﬁtted slope (y-axis) at 1.5, 2.0, and 3 mL/s (x-axis). Each boxplot represents the 5 slope values ﬁtted for each QD
subsample, with QD thresholds ⱕ3.0, ⱕ4.0, ⱕ5.0, ⱕ6.0, and ⱕ7.0 mL/s. B, results of the nonparametric ANOVA multiple comparison of the
regression slope upper limit (x-axis) for each injection rate group (y-axis). These summarize the corresponding maximum slope values of 0.84, 1.21,
and 0.72 with an SE of 0.12. The 95% CI error margins are also represented.

FIG 4. A, Slope versus QD for injection rates Qi ⫽ 1.5 (blue), 2.0 (red), and 3.0 mL/s (green). The 95% CI limits have been superimposed to
Qi ⫽ 2.0 mL/s points. The graph shows that the slope bias calculated is not signiﬁcantly different from 1 up to QD ⫽ 6 mL/s (P ⬎ .05). The Qi ⫽ 1.5
mL/s group (blue points) follows the same evolution trend as Qi ⫽ 2.0 mL/s, though with accentuated bias. A nonsigniﬁcant slope bias is likely for the
QD range below 3 mL/s (P ⫽ .06). B, Injection rate quotients for Qi ⫽ 1.5 mL/s (group 1), 2.0 (group 2), and 3.0 mL/s (group 3). The blue bars correspond
to quotients ⬍1.2, and the red bars, to quotients ⬎1.2. The fact that the Qi ⫽ 1.5 and 2.0 mL/s groups are reconstructed in similar ways with minimum
slope bias, unlike the Qi ⫽ 3.0 mL/s group, is partly due to differences in injection rate quotients (P ⫽ .01).

0.16 – 0.67; R2 ⫽ 0.80) (Fig 2F), respectively. The slope bias from
1 significantly increased with the QD threshold for both Qi ⫽ 1.5
and 2.0 mL/s groups. Unlike the 2 other IRs, the slope bias for
Qi ⫽ 3.0 mL/s followed a decreasing trend with increasing QD.

Sampling Effect on the Regression Slope Coefﬁcient
The comparison of the regression slope coefficient among Qi
groups (Fig 3A) indicated that the only significant difference was
between the Qi ⫽ 2.0 mL/s and Qi ⫽ 3 mL/s groups (P ⫽ .0015).
The mean slopes, if sampling errors were ignored, were 0.48, 0.75,
and 0.35 for Qi ⫽ 1.5, 2.0, and 3.0 mL/s, respectively, with SE ⫽
0.06. The corresponding slope upper values for the respective Qi
values were 0.84, 1.21, and 0.72, respectively, with a SE of 0.12 (Fig
3B). The Qi ⫽ 3 mL/s group was significantly biased compared
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with both Qi ⫽ 1.5 mL/s and 2.0 mL/s (P ⫽ .039). For each CA
injection rate Qi, the sampling effect on slope driven by QD cutoffs
at 3.0, 4.0, 5.0, 6.0, and 7.0 mL/s is plotted in Fig 4A. The error bars
are superimposed for the group Qi ⫽ 2.0 mL/s. For this group, the
slope bias was not significant up to QD ⫽ 6 mL/s. Above QD ⫽ 5
mL/s, flow quantification was not sensitive to sampling. For Qi ⫽
1.5 mL/s, slope bias was significant (P ⬍ .05) for sampling cutoffs
of ⬎3 mL/s; and for Qi ⫽ 3.0 mL/s, the slope bias was effective for
the whole sample (P ⫽ .0004).

Injection Rate Quotient
The ratio between the injection rate and the mean blood flow is
illustrated in Fig 4B. The groups Qi ⫽ 1.5 and 2.0 mL/s were not
different (P ⫽ .85), while both of them were different from the

FIG 5. Comparison of contrast wave maps (top) and ﬂow curves (bottom) for patient 13 for different IRs: IR ⫽ 1.5 mL/s (left), IR ⫽ 2.0 mL/s
(middle), and IR ⫽ 3.0 mL/s (right). The red and blue curves in the bottom images correspond to USD and DSA measurements.

Qi ⫽ 3.0 mL/s group (P ⫽ .01). In the first 2 groups, 90% of the
data points had an injection rate quotient ⬍ 1.2, implying that
physiologic information and modulation were conserved in contrast-motion patterns.14 In the Qi ⫽ 3.0 mL/s group, 45% of the
points had an injection rate quotient ⬎ 1.2. Therefore, the optical
flow measures significantly matched the Doppler outcome for 2.0
mL/s injected cases when circulating blood flow ranged between 1
and 6 mL/s. With a 1.5 mL/s injection rate, flow measures matching was for circulating blood flow ranging from 1 to 3 mL/s. Figure
5 shows, for case 13, the contrast wave maps and flow curves
corresponding to IR ⫽ 1.5, 2.0, and 3.0 mL/s. As one can notice,
the contrast wave maps corresponding to IR ⫽ 1.5 and 2.0 mL/s
show the best premises for velocity extraction (several pulses)
compared with IR ⫽ 3.0 mL/s (1 detectable pulse).

DISCUSSION
Quantiﬁcation of the Flow through DSA
The DSA-based approach represents a logical evolution of the
criterion standard method for intracranial vascular anatomy assessment. Although DSA is an imaging technique used for endovascular treatments, the lack of tools for periprocedural quantitative flow measurements did not ease real-time therapeutic
decision-making.1,2 The advantages for measuring blood velocity
and flow changes during the procedure are numerous. For instance, one could evaluate the hemodynamic effect of an angioplasty in a stenotic segment for vasospasm or intracranial stenosis
or the impact on the intra-aneurysmal hemodynamics of a flowdiverter stent to decide whether to place another one or coils.1,2
Other possible applications could be in acquiring patient-specific
boundary conditions (flow curves) for computational flow dynamics. Different methods have been proposed to quantify both
flow changes and characteristics from DSA sequences.3,7,10-12,19
However, most could not provide a reasonable level of confidence
for clinical applications because of their inability to fully cope
with both the complex advective and diffusive dispersion of the
dye in blood stream and the complex pulsatile nature of the flow
in the artery.3 Additionally, not all studies paid attention to CA
injection protocols that might alter the physiologic modulation of
CA motion waveform.13,20-22 This physiologic modulation is a
key factor in dealing with the mixing problems related to CA
transport in quantifying blood flow. The extraction of the modulated component with proper filtering is a necessary step that will
condition the performance of such a functional algorithm. Con-

trary to the technique of Waechter et al,10 which also extracted the
modulated component, our OF algorithm is model-free and can
be applied to quantify flow in both the vessels and aneurysms.1
In our study, we used 3 different IRs: 1.5, 2.0, and 3.0 mL/s.
The Craya-Curtet number was 0.5– 0.9 with a 5F catheter of
0.035-inch inner diameter, the tip of which was positioned at least
a 10-artery diameter below the measurement zone.13 Measurable
flow pulsatility was obtained for IR ⫽ 1.5 mL/s and 2 mL/s (injection rate quotient ⱕ 1.2).13,14 Consequently, the OF technique
performance was reasonably high, with slightly better results for 2
mL/s and for volume flows of ⬍6 mL/s. The performance with IR
1.5 mL/s was lower than expected because of the larger dilution of
the dye with a deleterious effect on signal-to-noise ratio. The injection at 3 mL/s presented excessive reflux at the injection site,
which altered the matching between dye and blood-flow dynamics in the region of interest.

General Trend of the OF Method
The general trend of our current OF algorithm was to measure
flow with an underestimated slope bias that depends on the injection rate: 0.48, 0.75, and 0.35 for Qi ⫽ 1.5 mL/s, 2.0 mL/s, and 3.0
mL/s, respectively, with RMSE ⫽ 0.06. Those values do not take
into account sampling errors. The maximum slope value variations (95% CI) over the whole QD show that the slope bias for
Qi ⫽ 1.5 and 2.0 mL/s was not statistically significant (the maximum slope is, respectively, 0.84 and 1.21, with RMSE ⫽ 0.12, P ⫽
.05), unlike that for IR ⫽ 3.0 mL/s group. This general trend is
consistent with the fact that the performance of the OF method
depends first on the presence of the physiologic information on
contrast wave maps and, consequently, on the injection rate quotient (ⱕ1.2).
Thorough examinations of slope dependency with QD show
that the slope bias for group IR ⫽ 2.0 mL/s was not statistically
significant (P ⬎ .05) up to 6 mL/s, setting the limit on reliable
velocity measurement to 60 ⫾ 6 cm/s, taking into account the
average inlet diameter of 4.8 mm and the relative RMSE ⫽ 0.12.
For the IR ⫽ 1.5 mL/s group, the slope bias was small, within
QD ⱕ 3.0 mL/s, and increased with QD. As QD increases, the
corresponding CA signal-to-noise ratio is reduced, possibly because poor mixing occurs at the injection site due to high CrayaCurtet number.7,13 Consequently, intensity gradients in 2D images would have been overestimated in the denominator of the OF
equation. More improvements to the OF technique are expected
AJNR Am J Neuroradiol 35:156 – 63
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in the near future to cope uniformly with different injection rates
and flow rates.

Study Limitations
Doppler Measurements. The OF trend and limitations presented
in the above section are discussed under the assumption that USD
measures are infinitely accurate, which is, in fact, not correct.
Biases due to geometric spectral broadening and to angulations
between the beam direction and the vessel axis may lead to an
overestimate of the USD velocity of approximately 30%.23 The
Doppler measurement repeatability inherent to the experienced
investigator was reasonable (⬍23%). However, the mean-flowrate repeatability of the measurements was ⬍15% in 13 of 16 cases
that had at least 2 USD measures, and for the other 3, it was
ⱕ23%. The volumetric flow shapes were similar for repeated
measures.
Acquisition Protocol. Sources of mismatch between OF and USD
could have been due to the delay between the 2 acquisitions or to
inaccurate estimates of the parent artery diameter from the 3D
geometry. The diameter is influenced by the threshold selection
and by the location of the measurement on the artery, which
could deviate from the USD measurement zone. In this work, we
focused on the most rectilinear part of the internal carotid artery
to ensure the reliability of USD velocity measurements. In the
submandibular part of ICA, the vessel narrowing is negligible
within the OF measurement-segment length (2 cm). The range of
flow rates in the ICA is quite exhaustive to validate the method.
Nevertheless, it will be necessary to validate in other cerebral vessel locations where flow rates are smaller.

CONCLUSIONS
The DSA-based OF approach can be used to measure circulating
flows in ICAs. The OF measure was validated with USD for flows
up to 6 mL/s with CA injected at 2.0 mL/s and up to 3 mL/s with
CA injected at 1.5 mL/s. The values obtained from the IR ⫽ 3.0
mL/s group were significantly biased because only partial dynamic information was propagated to the CA motion pattern.
Improvements to the OF technique are expected in the near future
to improve the accuracy and uniformity of velocity measurements
over ranges of flow rates and injection rates. The capability of
using this technique during the procedures and assessing fast
flows in cerebral vessels would open new insights in intraoperative therapeutic decision-making.

APPENDIX
Statistical Analysis
The linear regression method we used applies generally to cases in
which the independent variable (QD) is free from errors. In such
situations, the robust fitting method consistently rejects the outliers and focuses on the bulk attenuation of data points. In our
case, because 16 of 22 points were characterized by an estimated
error on QD, errors-in-variables regression methods would have
been used (eg, Deming regression) to avoid underestimating the
regression coefficients. Some OF and Doppler measures were
unique, and using Deming-like regression would have led to speculations on relative variances. Requiring that all data points have
more than a single measure simultaneously in either OF or Dopp162
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ler would have reduced the number of points by 50%. The robust
regression fit is then a reasonable compromise to capture trends
of the optical flow method.
The H test is generally performed among groups that are statistically independent. In our study, QD cutoff-based subsampling
created the 3 IR (Qi) groups. However, with such a low number of
points (5) in each group, the lack of that statistical independence
should not have dramatic consequences, given the level of precision and accuracy that we were dealing with.

USD
For several decades, the potential of Doppler instruments to measure volume flow rates at the same time as velocity waveforms has
been discussed.24 One article has reviewed all of the factors of
inaccuracy and provided the orders of magnitude of the errors
that were derived from the Doppler acquisition constraints and
that were evaluated during validation tests.23 Validation experimentation estimates the performance of the technique with in
vivo and in vitro tests.25 The authors found errors in the range of
5%–54% for in vivo experiments and errors ⬍18% for in vitro
flow-phantom experiments.
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Comparative Effectiveness of Ruptured Cerebral Aneurysm
Therapies: Propensity Score Analysis of Clipping versus Coiling
J.S. McDonald, R.J. McDonald, J. Fan, D.F. Kallmes, G. Lanzino, and H.J. Cloft

ABSTRACT
BACKGROUND AND PURPOSE: The relative merits of treating ruptured aneurysms with clipping versus coiling continue to be a topic of
debate. We evaluated a national, multihospital patient data base to examine recent trends in ruptured aneurysm therapies and to compare
peri-procedural outcomes between clipping and coiling treatments.
MATERIALS AND METHODS: The Premier Perspective data base was used to identify patients hospitalized between 2006 –2011 for
ruptured aneurysm who underwent clipping or coiling therapy. A propensity score model, representing the probability of receiving
clipping, was generated for each patient by use of relevant patient and hospital variables. After Greedy-type matching of the propensity
score, the risk of in-hospital mortality and morbidity was compared between clipping and coiling cohorts.
RESULTS: A total of 5229 patients with ruptured aneurysm (1228 clipping, 4001 coiling) treated at 125 hospitals were identiﬁed. Clipping
therapy frequency decreased from 27% in 2006 to 21% in 2011. After propensity score adjustment, in-hospital mortality risk was similar
between groups (OR ⫽ 0.94 [95% CI, 0.73–1.21]; P ⫽ .62). However, unfavorable outcomes were more common after clipping compared
with coiling, including discharge to long-term care (OR ⫽ 1.32 [95% CI, 1.12–1.56]; P ⫽ .0006), ischemic complications (OR ⫽ 1.51 [95% CI,
1.24 –1.83]; P ⫽ .0009), neurologic complications (OR ⫽ 1.64 [95% CI, 1.18 –2.27]; P ⫽ .0018), and other surgical complications (OR ⫽ 1.55 [95%
CI, 1.05–2.33]; P ⫽ .0240).
CONCLUSIONS: This study of a data base of multiple hospitals in the United States demonstrates that clipping of ruptured cerebral
aneurysms resulted in greater adjusted morbidity compared with coiling.
ABBREVIATIONS: ICD-9 ⫽ International Classiﬁcation of Diseases 9th Revision; ISAT ⫽ International Subarachnoid Aneurysm Trial

he relative merits of treating ruptured aneurysms with clipping versus coiling continue to be a topic of debate. The International Subarachnoid Aneurysm Trial (ISAT) demonstrated a
7.4% decrease in absolute risk of death or dependency (modified
Rankin score, 4 –5) at 1 year, with 23.5% of patients randomly
assigned to coiling dependent or dead at 1 year compared with
30.9% randomly assigned to clipping.1 However, because ISAT
only enrolled patients who were deemed suitable to receive either
clipping or coiling therapy, representing only 22% of patients who
were screened,2 the generalizability of the results has been called
into question.3 Despite this criticism, multiple reports show a
trend toward increasing use of coiling over clipping for patients

with ruptured cerebral aneurysms.4-7 Studies of large patient data
bases that compared clipping and coiling treatments yielded
mixed results, with some demonstrating worse outcomes after
clipping8,9 and others demonstrating worse outcomes after coiling.6,10 In addition, the nonrandomized studies may have been
affected by selection bias. To address this disparity in study findings and the concern of potential selection bias, we identified
patients hospitalized for ruptured cerebral aneurysm between
2006 –2011 by use of a large multihospital data base and performed a propensity score analysis to compare peri-procedural
outcomes between patients of similar clinical and demographic
characteristics who were treated with clipping or coiling.
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Study Population
The Perspective data base (Premier, Charlotte, North Carolina) is
a voluntary, fee-supported collection of data developed to assess
the quality and resource utilization of health care delivery within
the United States.11 As of 2011, the Perspective data base consisted
of approximately 15% of hospitalizations nationwide and repre-

Table 1: Patient and hospital demographics of patients with ruptured aneurysm
Clipping
Coiling
No. of patients
1228
4001
Patients
Age, y, median (IQR)
53 (45–62)
55 (46–65)
Female, n (%)
814 (66)
2839 (71)
Race, n (%)
White
742 (60)
2290 (57)
Black
193 (16)
640 (16)
Hispanic
66 (5)
220 (6)
Other
227 (18)
851 (21)
Admission status, n (%)
Elective
101 (8)
480 (12)
Urgent
287 (23)
1063 (27)
Emergency
840 (68)
2458 (61)
Admission source, n (%)
Nonmedical source
382 (31)
1475 (37)
Transfer from hospital/care facility
350 (29)
1350 (34)
Emergency department
470 (38)
1106 (28)
Clinic
26 (2)
70 (2)
Charlson score
1 (1–2)
1 (1–2)
Endovascular procedure
Day of procedure (range)
2 (1–3)
2 (1–2)
Hospital
Region, n (%)
Midwest
186 (15)
450 (11)
South
576 (47)
1689 (42)
Northeast
266 (22)
1307 (33)
West
200 (16)
555 (14)
No. of beds, n (range)
623 (439–725)
623 (448–683)
Urban location vs rural, n (%)
1215 (99)
3908 (98)
Teaching vs nonteaching, n (%)
818 (67)
2721 (68)
Note:—IQR indicates interquartile range.
a
P values derived from Wilcoxon rank sum test or Fisher exact test.

sented more than 600 US hospitals. Detailed information of a
patient’s hospitalization, including patient demographics, hospital information, diagnoses, procedures, discharge status, and all
billed items, are recorded. Time of procedures and administration
of billed items, tests, and examinations are reported in relation to
the day of admission.
International Classification of Diseases, 9th Revision, Clinical
Modification (ICD-9) codes were used to identify all cases of ruptured aneurysm hospitalizations (ICD-9 diagnostic code 430) recorded from 2006 –2011. Patients were included if they underwent aneurysmal clipping (ICD-9 procedural code 39.51,
“clipping of aneurysm”) or coiling (ICD-9 procedural codes
39.52, “other repair of aneurysm”; 39.72, “endovascular repair of
occlusion of head and neck vessels”; 39.75, “endovascular embolization or occlusion of vessel[s] of head or neck by use of bare
coils”; 39.76, “endovascular embolization or occlusion of vessel[s] of head or neck by using bioactive coils”; or 39.79, “other
endovascular repair [of aneurysm] of other vessels”) during hospitalization. Because these diagnostic codes may not be specific
for clipping or coiling, billing information was used as confirmation. Patients were included in the clipping or coiling groups if
their billing record included an aneurysm clip or endovascular
coil(s), respectively.

Outcome Variables
The primary outcome variables of this study were death during
hospitalization, discharge to long-term care (hospice, skilled
nursing facility, long-term care hospital, or rehabilitation facil-

.0002
.0006
⬍.0001
.40
.0054

ity), and ischemic complications (aphasia,
ICD-9 diagnostic code 784.3; hemiplegia or
paraplegia, 342.0 –342.9; or cerebral artery
occlusion, 434.0 – 434.9). Secondary outcomes were defined as hydrocephalus
(331.3–331.4), postoperative neurologic
complications (997.0 –997.09), other postoperative surgical complications (997.2–
997.5, 998.59, 998.0), ventriculostomy
(ICD-9 procedural code 02.2), ventriculoperitoneal shunt surgery (02.34), or tracheostomy (31.3–31.29) that occurred after
clipping or coiling. Primary and secondary
outcomes defined by ICD-9 codes were excluded from the analysis if they were listed
as “present on admission” to specifically examine complications that occurred during
hospitalization.

⬍.0001

Statistics

P Valuea

⬍.0001
.0020
.0512
.86
.94
.0360
.0002
.0253
⬍.0001

Data were extracted from the Perspective
data base by use of SAS (version 9.3; SAS
.0004
Institute, Cary, North Carolina) and
.0038
analyzed by use of JMP (version 9, SAS
⬍.0001
Institute) and R (version 2.15, http://
.0368
.19
www.r-project.org/). Continuous results
.0051
are presented as median and interquartile
.36
range to account for nonparametric data
distributions. Categoric results are presented as relative frequencies (%). Patient, procedure, and hospital covariates and outcome incidences
were compared between clipping and coiling groups by use of the
Wilcoxon rank sum test for continuous variables and Fisher exact
test for categoric variables. Propensity score adjustment by use of
1:1 matching methods was performed by use of the MatchIt package in R.12

Propensity Score Analysis
Propensity score analysis was performed as previously described.13 Propensity scores, representing the probability of receiving clipping treatment, were calculated for each patient in the
clipping and coiling groups by use of a logistic regression model.
Twenty-seven covariates were used to generate this propensity
score, including patient variables (age, sex, race, admission status,
admission source, priority of ruptured aneurysm diagnosis,
Charlson comorbidity score [calculated from ICD-9 diagnostic
codes as previously described14], and payor source), clipping/
coiling procedure variables (priority of procedure and day of procedure), and hospital variables (region, number of beds, urban or
rural location, and teaching or nonteaching status). After propensity score generation, patients treated with clipping and those
treated with coiling underwent 1:1 nearest-neighbor (Greedytype) matching of the logit of the propensity score with a caliper
width of 0.25 of the standard deviation of the score. Matching was
performed without replacement, and both treated and control
units not meeting matching criteria were excluded. Each propensity score– derived matched pair was assigned a unique pair ID by
use of an R script. Improvement in covariate balance after matchAJNR Am J Neuroradiol 35:164 – 69
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FIG 1. Trends in use of clipping and coiling of ruptured aneurysms
from 2006 –2011.

ing was analyzed by means of conditional logistic regression, conditioned on the pair ID. Odds ratios of primary and secondary
outcomes were calculated after matching by means of the Fisher
exact test.

Sensitivity Analysis
Sensitivity analysis was performed as described by Lin et al15 to
assess whether observed differences in outcomes between clipping
and coiling groups could be completely attributed to an unmeasured confounder. The lower 95% confidence interval of the odds
ratio of the primary outcome that was the closest to 1.00 when
comparing of clipping and coiling groups was used for this analysis. Discharge to long-term care was chosen for sensitivity analysis because the lower 95% confidence interval (1.12) was closest
to equivalency of all primary outcomes significantly different between clipping and coiling groups.

RESULTS
Patient Demographics
Between 2006 –2011, a total of 5229 patients from 125 unique
medical centers were hospitalized with ruptured aneurysms.
Within this cohort, 1228 (23%) patients underwent clipping and
4001 patients (77%) underwent coiling (Table 1). Significant differences between patients treated with clipping and those treated
with coiling were observed for most patient and hospital variables. Specifically, patients who underwent clipping were
younger (median age of 53 versus 55 years, P ⬍ .0001), more
likely to have an emergency admission (68% versus 61%, P ⬍
.0001), and were more likely to be admitted from the emergency department (38% versus 28%, P ⬍ .0001) compared
with patients who underwent coiling. Most hospitals that performed clipping or coiling were urban (99% clipping and 98%
coiling) and classified as teaching hospitals (67% clipping and
68% coiling).

Temporal Trends in Clipping versus Coiling
Trends in the use of clipping and coiling were examined from
2006 –2011. The proportion of patients who underwent clipping
decreased from 27% in 2006 to 21% in 2011 (Fig 1).
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FIG 2. Distribution of propensity scores in the study population.
Patients who underwent clipping are shown above the x-axis; patients
who underwent coiling are shown below the x-axis.

Propensity Score–Adjusted Characteristics
The distribution of unmatched propensity scores for the clipping
and coiling groups is shown in Fig 2. Propensity score distributions were very similar between clipping and coiling groups. After
1:1 matching, 1227 patients treated with clipping and 1227 treated
with coiling were matched on the basis of similarities in their
demographic and clinical characteristics (Table 2). After matching, all covariates were statistically indistinguishable between the
clipping and coiling groups.

Propensity Score–Adjusted Outcomes
Propensity score–adjusted outcome incidence rates and odds ratios are shown in Table 3. After 1:1 matching, the likelihood of
in-hospital mortality was similar between the matched clipping
and coiling groups (Table 3; OR ⫽ 0.94 [95% CI, 0.73–1.21], P ⫽
.62). There was, however, significantly more morbidity in patients
treated with clipping compared with those treated with coiling, as
reflected by an increased likelihood of discharge to long-term care
(OR ⫽ 1.32 [95% CI, 1.12–1.56], P ⫽ .0006), ischemic complications (OR ⫽ 1.51 [95% CI, 1.24 –1.83], P ⫽ .0009), postoperative
neurologic complications (OR ⫽ 1.64 [95% CI, 1.18 –2.27], P ⫽
.0018), and other postoperative surgical complications (OR ⫽
1.55 [95% CI, 1.05–2.33], P ⫽ .0240). The likelihood of ventriculostomy, ventriculoperitoneal shunt surgery, or tracheostomy
was similar between clipping and coiling groups.

Sensitivity Analysis
The Perspective data base lacks information on cerebral aneurysm
size and location. We therefore examined how these and other
unmeasured confounders could affect our findings through the
use of a sensitivity analysis. This sensitivity analysis (Fig 3) examined the relationship between confounder prevalence in the clipping and coiling groups and the odds ratio of the confounder with
respect to discharge to long-term care. For example, if the prevalence of an unmeasured confounder in the clipping group was

to long-term care facilities, ischemic complications, and other postoperative complications, as compared with patients treated
with coiling. These results suggest that surgical clipping of ruptured aneurysms generally results in a higher peri-procedural risk
of morbidity compared with coiling.
Our findings offer substantial advances over previous corroborating retrospective studies that demonstrated worse
outcomes after clipping as compared with
coiling.8,9 First, we performed propensity
score adjustment by use of numerous patient and hospital covariates to minimize
the impact of selection bias on the observed treatment outcomes. Second, we
performed a sensitivity analysis to measure the effect of a possible unmeasured
confounder on our results. Finally, the
Perspective data base contains hospitalizations through 2011, enabling an examination of more current clinical practices
and patient outcomes compared with
these previous studies.
Compared with our study that demonstrated a 5% lower risk of death or discharge to long-term care in the coiling cohort compared with the clipping cohort,
Note:—IQR indicates interquartile range.
a
P values derived from conditional logistic regression, controlling for paired data through conditional estimathe ISAT investigators found a 10.8% detion.
crease in absolute risk of death or dependency at 2 months in the coiling cohort
compared with the clipping cohort.1 The
15% (dashed vertical line) and 5% in the coiling group (light gray
more favorable results from the ISAT study probably can be excurve), the odds ratio of the confounder would need to be ⬃2.2
plained by their exclusion of patients with more guarded initial
(point “A”) or higher to account for the significant differences
clinical presentations that probably would put them at higher risk
observed in discharge to long-term care. If the prevalence of the
for peri-procedural morbidity and mortality. In contrast, a proconfounder increased to 10% in the coiling group, the odds ratio
pensity score–adjusted Canadian study of clipping versus coiling
would need to be ⱖ4.3 (point “B”) to account for the observed
of ruptured intracranial aneurysms treated between 1995–2004
significant differences in Table 3. Estimates from the Prospective
concluded that coiling increased the risk of death or subsequent
Registry of Subarachnoid Aneurysms Treatment (PRESAT) trial
readmission for SAH (hazard ratio ⫽ 1.25 [95% CI, 1.00 –1.55],
showed that the treatment frequency of large aneurysms was simP ⫽ .04).6 Despite somewhat dissimilar end points, the results of
ilar between clipping and coiling groups, whereas coiling was
this study led the authors to question the generalizability of the
preferentially used in posterior circulation aneurysms compared
ISAT results. However, the Ontario study was performed at an
with clipping (22.5% versus 4.5%).16 On the basis of these differearlier stage in the development of endovascular coiling comences, the confounder odds ratio required to nullify the observed
pared with ISAT, which may explain the worse outcomes with
differences in discharge to long-term care approaches infinity becoiling.
cause of the asymptotic nature of this function. Given these reA study of the Nationwide Inpatient Sample by Qureshi et al5
sults, the other measured outcomes would not be affected by
reported different findings in the United States, demonstrating
treatment disparities in aneurysm size or location.
that the in-hospital mortality rates for SAH admissions decreased
from 27–24% (P ⫽ .003) before and after publication of the ISAT
DISCUSSION
results. These observed improvements in outcome probably are a
Our analysis of a large sample of the US population treated for
result of multiple factors including shifts in treatment to higherruptured aneurysm from 2006 –2011 found an increasing trend in
volume centers,17 increased operator experience in treating aneuthe proportion of aneurysms treated by coiling versus surgical
rysms with coiling, and technical and procedural improvements
clipping. After propensity score adjustment, patients treated with
that have increased the percentage of aneurysms that are amenacoiling and those treated with clipping had a similar likelihood of
ble to endovascular coiling.18 Additionally, the frequency of coilin-hospital mortality, but patients treated with clipping demonstrated an increased likelihood of morbidity, as defined by discharge
ing increased from 8% in the 3 years before publication of ISAT to
Table 2: Patient and hospital demographics of patients matched by propensity score
Clipping
Coiling
P Valuea
No. of patients
1227
1227
Patients
Age, y, median (IQR)
53 (45–62)
53 (45–63)
.19
Female, n (%)
814 (66)
798 (65)
.49
Race, n (%)
White
741 (60)
740 (60)
.97
Black
193 (16)
196 (16)
.86
Hispanic
66 (5)
66 (5)
.99
Other
227 (19)
225 (18)
.92
Admission status, n (%)
Elective
101 (8)
100 (8)
.94
Urgent
287 (23)
309 (25)
.27
Emergency
839 (68)
818 (67)
.31
Admission source, n (%)
Nonmedical source
382 (30)
368 (31)
.52
Transfer from hospital/care facility
350 (29)
370 (30)
.35
Emergency department
469 (38)
458 (37)
.59
Clinic
26 (2)
31 (3)
.50
Charlson score
1 (1–2)
1 (1–2)
.34
Endovascular procedure
Day of procedure (range)
2 (1–3)
2 (1–2)
.99
Hospital
Region, n (%)
Midwest
189 (15)
185 (15)
.81
South
576 (47)
568 (46)
.74
Northeast
266 (22)
257 (21)
.59
West
200 (16)
213 (17)
.47
No. of beds (range)
623 (439–725)
620 (440–683)
.85
Urban location vs rural, n (%)
1214 (99)
1213 (99)
.83
Teaching vs nonteaching, n (%)
817 (67)
811 (66)
.79
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Table 3: Patient outcomes after 1:1 matching by propensity score
Incidence in Clipping
In-hospital mortality
146/1227 (12%)
Discharge to long-term care
520/1227 (42%)
331/1227 (27%)
Ischemic complicationsb
Hydrocephalus
445/1227 (36%)
Postop neuro complications
109/1227 (9%)
Other postop surgical complications
70/1227 (6%)
Ventriculostomy
462/1227 (38%)
Ventriculoperitoneal shunt surgery
148/1227 (12%)
Tracheostomy
159/1227 (13%)

Incidence in Coiling
154/1227 (13%)
438/1227 (36%)
256/1227 (21%)
500/1227 (41%)
69/1227 (6%)
46/1227 (4%)
457/1227 (37%)
174/1227 (14%)
157/1227 (13%)

ORa (95% CI)
0.94 (0.73–1.21)
1.32 (1.12–1.56)
1.51 (1.24–1.83)
0.83 (0.70–0.98)
1.64 (1.18–2.27)
1.55 (1.05–2.33)
1.02 (0.86–1.20)
0.83 (0.65–1.06)
1.01 (0.80–1.29)

P Value
.62
.0006
.0009
.0210
.0018
.0240
.84
.11
.90

Note:—Postop indicates postoperative.
a
Odds ratio of clipping versus coiling.
b
Deﬁned as aphasia, hemiplegia, or paraplegia or cerebral artery occlusion not present at admission.

FIG 3. Sensitivity analysis of unmeasured confounders. Sensitivity
analysis was performed by use of the lower 95% conﬁdence interval
of the odds ratio of discharge to long-term care (1.12). The x-axis
represents the hypothetical prevalence of an unmeasured confounder in the clipping group; y-axis represents the hypothetical odds
ratio associated with this unmeasured confounder. Curved lines represent the required strength of unmeasured confounder (deﬁned by
odds ratio[s]) that would be required to nullify the observed differences in discharge to long-term care between treated groups at selected confounder prevalence rates within the coiling group (5%, 10%,
20%, 30%, and 40%). For a given prevalence within the coiling group, a
single unmeasured confounder could potentially nullify signiﬁcant
differences in study outcomes if the data point representing associated odds ratio and clipping prevalence is on or above the depicted
curve. Point A depicts an example of a confounder with a prevalence
of 15% in the clipping group and 5% in the coiling group; in this case, an
odds ratio of approximately 2.2 is needed to nullify the signiﬁcant
difference in discharge to long-term care. If the prevalence of the
same confounder increased to 10% in the coiling group, an odds ratio
of approximately 4.3 (point B) would be needed to nullify the signiﬁcant difference.

43% in the following 3 years. These results suggest that the incorporation of ISAT results into practice had a favorable impact on
mortality. The randomized Barrow Ruptured Aneurysm Trial
(BRAT)19 provides further evidence to support a shift toward
coiling. A poor outcome with death or disability (modified
Rankin score ⬎2) at 1 year occurred in 33.7% of the patients
assigned to clipping and in 23.2% of the patients assigned to coiling (P ⫽ .02). Although most aneurysms randomized to the coil
treatment arm in BRAT were treated by coiling, a substantial
number crossed over to clipping, which indicates that surgery
continues to be an important therapeutic option in many
patients.
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The increasing proportion of patients with ruptured aneurysm treated with coiling relative to clipping probably reflects
how physicians are incorporating the evolving literature into their
practice. Despite public debate over the results of the ISAT trial,
neurosurgeons are increasingly referring patients with SAH for
endovascular coiling instead of clipping. However, because it is
possible that an overly aggressive application of coil embolization
could result in a higher complication rate that would offset the
benefits of coiling demonstrated in ISAT and BRAT, it is essential
that high-quality surgical clipping be available as a complementary treatment option for ruptured cerebral aneurysms. Ideally,
ruptured intracranial aneurysms would be treated in centers offering high-quality treatment with open surgical as well as endovascular techniques. The balance between clipping and coiling
will vary somewhat between centers, depending on local expertise, and may shift as we learn more about the relative strengths of
clipping versus coiling for specific clinical scenarios.
Intracranial aneurysm size and location are important clinical
variables used to guide treatment decisions but are not available in
the Perspective data base. Because the distributions of aneurysm
location and size are expected to differ in the clipping and coiling
cohorts, these variables represent potentially important unmeasured confounders. The Hunt and Hess Scale and the Glasgow
Coma Scale were also not present in the Perspective data base and
also represent potential confounders. If the distribution of these
variables were sufficiently disparate between cohorts and were
associated with an unfavorable outcome, such an unmeasured
confounder could potentially account for the more favorable outcomes observed in the coiling group. Data from the PRESAT trial
provide reasonable estimates of the disparities in ruptured aneurysm size and location for patients treated with clipping versus
coiling. Given the observed prevalence rates of aneurysm size and
distribution in coiling and clipping cohorts, neither variable is a
sufficiently powerful unmeasured confounder to nullify the observed differences in discharge to long-term care. However, if
other confounders such as a poor Glasgow Coma Scale were present at a substantially higher prevalence in the clipping group (eg,
⬎4-fold), they might be able to account for our findings.
Our study has several additional limitations. First, because patients were not randomly assigned to clipping or coiling in our
retrospective analysis of the Perspective data base, selection bias
may exist. Although propensity score adjustment minimized differences between the clipping and coiling patient groups, other
unmeasured variables not contained within the data base, such as

clinical presentation, may exist and contribute to selection bias. A
randomized trial would be necessary to definitively assess the efficacy of treatment of unruptured cerebral aneurysms. Second,
coding inaccuracies are known to occur within administrative
data bases.20 Such inaccuracies, however, are expected to occur
randomly with equal prevalence in both clipping and coiling
groups. Third, whereas we intentionally excluded complications
that were present on admission to only examine complications
that occurred during hospitalization, it is possible that some complications were coded incorrectly and occurred independently of
clipping or coiling treatment. Finally, long-term outcomes cannot be evaluated in the Perspective data base. However, because
the ISAT study demonstrated that 2-month outcomes were reasonably predictive of 1-year outcomes,21 shorter-term outcomes
are reasonable surrogate markers for long-term outcomes. Conversely, it might be argued that a higher recurrence rate associated
with coiling relative to clipping could result in hemorrhages
and/or retreatment procedures that negate some of the improved
outcome during initial hospitalization. The results of ISAT,22 the
CARAT (Cerebral Aneurysm Rerupture After Treatment)23
study, and BRAT19 demonstrate that it is extremely unlikely that
the initial treatment benefit of endovascular coil embolization
could be overshadowed by delayed hemorrhages or complications
of retreatment.

CONCLUSIONS
In patients presenting to a large group of US hospitals with ruptured cerebral aneurysms between 2006 –2011, surgical clipping
was associated with significantly greater morbidity risk than endovascular coiling but with similar in-hospital mortality. Our
evaluation of the Perspective data is by no means a randomized
study but rather a retrospective look at outcomes on the basis of
prevailing practices. Observational data from large clinical data
bases can complement the findings of prospective clinical trials
because the data base may better reflect real-world practice.
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Diffusion-Weighted Imaging of Orbital Masses:
Multi-Institutional Data Support a 2-ADC Threshold Model to
Categorize Lesions as Benign, Malignant, or Indeterminate
A.R. Sepahdari, L.S. Politi, V.K. Aakalu, H.J. Kim, and A.A.K. Abdel Razek

ABSTRACT
BACKGROUND AND PURPOSE: DWI has been increasingly used to characterize orbital masses and provides quantitative information in
the form of the ADC, but studies of DWI of orbital masses have shown a range of reported sensitivities, speciﬁcities, and optimal threshold
ADC values for distinguishing benign from malignant lesions. Our goal was to determine the optimal use of DWI for imaging orbital masses
through aggregation of data from multiple centers.
MATERIALS AND METHODS: Source data from 3 previous studies of orbital mass DWI were aggregated, and additional published data
points were gathered. Receiver operating characteristic analysis was performed to determine the sensitivity, speciﬁcity, and optimal ADC
thresholds for distinguishing benign from malignant masses.
RESULTS: There was no single ADC threshold that characterized orbital masses as benign or malignant with high sensitivity and speciﬁcity.
An ADC of less than 0.93 ⫻ 10⫺3 mm2/s was more than 90% speciﬁc for malignancy, and an ADC of less than 1.35 ⫻ 10⫺3 mm2/s was more
than 90% sensitive for malignancy. With these 2 thresholds, 33% of this cohort could be characterized as “likely malignant,” 29% as “likely
benign,” and 38% as “indeterminate.”
CONCLUSIONS: No single ADC threshold is highly sensitive and speciﬁc for characterizing orbital masses as benign or malignant. If we
used 2 thresholds to divide these lesions into 3 categories, however, a majority of orbital masses can be characterized with ⬎90%
conﬁdence.
ABBREVIATIONS: ROC ⫽ receiver operating characteristic analysis

O

rbital space-occupying lesions represent a heterogeneous
group that includes benign tumors, malignant tumors, inflammatory lesions, vascular lesions, and infections.1 Frequent
nonclassic clinical presentations, challenging pathologic evaluation, and risks associated with biopsy are strong reasons to develop better noninvasive diagnostic and imaging tools for orbital
disease.
Imaging with CT and MR can be helpful in establishing a diagnosis through demonstration of characteristic patterns of anaReceived January 23, 2013; accepted after revision April 9.
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tomic involvement and through features such as CT attenuation,
MR imaging signal intensity, and pattern of contrast enhancement.2-9 Nevertheless, imaging is frequently nonspecific, and significant room for improvement remains in imaging diagnosis.
DWI has been increasingly used to characterize solid masses in
the head and neck, aiding in the distinction of benign and malignant lesions.10 Several retrospective studies have characterized
orbital masses with DWI, and some have attempted to determine
optimal quantitative ADC thresholds and their sensitivity and
specificity in distinguishing malignant from benign lesions.11-18
These studies have shown somewhat conflicting results and have
been limited by single-institution designs and potential selection
bias inherent to their patient populations. Specifically, some studies have suggested that a single ADC threshold can be both highly
sensitive and specific for predicting malignancy,16 whereas other
results have contradicted this statement.11,14
To resolve these outstanding conflicts, we performed an analysis of aggregated data by using all available published data points
on the DWI of orbital masses, including aggregated source data
from the 3 largest published case series on this topic.14,16,17 The

purpose of this study was to better determine what ADC thresholds can be used to predict either benign or malignant histology
with high confidence.

MATERIALS AND METHODS
Review of Published Literature
To conduct an initial meta-analysis, the lead author (A.R.S.) performed a MEDLINE search to identify published data on the DWI
of orbital masses. The search strings included “orbit” OR “orbital” AND “DWI” OR “diffusion-weighted,” as well as “head and
neck” AND “DWI” OR “diffusion-weighted.” One hundred
forty-three results were obtained, as of February 2013. These were
reviewed, and studies that did not describe the DWI of orbital
space-occupying lesions were excluded, leaving 11 studies. Studies of exclusively intraocular tumors and of demyelinating optic
neuritis were excluded in this process. Of these 11, one was excluded because its data were wholly duplicated in a more expansive follow-up study from the same authors. The remaining 10
studies, which described 260 orbital masses, were further analyzed.11,12,14,16,17,19-23 The lesions described in each of these
studies were characterized as either lymphoma, metastasis,
nonlymphomatous primary malignancy, benign mass, inflammatory disease, vascular malformation, or infection. The distribution of lesions across the studies is summarized in the
On-line Table.
The review of the literature revealed only 2 studies that
reported sufficient quantitative metrics (sensitivity, specificity, positive predictive value, negative predictive value) to permit meta-analysis, both from this study’s authors.14,16 It was
not possible to reconstruct these data from the published results of the other studies, either because of a small sample size
or the way the data were summarized. In place of a metaanalysis, we attempted to aggregate as many raw data points as
could be obtained on the basis of source data from the study
authors’ previous works and ADC values of individual tumors
that could be obtained from the literature. All tumors with
reported ADC values were included. In some cases, multiple
lesions with the same diagnosis were reported as an average
and SD of the group. These data were excluded from further
analysis because it was impossible to incorporate them into the
receiver operating characteristic analysis (ROC). To assess for
a systematic bias in lesion distribution, we compared the distribution of lesions from the published data and from the final
analysis group against historical data from the largest published series of orbital masses by Shields et al.1 These data are
summarized in Table 1.

Table 1: Distribution of lesions by category in published studies
of DWI, analysis group of this study, and in the largest reported
clinical series by Shields et al, 2004a
Pre-Exclusion
Published Data of Final Analysis Shields et al,
Orbital DWI
Group
2004
Lymphoma
57
46
123
Metastasis
21
20
91
Malignant primary
50
38
219
Benign primary
51
27
182
Inﬂammatory
48
39
193
Vasculogenic
25
24
169
Infection
8
8
13
a
Any lesions from the Shields et al1 series that were likely to be excluded in studies of
orbital DWI were removed. Capillary hemangioma was categorized as a benign primary tumor, reﬂecting current understanding. Nonmalignant lymphocytic or histiocytic processes were categorized as inﬂammatory disease.

maining 58 cases were excluded either because quantitative ADC
analysis was not performed by the original authors or because the
data were reported in a summarized fashion that did not allow the
extraction of individual data points.
The data included DWI studies performed on MR imaging
machines from different vendors, with different field strengths
and different technical parameters. To determine the equivalence of the DWI techniques across institutions, we compared
the most commonly occurring lesions across the authors’
source datasets with each other by using Kruskal-Wallis analysis. Lymphomas from the 3 source datasets (6, 32, and 6 tumors) and inflammatory lesions from the 3 source datasets (20,
13, and 6 lesions) were compared.
The data were then grouped into benign and malignant categories. For each of these categories, descriptive statistics, Student t tests, and ROC were performed. These analyses were
performed for all lesions in aggregate and for the authors’
source datasets separately. Sensitivity and specificity of various
ADC thresholds for distinguishing benign from malignant
masses were determined.
Lymphoma and inflammatory lesions were also compared
with each other separately because there is considerable clinical
and radiologic overlap in these conditions. As mentioned above,
descriptive statistics, Student t tests, and ROC were performed.
In consideration of the disproportionately large number of
lymphoma lesions in our dataset, which may skew the results
through characteristically low ADC, ROC was also performed,
comparing benign lesions and malignant tumors, after excluding
lymphomas.

RESULTS
Lesions Analyzed

Data Collection and Analysis
The de-identified data used in this study comprised source data
from 3 previously published case series of orbital mass DWI by the
authors of this study, consisting of ADC and corresponding clinical/pathologic diagnosis for 189 cases.14,16,17 These data were
collected with the approval of the respective local institutional
review boards/ethics committees, with technical methods as previously described.14,16,17 Thirteen additional orbital mass ADC
values were obtained through review of the literature. In total, 98
benign lesions and 104 malignant masses were studied. The re-

The final analysis group consisted of 202 patients with 98 benign
lesions and 104 malignant lesions. The most common benign lesions were inflammatory masses (n ⫽ 39), vascular lesions (n ⫽
24), and optic nerve sheath meningiomas (n ⫽ 11). The most
common malignant lesions were lymphoma (n ⫽ 46) and metastases (n ⫽ 20). The data are summarized in Table 2. The composition of the final analysis group of 202 subjects was similar to the
composition of the 260 subjects imaged with DWI before exclusion of unavailable data points (Table 1 and Fig 1), though with a
modest reduction in the proportion of benign primary lesions.
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Both groups contained a larger proportion of lymphoma lesions
than would be expected on the basis of available epidemiologic
data.1 When lymphomas were excluded, the composition of the
pre-exclusion group, final analysis group, and the epidemiologic
data was similar (Fig 1).

Validation of ADC across Techniques
There was no significant difference in the ADC of lymphoma
across the authors’ source datasets (P ⫽ .98). Likewise, there was
no significant difference in ADC of inflammatory lesions across
these datasets (P ⫽ .42). These data are summarized in Table 2.

Table 2: Summarized ADC values of commonly occurring lesions
ADC (10−3 mm2/s)
(mean ⴞ SD)
Lesion (No.)
Benign (98)
1.42 ⫾ 0.41
Inﬂammatory (39)
1.40 ⫾ 0.31
Cavernous hemangioma (ie, encapsulated
1.23 ⫾ 0.20
venous malformation) (12)
Optic nerve sheath meningioma (11)
0.99 ⫾ 0.20
Other vascular (15)
1.58 ⫾ 0.40
Other benign (22)
1.67 ⫾ 0.51
Malignant (104)
0.90 ⫾ 0.37
Lymphoma (46)
0.66 ⫾ 0.09
Metastasis (20)
1.20 ⫾ 0.31
Rhabdomyosarcoma (12)
0.72 ⫾ 0.31
Carcinoma (9)
1.15 ⫾ 0.12
Other malignant (17)
1.19 ⫾ 0.47

Descriptive Characteristics
Range
0.72–2.78
0.93–2.28
0.73–1.44
0.56–1.28
0.98–2.26
1.00–2.78
0.34–2.08
0.44–0.91
0.64–2.08
0.34–1.31
1.04–1.39
0.34–2.12

Benign lesions showed an ADC of
1.43 ⫾ 0.41 ⫻ 10⫺3 mm2/s (mean). Malignant lesions showed ADC of 0.90 ⫾
0.36 ⫻ 10⫺3 mm2/s (Table 3). Figure 2
shows a scatterplot of lesion categories
with corresponding ADCs. There were
significant differences between benign
and malignant lesions with respect to
ADC (P ⬍ .0001), and these differences
were visually apparent (Fig 3). Significant differences remained (P ⬍ .0001),
even after exclusion of lymphomas.

ADC Performance in Distinguishing
Benign from Malignant Lesions
The area under the ROC curve for aggregated data was 0.84. An ADC threshold of
less than 0.93 ⫻ 10⫺3 mm2/s resulted in a
60% sensitivity and 96% specificity for
malignancy. A more lenient threshold of
ADC less than 1.35 ⫻ 10⫺3 mm2/s resulted in 90% sensitivity for malignancy,
but only 49% specificity. When lymphomas were excluded, the area under the
ROC curve dropped to 0.73. The 0.93 ⫻
10⫺3 mm2/s threshold resulted in only a
28% sensitivity for malignancy, with a
96% specificity. Figure 4 shows the ROC
curve for distinguishing benign from malignant lesions. Table 4 shows the sensitivities and specificities of various ADC
values for distinguishing benign from malignant lesions.

ADC Performance in Distinguishing
Lymphoma from Inﬂammatory
Disease

FIG 1. Lesion distribution by category. The left column shows the relative proportion of lesions
encountered in all published studies of orbital DWI (A), in this analysis (B), and by Shields et al1
during a 30-year period (C). The published literature and our analysis group contain a higher
proportion of lymphoma cases than would be predicted by Shields et al. Otherwise, the relative
proportion of lesions across these 3 groups is similar, as is seen after exclusion of lymphomas
(right column).
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Lymphomas showed an ADC of 0.67 ⫾
0.09 ⫻ 10⫺3 mm2/s. Inflammatory lesions showed an ADC of 1.40 ⫾ 0.31 ⫻
10⫺3 mm2/s. There was no overlap between lymphoma and inflammatory lesions. Only 2 of 46 lymphomas had an
ADC of greater than 0.8 ⫻ 10⫺3 mm2/s,
which approached the range of the lowest
ADC inflammatory lesions. An ADC
threshold of less than 0.92 ⫻ 10⫺3 mm2/s
distinguished lymphoma from inflammation with 100% sensitivity (95% confidence interval, 92%–100%) and 100%
specificity (95% confidence interval,
91%–100%).

Table 3: Descriptive statistics of orbital lesion ADC across the largest source datasets (ADC in units of 10ⴚ3 mm2/s)
All Lesions (n = 183) Sepahdari et al13 (n = 50) Politi et al17 (n = 90)
Razek et al16 (n = 43)
Benign lesion ADC (mean, 95% CI)
1.42 ⫾ 0.41 (1.34–1.51)
1.36 ⫾ 0.41 (1.22–1.51)
1.39 ⫾ 0.42 (1.25–1.54) 1.53 ⫾ 0.35 (1.37–1.67)
Malignant lesion ADC (mean, 95% CI)
0.90 ⫾ 0.37 (0.83–0.98) 1.02 ⫾ 0.42 (0.80–1.24) 0.88 ⫾ 0.36 (0.79–0.98) 0.80 ⫾ 0.34 (0.65–0.95)
Lymphoma ADC (mean, 95% CI)
0.67 ⫾ 0.09 (0.64–0.69) 0.69 ⫾ 0.16 (0.58–0.86)a 0.67 ⫾ 0.07 (0.60–0.75) 0.67 ⫾ 0.07 (0.60–0.73)a
Inﬂammatory lesion ADC (mean, 95% CI) 1.40 ⫾ 0.31 (1.30–1.50)
1.42 ⫾ 0.37 (1.24–1.60)
1.45 ⫾ 0.26 (1.29–1.60)
1.24 ⫾ 0.13 (1.18–1.33)a
Area under ROC curve (95% CI)
0.84 (0.79–0.90)
0.74 (0.58–0.89)
0.86 (0.79–0.94)
0.95 (0.87–1.0)
a

The 25th-75th percentile range was reported due to a sample size too small to assume normal distribution.

FIG 2. Scatterplot of ADC by lesion category shows consistently low
ADC for lymphoma and a wide distribution of ADC for nonlymphoma
malignancies.

DISCUSSION
This analysis showed that DWI produces equivalent quantitative
ADC values across a variety of MR imaging scanners and techniques, a finding that is in concert with expectations based on
previous investigation.24 There were significant differences between benign and malignant lesions, though with notable overlap.
ADC was highly accurate in distinguishing lymphoma from inflammatory disease.
Previous studies of orbital mass DWI have demonstrated its
technical feasibility and potential clinical uses. These studies have
conflicted somewhat in their results, however, and each has been
limited by a retrospective, single-institution design. Therefore,
the role of DWI in evaluating orbital masses remains unclear.
Aggregating data from multiple institutions removes some of the
selection bias inherent in the individual studies. Furthermore, this
analysis verifies that quantitative ADC values are generalizable
across a range of MR imaging scanners and techniques.
Previous studies have conflicted in their reports of the overall
sensitivity and specificity of DWI for differentiating benign from
malignant lesions and have conflicted slightly in their optimal
ADC thresholds. Sepahdari et al14 reported an optimal threshold
value of 1.0 ⫻ 10⫺3 mm2/s for differentiating benign from malignant lesions, with an associated 63% sensitivity and 86% specificity. Razek et al16 reported an optimal threshold value of 1.15 ⫻
10⫺3 mm2/s, with a sensitivity of 95% and specificity of 91%.

Politi et al17 did not specifically address the question of differentiating benign from malignant lesions, but they reported an ADC
threshold of 0.775 ⫻ 10⫺3 mm2/s for distinguishing lymphoma
from nonlymphoma lesions with a 96% sensitivity and 93% specificity. Roshdy et al11 did not attempt to calculate a threshold ADC
value and associated sensitivity and specificity, but they did note
overlap between benign and malignant lesions.
The results of this multi-institutional analysis indicate that
there is no single ADC threshold that is both sensitive and specific
for distinguishing benign from malignant lesions. On the basis of
these results, we propose a 2-threshold model for characterizing
orbital masses with DWI: 1) “likely malignant,” for lesions with a
⬎90% probability of malignancy, based on an ADC less than
0.93 ⫻ 10⫺3 mm2/s (33% of this cohort); 2) “likely benign,” for
lesions with a ⬎90% probability of benignity, based on an ADC
greater than 1.35 ⫻ 10⫺3 mm2/s (29% of this cohort); and 3)
“indeterminate,” for lesions with ADCs between 0.93 and 1.35 ⫻
10⫺3 mm2/s (38% of this cohort).
In general, the optimal clinical use of DWI for evaluating an
orbital mass will depend on the differential diagnosis dictated by
other clinical and imaging data. For example, differentiation between lymphoma and atypical lymphocytic infiltrate or other orbital inflammatory diseases is a common diagnostic dilemma,8
for which DWI proves quite useful. On occasion, it can be difficult
to distinguish an infantile hemangioma (capillary hemangioma)
or a vascular malformation from a rhabdomyosarcoma in a pediatric patient,25 another task for which DWI would seem wellsuited.21 There are, however, tasks for which DWI may be limited.
There was overlap in the ADC of optic nerve sheath meningioma
and lymphoma, and DWI may also fail to distinguish these lesions
in cases in which the imaging appearance and clinical findings
overlap. The clinical and conventional imaging data should always be weighted appropriately when evaluating any single case,
to ensure that the DWI information contributes to the analysis
rather than detracting from it. In a practical setting, we believe
that DWI is best used as a tool to further refine a short differential
provided by the clinical presentation and the other imaging data.
There were 4 major limitations to this study. The first is that
the data were acquired on multiple scanner types, with slight differences in acquisition technique and methods of measuring
ADC. This feature is both a strength and a weakness of the study
design. Although less technical standardization weakens the internal validity of the data, equivalent ADC values of similar lesions
across multiple datasets suggest that quantitative ADC measurements are robust across multiple platforms. The second limitation is that some of the results may not be generalizable across all
practices. The sensitivity, specificity, and accuracy of DWI in distinguishing benign from malignant lesions depend on the study
population because there is heterogeneity in lesions. This study
AJNR Am J Neuroradiol 35:170 –75

Jan 2014

www.ajnr.org

173

FIG 3. Comparison between orbital lymphoma (A and B) and orbital inﬂammatory disease (C and
D). A, Axial DWI shows a right orbital mass with marked hyperintensity. B, Corresponding axial
ADC map shows dark signal, indicating low ADC and hypercellularity typical of lymphoma. ADC of
this lesion was 0.65 ⫻ 10⫺3 mm2/s. C, Axial DWI in a different patient shows a lacrimal gland mass
with less intense signal compared with A. D, Corresponding axial ADC map shows intermediate
signal, brighter than adjacent brain parenchyma, reﬂective of the lower cellularity seen in orbital
inﬂammatory lesions. The ADC of this lesion was 1.09 ⫻ 10⫺3 mm2/s.

FIG 4. Receiver operating characteristic curve analysis of ADC for distinguishing benign from
malignant masses (A) shows high speciﬁcities with increasing sensitivity up to 60%, at which point
additional gains in sensitivity are offset by larger losses in speciﬁcity. When lymphomas are
removed from the analysis (B), the performance of ADC diminishes.

includes a larger number of patients with lymphoma and a larger
proportion of lymphomas compared with other malignancies
than would be expected in an unselected group of patients based
on available epidemiologic data.1 This fact likely improves the
observed sensitivity and specificity of DWI for distinguishing benign from malignant lesions, due to the characteristic very low
174

Sepahdari

Jan 2014

www.ajnr.org

ADC of lymphoma. When lymphoma
lesions were removed from the analysis,
the ability of DWI to differentiate benign from malignant lesions dropped.
Nevertheless, there were still significant
differences between benign and malignant lesions.
The results of this ad hoc subgroup
analysis should be interpreted cautiously because the removal of lymphoma lesions reduces the sample size
and introduces other biases. A third limitation is the inability to quantify variability
in ADC measurements. A degree of intraobserver and interobserver variability
in the measurement of lesion ADC is expected, and a degree of scan-to-scan variation in ADC is also expected. Without the
ability to quantify these factors, it can be
difficult to interpret the results of a single
ADC measurement in a single patient.
Overall, the effect of measurement error
between or within observers on a single
scan has been shown to be small,26 and the
variability in ADC between different scanners is similarly small.27
Finally, there are multiple areas of
potential bias that could not be addressed by the study design. There may
be a degree of selection bias within studies, with selective exclusion of some data
points or publication bias related to exclusion of results that do not support a
role for DWI. The exclusion of published
studies for which ADC values could not be
obtained could also affect the results. Note
that 2 lymphomas and 3 rhabdomyosarcomas reported by Roshdy et al11 showed
higher average ADC than was observed in
our group but were excluded because the
ADC data were reported as an average.
Specifically, Roshdy et al reported 2 lacrimal gland lymphomas whose average
ADC overlapped that in the inflammatory
lesions we observed. Our study may therefore overestimate the true performance of
DWI in distinguishing lymphoma from
inflammatory disease.

CONCLUSIONS

This analysis of multi-institutional
data confirms that benign and malignant orbital tumors have significant differences in ADC. There
was no single ADC threshold that was both highly sensitive and
specific for predicting malignancy. On the basis of these results, we propose a “likely malignant” threshold ADC of
⬍0.93 ⫻ 10⫺3 mm2/s, a “likely benign” threshold ADC of
⬎1.35 ⫻ 10⫺3 mm2/s, and an “indeterminate range” ADC be-

Table 4: Sensitivity and speciﬁcity of various ADC threshold
values for distinguishing benign from malignant lesions
Sensitivity Speciﬁcity Likelihood Ratio
ADC (10−3 mm2/s)
(%)
(%)
of Positive Results
0.72
40
99
39
0.82
54
97
17
0.93
60
96
14
1.03
67
85
4.3
1.13
77
77
3.4
1.23
80
66
2.3
1.33
89
54
1.8
1.42
92
41
1.6
1.52
93
34
1.4

tween 0.93 and 1.35 ⫻ 10⫺3 mm2/s when evaluating orbital
masses with DWI. Knowledge of the expected ADC values of
common lesions may also be helpful in organizing the differential diagnosis determined by other clinical and imaging data.
DWI may be particularly helpful in distinguishing inflammatory disease from lymphoma.
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HEAD & NECK

4D-CT for Preoperative Localization of Abnormal Parathyroid
Glands in Patients with Hyperparathyroidism: Accuracy and
Ability to Stratify Patients by Unilateral versus Bilateral
Disease in Surgery-Naı̈ve and Re-Exploration Patients
H.R. Kelly, L.M. Hamberg, and G.J. Hunter

ABSTRACT
BACKGROUND AND PURPOSE: 4D-CT is an emerging technique that uses high-resolution images, multiplanar reformats, and perfusion
characteristics to identify abnormal parathyroid glands in patients with hyperparathyroidism. This study evaluates the accuracy of 4D-CT
for localization and lateralization of abnormal parathyroid glands in preoperative planning for minimally invasive parathyroidectomy vs
bilateral neck exploration at a tertiary referral center.
MATERIALS AND METHODS: Radiology, pathology, and operative reports were retrospectively reviewed for 208 patients with hyperparathyroidism who underwent 4D-CT and parathyroid surgery between May 2008 and January 2012. 4D-CT performance in localizing side
and site was determined by use of surgical and pathologic ﬁndings as a reference.
RESULTS: Of 208 patients, 155 underwent initial surgery and 53 underwent re-exploration parathyroid surgery. No lesions were found in
8 patients (3.8%). A total of 284 lesions were found in 200 patients; 233 were correctly localized by 4D-CT (82.0%). Of the 200 patients with
parathyroid lesions, 146 underwent unilateral and 54 bilateral neck exploration. 4D-CT correctly identiﬁed unilateral vs bilateral disease in
179 (89.5%) of 200. 4D-CT correctly localized parathyroid lesions in 126 of the unilateral cases (86.3%). In the re-exploration cohort, 4D-CT
correctly identiﬁed unilateral vs bilateral disease in 46 (95.8%) of 48. There was no statistically signiﬁcant difference in subgroups
stratiﬁed by surgery type (primary or subsequent) and number of scan phases (3 or 4) (P ⬎ .56).
CONCLUSIONS: 4D-CT leverages modern high-resolution CT scanning and dynamic contrast enhancement to localize abnormal parathyroid glands in patients with hyperparathyroidism of any cause and can be used for planning minimally invasive parathyroidectomy vs
bilateral neck exploration.
ABBREVIATIONS: EMR ⫽ electronic medical record; PPV ⫽ positive predictive value

H

yperparathyroidism is caused by overproduction of parathyroid hormone by a single adenoma, multigland hyperplasia
or multiple adenomata. In primary hyperparathyroidism, a single
adenoma is the cause in most cases (75%– 85%), with multiple
adenomas or multigland hyperplasia found in a smaller subset of
patients (approximately 4% and 10%, respectively).1,2 In secondary and tertiary hyperparathyroidism, excess parathyroid hor-
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mone is usually secreted by multiple hyperplastic glands.3 The
only therapeutic option for complete cure of primary hyperparathyroidism is surgery, with reported success rates of greater than
95% for the reference standard of bilateral neck exploration performed by an experienced surgeon.4 Minimally invasive parathyroidectomy with a unilateral surgical approach is rapidly becoming the standard of care in an effort to lower complication rates,
reduce costs, shorten hospital stays, and improve cosmetic results.4-6 Preoperative localization and lateralization of abnormal
parathyroid glands are integral to the performance of unilateral
minimally invasive parathyroidectomy.7 Preoperative imaging is
also integral to operative planning in patients with recurrent hyperparathyroidism undergoing redo surgery.8 At most institutions, the current favored approach to preoperative imaging for
hyperparathyroidism includes a combination of sonography and
technetium Tc99m sestamibi scanning, with a reported combined
sensitivity of 74%–95% for single-gland disease.8 However, the
sensitivities reported for multigland disease and multiple adeno-

mata are much lower, in the range of 15%–35% for sonography
and 30%– 44% for technetium Tc99m sestamibi.8
4D-CT has been proposed as an alternative or adjunctive
method for preoperative localization of abnormal parathyroid
glands in patients with primary hyperparathyroidism.9-13 Multiple recent studies have indicated that 4D-CT may be especially
useful for preoperative localization in patients with negative or
inconclusive results on sonography and technetium Tc99m sestamibi studies, reoperative parathyroid patients, patients with mild
hypercalcemia, and in patients with multigland disease.14-18
However, previously published reports have predominantly evaluated cohorts with small numbers of patients and have focused on
specific patient populations with strict exclusion criteria. One
study with a large group of patients included only those with
sporadic primary hyperparathyroidism who had a single adenoma identified by 4D-CT and were undergoing initial parathyroidectomy, excluding patients with multigland disease, prior
surgery, concomitant thyroid disease, mediastinal ectopic parathyroid glands, and multiple endocrine neoplasia syndromes.12
The purpose of our study was to assess the accuracy of 4D-CT
for localizing and characterizing the number of parathyroid adenomas and/or hyperplasia in a large group of unselected patients
evaluated at a tertiary care center. Our hypothesis was that 4D-CT
may be used to accurately predict the site and number of parathyroid lesions and thus allow planning for a minimally invasive,
unilateral surgical approach vs a conventional bilateral neck exploration. Furthermore, we hypothesized that the accuracy of
4D-CT is not reduced in those patients who have undergone prior
parathyroid surgery.

MATERIALS AND METHODS
Patients
This retrospective study was approved by our institutional review
board, waiving consent in accordance with the Health Insurance
Portability and Accountability Act. We began performing 4D-CT
examinations at our institution in May 2008. Patients were included in the study if they carried a clinical and biochemical diagnosis of hyperparathyroidism, had 4D-CT for preoperative localization between May 2008 and July 2011, and subsequently
underwent surgical exploration between May 2008 and January
2012. Inclusion criteria also included the availability of the operative report and final pathology report. Patient demographic data
including age and sex were obtained from the electronic medical
record (EMR).

CT Technique
Examinations were performed on a 16- or 64-multidetector row
CT scanner (LightSpeed 16 Pro and Discovery CT750 HD; GE
Healthcare, Milwaukee, Wisconsin) with use of the following
standardized protocol. Patients were supine, head first in the
scanner. The scanner manufacturer–supplied head holder was
used for all scans. Patients’ arms were extended caudally by use of
manufacturer-supplied straps, specifically designed to reduce
shoulder artifacts. Scanning extended from the carina to the maxillary teeth. Scanning parameters for each phase were 140 kVp,
180 –300 mA by automatic exposure control (Auto-mA algorithm; GE Healthcare), 1-second rotation time, 1.375 pitch, a

0.625-mm detector configuration with a beam width of 10-mm
for the 16-section scanner and 40 mm for the 64-section scanner,
and 1.25-mm section thickness reconstructed at 1-mm centers.
The first phase was acquired before the administration of intravenous contrast material. Iodinated contrast material (Isovue 370;
Bracco Diagnostics, Princeton, New Jersey) was then administered at a dose of 100 mL at an infusion rate of 4 mL per second via
an 18-gauge catheter, followed by 40 mL of saline at an infusion
rate of 4 mL per second. The second phase was acquired 30 seconds after the start of intravenous contrast administration. A
third delayed phase was acquired 30 seconds after the completion
of the second phase (approximately 45– 48 seconds after the start
of the injection of contrast, depending on the length of the patient, table speed, and gantry rotation). For the examinations performed between May 2008 and June 9, 2010, a fourth “late-delayed” phase was acquired 45 seconds after the completion of the
third “early delayed” phase. Only the initial 3 phases were acquired for all examinations performed between June 10, 2010, and
June 2011.

Image Processing and Analysis
Standardized postprocessing was performed on all studies yielding multiplanar reformations, including a “true axial” plane parallel to the vocal cords, coronal, and sagittal planes orthogonal to
the true axial plane, as well as bilateral anterior sagittal oblique
planes parallel to the sternocleidomastoid muscles. All examinations and images were reviewed prospectively on a PACS workstation (Impax 5.3; Agfa HealthCare, Greenville, South Carolina)
by a board-certified neuroradiologist (G.J.H.) with more than 17
years of experience and a Certificate of Added Qualification in
neuroradiology. Additional 3D postprocessing, kinetic analysis,
and volume-rendered images were also created and were reviewed
as deemed necessary for image analysis by the interpreting neuroradiologist and/or as requested by the referring surgeon (Advantage Windows Workstation, ADW 4.2; GE Healthcare). A formal
report was entered into the EMR for each study, with a detailed
anatomic description of the location of the abnormal parathyroid
lesion(s), if any were identified. Biochemical information, clinical
history, and prior sonography and technetium Tc99m sestamibi
imaging results (if available) were reviewed at the time of image
interpretation.

Retrospective Review of Imaging Results
For each patient who met the criteria for inclusion into our study,
the radiology report was retrieved from the EMR, and the side and
anatomic location of the abnormal parathyroid lesion(s) were recorded by a neuroradiologist (H.R.K.) without knowledge of the
operative findings. Localization of presumptive parathyroid lesions was with respect to the midline as defined by the trachea and
was extended vertically into the mediastinum. Anatomic localization was refined by reference to the adjacent thyroid gland and the
sternal notch or level of the clavicular heads. These landmarks are
used by the surgeons to plan the correct access for adenoma resection. If the patient had prior surgery, any clips marking resected tissue were also used as reference points. When necessary
and appropriate, additional reference points included the level of
the carotid bifurcation, the hyoid bone, or mediastinal structures
AJNR Am J Neuroradiol 35:176 – 81
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such as the aortic arch and carina. No reinterpretation of the
images was performed at the time of this retrospective review. The
results of any prior sonography and technetium Tc99m sestamibi
imaging were also retrieved from the EMR, and the side and anatomic location of the parathyroid lesion(s) were recorded as indicated in the official reports. In a typical setting, the anatomic
location provided by sonography or technetium Tc99m sestamibi
imaging was with respect to the thyroid gland.

Retrospective Review of Operative and Pathologic Results
The surgical findings, as recorded in the operative note in the
EMR, were used as the reference standard for final anatomic location of parathyroid lesions. Surgical nomenclature for the location of abnormal tissue was with reference to the thyroid gland or,
if the lesion was ectopic, with reference to mediastinal or hyoid
structures as appropriate, and matched the classification used by
the radiologists. The pathologic findings were used as the reference standard for a definitive diagnosis of abnormal parathyroid
tissue. The operative and pathology reports were retrieved from
the EMR, and the findings were recorded for each patient in a
separate data base blinded to the imaging findings. The anatomic
location, as labeled by the surgeon when submitted to pathology,
was also recorded. If multiple lesions were identified and removed, all lesions were recorded. This data base was then merged
with the imaging results. The 4D-CT, sonography, and/or technetium Tc99m sestamibi studies were recorded as concordant
with the operative and pathologic results if a parathyroid lesion
was removed from the same location (relative to anatomic landmarks) as predicted by that imaging study.

Statistical Analysis
Excel 2011 (Microsoft Corporation, Redmond, Washington) was
used for all statistical analysis. Accuracy and positive predictive
value (PPV) of localization were determined as the number of
patients in whom each imaging technique correctly identified the
anatomic location of the pathology-proven lesion(s), expressed as
a percentage of the total number of abnormal parathyroid glands
found and removed at surgery. In patients with multiple lesions,
correct identification of the location of each lesion by the imaging
study was required for it to be considered concordant with surgery and pathology. Patients with mediastinal lesions were included in the localization analysis. To evaluate any potential effect
on the results because of the change in protocol from 4-phase to
3-phase, we repeated localization analyses with the patient cohort
stratified by the 2 protocol subgroups. In these 2 subgroups, we
undertook further stratification to distinguish between patients
undergoing parathyroid surgery for the first time and those who
had undergone prior parathyroid surgery. The Fisher exact test
was used to test the null hypothesis of no difference between subgroups. A P value of ⬍ .05 was considered significant.

RESULTS
A total of 275 patients underwent 4D-CT scans in the study period. Of these, 67 did not proceed to surgery and were excluded
from further evaluation. The remaining 208 patients all had radiologic, operative, and pathology reports available in the EMR
and were analyzed. There were 30 men (mean age, 57.3 years;
178
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median age, 57.5 years; age range, 21– 82 years) and 178 women
(mean age, 59.8 years; median age, 61 years; age range, 18 – 87
years).
There were 155 patients who underwent primary surgery. Of
these, 90 had a 4-phase 4D-CT scan, and 65 patients underwent a
3-phase 4D-CT scan. In the 4-phase subgroup, 140 abnormal
parathyroid glands were found at surgery in 89 patients, and 109
lesions were correctly localized with an accuracy of 77.9% (109/
140). 4D-CT identified 18 potential lesions that were not adenomatous or hyperplastic, giving a PPV of 85.8% (109/127). In the
3-phase subgroup, 93 parathyroid lesions were found at surgery in
63 patients. A total of 81 lesions were correctly localized with an
accuracy of 87.1% (81/93). 4D-CT identified 10 potential lesions
that were not adenomas, giving a PPV of 89.0% (81/91). No significant difference was observed between these 2 populations
(P ⬎ .57).
There were 53 patients who underwent a second surgery. Of
these, 36 patients had a 4-phase 4D-CT scan and 17 patients underwent a 3-phase 4D-CT scan. In the 4-phase subgroup, 32 parathyroid lesions were found at surgery in 33 patients, and 27 lesions
were correctly localized with an accuracy of 84.4% (27/32).
4D-CT identified 10 potential lesions that were not adenomas,
giving a PPV of 73.0% (27/37). In the 3-phase subgroup, 19 parathyroid adenomas were found at surgery in 15 patients, and 16
lesions were correctly localized with an accuracy of 84.2% (16/19).
4D-CT identified 2 potential lesions that were not adenomas, giving a PPV of 88.9% (16/18). No significant difference was observed between these 2 populations (P ⬎ .56).
Stratification of the patients by surgery, but not by phase, also
revealed no significant difference in the results obtained from the
primary vs the repeated surgery data (P ⬎ .65). As no differences
were identified among any of the subgroups, the data were pooled
and the final results were 284 parathyroid adenomas identified at
surgery in 200 patients. No lesions were identified in 8 patients
(3.8%). Of the 284 lesions, 4D-CT correctly identified 233
(82.0%). In addition to the correctly identified lesions, 4D-CT
indicated 40 potential lesions that were not found at surgery, were
found to be normal glands, or were nonparathyroid structures
such as exophytic thyroid nodules or lymph nodes (false-positive
results) with a PPV of 85.3% (233/273).
Of the 200 patients in whom abnormal parathyroid tissue was
found, 146 underwent unilateral neck exploration and 54 underwent bilateral neck exploration. 4D-CT correctly identified unilateral vs bilateral disease in 179 (89.5%) of these 200 patients,
including the mediastinal lesions. In the 146 patients who underwent unilateral surgery, 4D-CT correctly identified the side and
location of the abnormal gland(s) in 126 cases (86.3%). Considering the repeated surgery cohort separately, 4D-CT correctly discriminated between unilateral and bilateral disease in 46 (95.8%)
of the 48 cases.
Preoperative technetium Tc99m sestamibi examination results were available in 167 of 200 patients with abnormal parathyroid tissue at surgery (140 who underwent primary parathyroidectomy; 27 who underwent re-exploration surgery). Technetium
Tc99m sestamibi was concordant with the surgical findings in 45
(26.9%) of the 167 patients. In an additional 12 patients, technetium Tc99m sestamibi localized 1 lesion correctly but failed to

FIG 1. A 63-year-old woman with primary hyperparathyroidism. No lesions were identiﬁed on sonography or technetium Tc99m sestamibi.
4D-CT demonstrates avidly enhancing lesions in the orthotopic superior location (arrows) bilaterally with rapid washout of contrast greater
than that of the adjacent thyroid gland (A and D: noncontrast phase; B and E: initial postcontrast “arterial” phase; C and F: delayed postcontrast
phase). This patient underwent bilateral exploration, and bilateral superior parathyroid adenomas were found at surgery.

identify additional abnormal parathyroid lesions in the same patient. Technetium Tc99m sestamibi was discordant with the surgical and pathologic findings in 110 patients (65.9%).
Preoperative sonography examination results were available
in 165 of 200 patients with abnormal parathyroid tissue at surgery
(137 who underwent primary parathyroidectomy; 28 who underwent re-exploration surgery). Sonography was concordant with
the surgical findings in 43 (26.1%) of 165 patients. In an additional 18 patients, sonography localized 1 lesion correctly but
failed to identify additional abnormal parathyroid lesions, or suggested additional lesions that were not present at surgery. Sonography results were discordant with the surgical and pathologic
findings in 104 patients (63%).
Abnormal parathyroid glands were identified correctly by
both technetium Tc99m sestamibi and sonography in only 15 of
the 208 patients. The 4D-CT and surgical findings were concordant with the technetium Tc99m sestamibi and sonography results in all 15 patients.
Fig 1 is an example of a case in which sonography and technetium Tc99m sestamibi results were negative, but 4D-CT correctly
predicted bilateral disease and the locations of the abnormal parathyroid glands. Fig 2 is an example of a complicated case from the
reoperative group in which 4D-CT correctly lateralized and localized the site of disease.

DISCUSSION
Unilateral minimally invasive parathyroidectomy has become increasingly used as the favored technique for treatment of hyper-

parathyroidism from any cause.6,7 Successful deployment of minimally invasive parathyroidectomy requires accurate information
concerning the location of parathyroid lesions. If the preoperative
localization studies indicate multigland or ectopic disease, minimally invasive parathyroidectomy may not be the correct choice,
and a conventional bilateral neck exploration should be performed. In patients with no prior surgery and with only singlegland disease located in the neck, 4D-CT by use of a 4-phase
protocol initially adopted at our institution has been reported to
provide accuracy for localization of 93.7%.12 In our study, a more
heterogeneous group of patients has been considered, including
those with multigland disease (including patients with secondary
or tertiary hyperparathyroidism), those undergoing a second surgery because of persistent hyperparathyroidism, and those with
parathyroid lesions in ectopic locations. Furthermore, protocols
by use of 4- or 3-phase acquisition techniques have also been
evaluated in these groups. Although there was variability in the
localization accuracy in the subgroups, with the lowest accuracy
seen in the 4-phase, primary surgery cohort (77.9%) and the highest accuracy in the 3-phase, primary surgery cohort (87.1%), statistical analysis indicated that all of the subgroups were equivalent
(P ⬎ .56), with a pooled accuracy of 82%.
Arguably the most challenging patients are those with multigland and/or recurrent disease who are undergoing a second surgery. In this particular subgroup, localization accuracy was 84%
in our study, whereas previous studies by other groups recorded
accuracies of 88% and 73%16,14 in similar patient cohorts. VariAJNR Am J Neuroradiol 35:176 – 81
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FIG 2. A 26-year-old woman with persistent primary hyperparathyroidism after undergoing a 7-hour neck exploratory procedure including the
upper mediastinum and a left hemithyroidectomy, as the left inferior gland could not be found. 4D-CT demonstrates a small lesion high in the
left neck at the level of the hyoid bone (arrows). Perfusion characteristics are suggestive of a parathyroid adenoma, with a lesion lower in
attenuation than the thyroid gland on the initial noncontrast phase (A), and rapid uptake of contrast (B) and rapid washout of contrast (C), greater
than that of the thyroid gland (not shown). (D: coronal reformatted image in the “arterial” phase; E: sagittal reformatted image in the “arterial”
phase). At surgery, a parathyroid adenoma was found in the left carotid sheath, at the apex of ectopic thymic tissue, consistent with an
undescended left inferior parathyroid gland.

ability in these results likely reflects the small numbers of patients
studied: 48 in our group, 45 in the study by Mortenson et al,16 and
21 in the study by Lubitz et al.14 Although overall localization
accuracy was 82%, discrimination between unilateral and bilateral disease in this cohort was successful in 46 (95.8%) of 48 patients. This improvement is important because surgery in the reoperative neck is often more difficult, and patients are at increased
risk for significant morbidity.16 Improved preoperative localization and lateralization may prevent unnecessary dissection and
complications.16,19
In our patient population, neither sonography nor technetium
Tc99m sestamibi scanning provided adequate localization. The
success rate for localization by technetium Tc99m sestamibi
and/or sonography was approximately 27% in our 200 unselected
patients. This rate was markedly lower than that recorded in the
literature.8 The low accuracies and rates of concordance of these
primary localization methods in our cohort likely reflect the referral pattern of the endocrine surgeons in our practice. Deployment of 4D-CT is biased toward complex or difficult cases, ie,
when sonography and/or technetium Tc99m sestamibi results are
negative, or if the results of those 2 studies are discordant. Thus,
our cohort consists of unselected, potentially complex patient
cases, and this trend is reflected in lower identification rates com180
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pared with the results from cohorts of relatively uncomplicated
patient cases.12,13
Many different protocols have been advocated in the literature
for 4D-CT. These are typically 2-phase scans with imaging acquired only after contrast20,21 or imaging acquired both before
and after contrast.11 Assessment of such protocols demonstrates
significantly lower rates of accuracy compared with our current
3-phase protocol (Hunter GJ, Ginat DT, Kelly HR, et al; unpublished data, 2013).
The change from a 4- to a 3-phase protocol was made to
reduce the effective dose of a 4D-CT study from approximately
28 mSv to 21 mSv.12 We believe the benefit of accurate localization represents a favorable risk-benefit ratio to patients
needing surgery for hyperparathyroidism. The current 3-phase
protocol balances the need for sufficient data against unnecessary phases. As our results demonstrate, the move from 4 to 3
phases has not decreased accuracy in localization but has decreased the effective dose. Further reduction to a 2- or singlephase study is likely to be counterproductive, as the decrease in
effective dose (an indeterminate delayed risk) may result in a
disproportionally greater decrease in accuracy of localization
(an immediate benefit).
There were several limitations in this study. First, this study

was retrospective and could not prospectively address the accuracy of 4D-CT in all patients with hyperparathyroidism. As multigland disease and ectopic glands are more likely to be missed by
the traditional initial imaging studies of sonography and technetium Tc99m sestamibi, our patient population was also likely
skewed toward more complex or difficult cases by the referral bias
mentioned above. Furthermore, the accuracies reported in this
study reflected the results of 4D-CT, as interpreted by a single
neuroradiologist with 7 years of experience with this technique
and evaluation of more than 900 cases. Therefore, our study was
not able to assess interobserver variability. Interpretation of the
images is time consuming and, in our cohort, may be nontrivial; if
adequate time is not devoted to interpretation, accuracy rates will
be compromised. Finally, the overall accuracy of 4D-CT is likely
to vary by institution, CT scanner, experience and interest of the
interpreter, and CT protocol technique used to generate the
images.

CONCLUSIONS
4D-CT is an accurate technique for preoperative localization of
parathyroid lesions in patients with hyperparathyroidism regardless of cause or prior parathyroid surgical history, and can be used
to stratify patients to unilateral minimally invasive parathyroidectomy vs bilateral neck exploration.
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Imaging Findings in Auto-Atticotomy
M. Manasawala, M.E. Cunnane, H.D. Curtin, and G. Moonis

ABSTRACT
BACKGROUND AND PURPOSE: An acquired attic cholesteatoma may spontaneously drain externally into the external auditory canal,
leaving a cavity in the attic with the shape of the original cholesteatoma but now ﬁlled with air, a phenomenon referred to as “nature’s
atticotomy” or auto-atticotomy. We describe and quantify the CT appearance of the auto-atticotomy cavity as it pertains to the
appearance of the scutum and the lateral attic wall.
MATERIALS AND METHODS: Twenty-one patients with erosion of the scutum and loss of the lower attic wall on MDCT were identiﬁed
during a 5-year span. Images were assessed for measureable widening of the space between the ossicles and the lower lateral attic wall in
the axial and coronal planes. Three measurements of the lateral attic were made on the axial images. Findings were compared with the
same measurements in 20 control subjects.
RESULTS: The 21 patients had a characteristic blunting of the scutum with loss of the lower lateral attic wall and widening of the lateral
attic, consistent with an auto-atticotomy. There was a statistically signiﬁcant (P ⬍ .001) widening of the lateral attic dimensions in the axial
plane in the patients with auto-atticotomy.
CONCLUSIONS: Spontaneously evacuated cholesteatoma may mimic a surgical atticotomy on MDCT. Scutal erosion and attic enlargement with a smoothly contoured bony remodeling of the lower lateral attic wall in a patient with no history of surgery suggest that a
cholesteatoma was previously present and spontaneously drained.

A

n atticotomy is a surgical approach through the external auditory canal to the attic of the middle ear, whereby the
scutum and the lower lateral wall of the attic are surgically removed for access. An auto-atticotomy (also called “nature’s atticotomy”) refers to an enlarged lateral attic with absence of the
scutum and lower lateral wall of the attic in a patient without a
history of surgery.1-3 This entity results from a deep retraction
pocket or a cholesteatoma that has eroded the bone and then
spontaneously drained into the external auditory canal. The wall
of the original cholesteatoma remains, and so the air-filled defect
is lined by keratinizing squamous epithelium. The appearance of
an atticotomy and an auto-atticotomy is similar on CT. The purpose of this article was to describe the findings of auto-atticotomy
on multidetector CT of the temporal bone.
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MATERIALS AND METHODS
The study was approved by the Human Studies Committee of
our hospital, and review of on-line medical records was performed in all patients and controls. The images were prospectively collected by 2 of the authors (practicing head and neck
radiologists) during a 5-year period from MDCT scans of the
temporal bone viewed in daily readouts. The inclusion criteria
were the following: 1) apparent absence or blunting of the
scutum and/or smooth bony remodeling of the lateral attic
wall on MDCT, and 2) no history of prior otologic surgical
intervention. This yielded 21 patients (12 men and 9 women,
27– 88 years of age) who fulfilled the inclusion criteria; additionally, all had a history of chronic otitis media. Twelve patients had confirmation of pars flaccida cholesteatoma by histology, 2 patients had evidence of pars flaccida cholesteatoma
on clinical examination, and 8 patients had deep attic retraction pockets on clinical examination. These 8 patients all had
history of intermittently draining ears. We also retrospectively
evaluated MDCT of the temporal bone in 20 control subjects.
These control subjects had been referred to the radiology department for unrelated symptoms such as tinnitus or sensorineural hearing loss and did not have any history of prior

middle ear inflammatory disease or surgery of the temporal bone; their tympanic membranes were normal at
otoscopy.
All subjects had imaging performed
on a 40-section multidetector CT scanner
(Somatom Sensation scanner; Siemens,
Erlangen, Germany). The raw data were
acquired helically with 0.6-mm collimation and 0.55 pitch at 320 mAs and 120
kV(peak), with the scan excursion plotted
from the arcuate eminence through the
mastoid tip. The raw data from each ear
FIG 1. A, Coronal MDCT image depicts the location of the axial plane at the base of the scutum. were separated and reconstructed into 0.6
B, Axial MDCT image at the level where the ﬁrst bone image appears superior to the air(section thickness) ⫻ 0.2 mm (reconcontaining external auditory canal. The malleoincudal junction is well-seen.
struction interval) axial images in bone algorithms at a display FOV of 100 mm and
a matrix of 512 ⫻ 512. The data were displayed in 3 orthogonal planes on the scanner console. The technologist scrolled
through the sagittal data to find an image
on which the anterior and posterior limbs
of the lateral semicircular canal were displayed in cross-section. An axial dataset
was made in a standardized plane parallel
to the lateral semicircular canal by placing
the reference line connecting the anterior
and posterior limbs of the canal. Axial images were reformatted at 0.6 (image thickness) ⫻ 0.5 (distance between images)
mm. Coronal images (0.6 ⫻ 0.5 mm)
FIG 2. A, Lateral attic measurements in a healthy subject. Axial MDCT demonstrates anterolatwere made in a plane perpendicular to the
eral (AL), lateral (L), and posterolateral (PL) measurements from the center of the malleoincudal
articulation at the level of the base of the scutum in a healthy subject. B, Lateral attic measure- axial images.
ments in a 27-year-old patient with a history of cholesteatoma. There is a left auto-atticotomy
The images were visually inspected for
with smooth remodeling and widening of the anterolateral (AL), lateral (L), and posterolateral scutal erosion, widening of the lateral at(PL) walls of the attic.
tic, middle ear opacification, ossicular
erosion, and mastoid opacification. To quantify our subjective
Table 1: Lateral, anterolateral, and posterolateral attic
visual impression of the auto-atticotomy changes, we performed
measurements (mm) in patients
the following measurements: An axial image was chosen that
Patients
Lateral
Anterolateral
Posterolateral
demonstrated the malleoincudal junction at the level of the base
A
3.6
4.6
3.8
of the scutum. For this purpose, the base of the scutum was deB
3.8
4.5
3.7
termined to be the first bone image superior to the air-containing
C
5
4.4
3.2
D
3.6
5
3.3
external auditory canal and was reproducibly seen in all cases (Fig
E
3.2
4
2.5
1A, -B). Three measurements were obtained for each case. A latF
4.3
3.8
3.7
eral measurement was made from the center of the malleoincudal
G
4.3
4.1
4.5
junction to the base of the scutum, and subsequent measurements
H
2.3
3.3
2.3
were made at a 45° angle anterior and a 45° angle posterior to this
I
4.8
4.4
6.9
J
3.7
3.6
4.3
initial measurement (Fig 2A, -B and Tables 1 and 2).
K
3.9
4.1
4.1
We performed statistical analysis by using the Statistical PackL
3.7
3.6
3.9
age
for the Social Sciences, Version 13.0 software (IBM, Armonk,
M
7.5
4.3
4.5
New York). We used the Mann-Whitney U test, a nonparametric
N
3.7
4.2
3.5
O
4.7
5.5
3.9
test to assess whether there was a statistically significant difference
P
3.9
4
3.4
between the 2 samples of observations in patients and controls.
Q
R
S
T
U

5.4
3.5
3.5
3.8
4.1

7.4
3.6
4.8
5.2
4.2

4.2
4.7
3.3
4.4
3.8

RESULTS
The lateral attic dimension measured an average of 4.11 ⫾ 1.05
mm in patients compared with 2.37 ⫾ 0.37 mm in healthy subAJNR Am J Neuroradiol 35:182– 85
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Table 2: Lateral, anterolateral, and posterolateral attic
measurements (mm) in controls
Controls
Lateral
Anterolateral
Posterolateral
AA
2.8
2.7
2.7
BB
3
3.4
3
CC
2.4
3
2.6
DD
1.9
3.6
2.2
EE
2
3.1
2.3
FF
1.8
2.4
2
GG
1.8
2.6
1.9
HH
2.5
4.2
2.3
II
2.3
3.8
2.6
JJ
2.3
3.2
2.5
KK
2.9
3.6
2.3
LL
2.1
3.2
2.3
MM
2.2
2.3
2.4
NN
2.3
3.1
2.3
OO
2.5
2.7
2.2
PP
2.9
3.8
2.9
QQ
2.1
2.6
2.4
RR
2.3
2.4
2.3
SS
2.6
3.6
3.3
TT
2.8
3.6
3.2

jects. These results represented a significant statistical difference
between the 2 groups with a 2-tailed P value of ⬍ .001.
The anterolateral attic dimension measured an average of
4.41 ⫾ 0.88 in patients compared with 3.15 ⫾ 0.54 mm in healthy
subjects. These results represented a significant statistical difference between the 2 groups with a 2-tailed P value of ⬍ .001.
The posterolateral attic dimension measured an average of
3.90 ⫾ 0.93 mm in patients compared with 2.49 ⫾ 0.37 mm in
healthy subjects. These results represented a significant statistical
difference between the 2 groups with a 2-tailed P value of ⬍ .001.
Overall, 12/21 patients (57%) demonstrated minimal or no
soft-tissue opacification within the middle ear cavity. Nine patients had nonspecific middle ear opacification. Mastoid underpneumatization and/or opacification was seen in 17/21 (80%)
patients. Ossicular erosion was seen in 10/21 (47%) patients.

FIG 3. Auto-atticotomy in a 35-year-old patient with a remote history of draining ear. Coronal MDCT demonstrates scutal absence (arrow) mimicking the appearance of a surgical atticotomy. Note the
lack of soft-tissue inﬂammatory changes.

FIG 4. Schematic drawing demonstrating the surgical atticotomy
margins (dotted line). S indicates scutum; T, tympanic membrane; M,
malleus.

DISCUSSION
Pars flaccida or primary acquired cholesteatoma most commonly
forms in the Prussak space lateral to the ossicles and may result in
medial ossicular displacement and/or erosion. Lateral expansion
causes erosion of the scutum and lower lateral wall of the attic.4-7
Histologically, cholesteatoma is a cystic structure containing exfoliated keratin lined by stratified keratinizing squamous epithelium. The outer layer of the cyst lining or sac is composed of perimatrix or lamina propria.8 There are multiple theories to the explain the
pathogenesis of bony destruction associated with cholesteatomas, including remodeling from local pressure and recruitment of osteoclasts that are enzymatically active.9
At imaging (usually CT), a cholesteatoma classically is seen as a
soft-tissue mass adjacent to the ossicles with erosion of the ossicles or
the scutum. If the cholesteatoma drains spontaneously into the external auditory canal, the bony changes remain but the mass is no
longer visualized. Instead, the “cavity” is now filled with air.
An auto-mastoidectomy has been described referring to external evacuation of the contents of a cholesteatoma that had
replaced much of the mastoid, leaving behind its outer mem184
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brane and a remodeled temporal bone without a soft-tissue
mass. This is also referred to as “mural cholesteatoma” or “unusual cholesteatoma shell.”3,10,11 Auto-atticotomy can be considered to be the same external decompression process, though
less extensive than an auto-mastoidectomy (Fig 3). The autoatticotomy may mimic a surgical atticotomy performed for
limited attic cholesteatomas, with removal of the scutum and
lower lateral attic wall (Fig 4). The size and shape of an autoatticotomy cavity reflects the size, shape, and location of the
original cholesteatoma that produced it.12 It is possible that we
are seeing a higher incidence of auto-atticotomy compared
with auto-mastoidectomy due to detection earlier in the course
of the disease because imaging is more easily available.
Pars flaccida cholesteatomas most commonly erode the
scutum and lower lateral wall of the attic. Scutal erosion was noted
in all patients in our series because this was an inclusion criterion.
On MDCT, scutal erosion is typically evaluated in the coronal
plane as blunting of the normally sharply pointed bone ridge.
However, this erosion can also be appreciated in the axial plane

where there is widening of the space between the ossicles and the
lower lateral attic wall. Smooth lateral expansion of this bony
margin can be visualized in a single axial plane image and, in our
experience, therefore can occasionally be more noticeable or can
support the diagnosis in questionable cases.
Regarding the lateral attic wall, the remodeling of the scutum may
be centered either anteriorly, posteriorly, or laterally.11 In our series,
there was a predilection for anterolateral remodeling, with approximately two-thirds of patients (13/21) demonstrating the greatest
widening of the anterolateral measurement (Fig 2B). Approximately
one-fourth of the patients (5/21) demonstrated a posterolateral directionality, with the greatest widening of the posterolateral measurement. A smaller number of patients (2/21) demonstrated scutal
erosion in a more straight-lateral fashion, with the greatest widening
of the straight-lateral (lateral) measurement. The direct lateral dimension corresponds to the plane of the coronal images and therefore is well-depicted on coronals. The anterolateral and posterolateral measurements lie at a 45° angle from the coronal plane. In
patients with the maximum widening along these axes, the coronal
plane might underestimate the extent of attic remodeling. In our
study, evaluation of the lateral attic in the coronal plane alone would
have underestimated the degree of widening in most of our patients.
For this reason, we recommend evaluation on the axial plane as well
as the coronal plane.
Nearly half (12/21) of our patients demonstrated auto-atticotomy changes without any CT indication of a residual attic or
Prussak space cholesteatoma as evidenced by a soft-tissue component (Fig 3). It is thus especially important to be aware of this
imaging appearance, which can alert the clinician to the presence
of a previously evacuated cholesteatoma.
For otologists, the dividing line between a deep retraction pocket
and a drained cholesteatoma may be difficult to define. It is conceivable that a deep or large retraction pocket can, by itself, create an
auto-atticotomy with erosion of the scutum.13 A retraction pocket
against the long process of the incus has been noted to cause erosion.14 So too, a deep retraction pocket could theoretically cause
blunting at the scutum without ever forming a collection of keratin or
mass. However, a deep retraction pocket seen on clinical examination could also simply represent a previously evacuated cholesteatoma with the outer wall left behind. Once the cholesteatoma evacuates and the keratin reaches the external canal, the “sac” may never
obstruct again and there would be no further drainage. The keratin
would simply evacuate at the normal rate via the external auditory
canal. This process would be appreciated by the otologist as a retraction pocket and may present as a conductive hearing loss without
mass or drainage. This differentiation is not crucial because most
otologists would treat a deep retraction pocket and an auto-atticotomy from a drained cholesteatoma similarly, depending on the
symptoms, including the frequency of drainage and accumulation of
debris.15
There are other potential or theoretic explanations for loss of the
scutum in the absence of soft tissue. The development of the external
auditory canal occurs as an invagination of the first branchial cleft,
which touches the endoderm of the ascending first branchial pouch
to form the tympanic membrane. Mesoderm then grows between the
2 layers, and the mature tympanic membrane is formed of all 3 layers.16 Theoretically, the pouch could invaginate further than normal

at the superior aspect of the tympanic membrane, but the presence of
chronic inflammatory disease in the middle ear and mastoids in almost all of our patients makes this finding unlikely to be a congenital
or developmental variant.

CONCLUSIONS
Evacuated attic cholesteatomas may be difficult to recognize on
CT due to the absence of soft tissue. We propose that widening of
the lateral attic and scutal erosion are findings that help to accurately diagnose these patients. We emphasize careful attention to the
axial images along the base of the scutum, which can help in recognizing subtle anterior or posterior remodeling of the lateral attic wall
and can support questionable findings on coronal images.
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Tympanic Plate Fractures in Temporal Bone Trauma:
Prevalence and Associated Injuries
C.P. Wood, C.H. Hunt, D.C. Bergen, M.L. Carlson, F.E. Diehn, K.M. Schwartz, G.A. McKenzie, R.F. Morreale, and J.I. Lane

ABSTRACT
BACKGROUND AND PURPOSE: The prevalence of tympanic plate fractures, which are associated with an increased risk of external
auditory canal stenosis following temporal bone trauma, is unknown. A review of posttraumatic high-resolution CT temporal bone
examinations was performed to determine the prevalence of tympanic plate fractures and to identify any associated temporal bone
injuries.
MATERIALS AND METHODS: A retrospective review was performed to evaluate patients with head trauma who underwent emergent
high-resolution CT examinations of the temporal bone from July 2006 to March 2012. Fractures were identiﬁed and assessed for orientation; involvement of the tympanic plate, scutum, bony labyrinth, facial nerve canal, and temporomandibular joint; and ossicular chain
disruption.
RESULTS: Thirty-nine patients (41.3 ⫾ 17.2 years of age) had a total of 46 temporal bone fractures (7 bilateral). Tympanic plate fractures
were identiﬁed in 27 (58.7%) of these 46 fractures. Ossicular disruption occurred in 17 (37.0%). Fractures involving the scutum occurred in
25 (54.4%). None of the 46 fractured temporal bones had a mandibular condyle dislocation or fracture. Of the 27 cases of tympanic plate
fractures, 14 (51.8%) had ossicular disruption (P ⫽ .016) and 18 (66.6%) had a fracture of the scutum (P ⫽ .044). Temporomandibular joint gas
was seen in 15 (33%) but was not statistically associated with tympanic plate fracture (P ⫽ .21).
CONCLUSIONS: Tympanic plate fractures are commonly seen on high-resolution CT performed for evaluation of temporal bone trauma.
It is important to recognize these fractures to avoid the preventable complication of external auditory canal stenosis and the potential for
conductive hearing loss due to a fracture involving the scutum or ossicular chain.
ABBREVIATIONS: HRCT ⫽ high-resolution CT; TMJ ⫽ temporomandibular joint; TPF ⫽ tympanic plate fracture

T

here are many reports in the literature describing CT of temporal bone trauma,1-4 detailing fracture plane orientations,4-6
ossicular disruptions, otic capsule involvement,4,5 associations
with air in the temporomandibular joint (TMJ),7 facial nerve injury,4-6 and fracture mimics, to name a few broad categories.8
Temporal bone fractures involving the tympanic plate (Figs 1 and
2), however, are under-recognized and have received little
attention beyond isolated case reports involving mandibular
trauma.8-15 The tympanic plate of the temporal bone is a
U-shaped structure forming the anterior wall, floor, and part of
the posterior wall of the external auditory canal. The limited litReceived January 17, 2013; accepted after revision March 29.
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erature concerning tympanic plate fracture (TPF) suggests that
these types of fractures are uncommon.4,10,11,16 Most literature
on direct and indirect CT findings of temporal bone trauma was
published in the pre-/early multidetector CT era1,3,7,17,18 or was
based solely on non-high-resolution CT (HRCT) imaging,19;
however, it is possible that posttraumatic TPFs are under-recognized or overlooked by the inexperienced observer. TPFs are important to identify, given the potential for the clinically significant
long-term complications of external auditory canal stenosis and
trismus.20 The purpose of this study was to retrospectively review
acute posttraumatic HRCT temporal bone studies to determine
the true incidence of TPF and to identify other associated temporal bone injuries.

MATERIALS AND METHODS
Institutional review board approval with waived consent was obtained for this Health Insurance Portability and Accountability
Act– compliant research study. A retrospective review was under-

FIG 1. External sagittal view of the left temporal bone depicting the
tympanic plate as it forms part of the anterior wall of the external
auditory canal.

taken of patients with acute trauma who underwent a HRCT examination of the temporal bone at a level 1 trauma center from
July 2006 to March 2012. Two hundred sixty-three patients were
identified on the basis of a search of a radiology report database
during this time for CT reports containing the keywords “temporal bone” and “fracture,” followed by a visual review of each study
to confirm the presence of a definable fracture through the temporal bone on HRCT, which yielded 58 patients. Studies were
excluded if they were performed as a follow-up to a prior temporal bone HRCT, were not acquired using a HRCT temporal bone
protocol, were of unacceptable image quality due to excessive motion/dental scatter, or were performed for ballistic injuries (19
patients). This process yielded 39 patients, 7 of whom had bilateral fractures that were analyzed as 2 separate cases, producing a
total of 46 HRCT temporal bone fractures that met the inclusion
criteria.
HRCT of the temporal bone had been acquired without contrast on either a Definition, Definition AS⫹, or Definition Flash
scanner (Siemens, Erlangen, Germany), using 12 ⫻ 0.3 mm or
16 ⫻ 0.3 mm collimation, 120 kV(peak), 0.8 pitch, and a 300-mm
FOV. The source data were reconstructed into 0.5-mm sections at
0.3-mm increments in the axial, coronal, and Pöschl planes (Fig
3A) by using a bone kernel algorithm. These 46 HRCT cases were
then reviewed on a PACS workstation by 3 neuroradiologists
(C.P.W., C.H.H., and J. L.), each with a Certificate of Added Qualification, and a neuroradiology fellow (D.C.B.), respectively, for
consensus diagnosis. At the review, readers were blinded to the
original radiology report and clinical history. Consensus review
was performed to ensure that the interpretation generated was
representative of a typical group of neuroradiologists and to decrease any expectation bias. Each of the above 3 planar reformats
was reviewed before a finding was determined, and subtle findings
were confirmed by comparison with the opposite side in cases of
unilateral fractures.
Cases were assessed for multiple variables. The fracture plane
orientation was classified as either transverse, longitudinal, or
mixed. These planes were determined relative to the axis of the

petrous ridge, with fracture orientations considered longitudinal
if ⬍30°, transverse if ⬎70°, or mixed if a combination of both
planes was present.4 TPF was confirmed if there was a visible
fracture extending through the tympanic plate that was clearly
distinct from the petrotympanic fissure (Fig 3B). Fracture extension through the otic capsule was assessed for involvement of the
vestibule, semicircular canals, and/or cochlea. The entire course
of the facial nerve through the temporal bone was followed for the
presence of fracture involvement, including the tympanic and
mastoid segments. Facial nerve canal fracture was designated if
there was a clear intersection between the course of the fracture
and the labyrinthine segment or anterior genu of the facial nerve,
while perigeniculate involvement was determined if the fracture
line passed within 2 mm of the anterior genu on any planar
reformat.
The scutum and internal auditory canal were examined for
any fracture involvement. Ossicular integrity was assessed for the
presence of subluxation/dislocation of either the malleoincudal
joint, incudostapedial joint, or both. Ossicular complex displacement was determined if the entire ossicular chain was notably
displaced from its expected location due to either ligamentous
rupture or fracture of bony attachment sites. Images were reviewed by using lung windows for the presence of pneumocephalus, pneumolabyrinth, or air in the TMJ fossa. The CT boundaries
of the TMJ fossa were defined by its bony margins: anteriorly by
the articular tubercle, posteriorly by the tympanic plate, and medially and laterally by the condylar head width. Images were evaluated for mandibular condyle dislocation or fracture.
An otolaryngology chief resident (M.L.C.) performed a retrospective review of each patient’s electronic medical record, assessing any potential clinical consequences of the temporal bone
trauma. Statistical analysis was performed using a commercially
available software package (JMP, Version 9.0; SAS Institute, Cary,
North Carolina). The Pearson 2 test was used to determine the
association between TPF and ossicular disruption; fracture plane
orientation; fractures involving the otic capsule, facial nerve canal, scutum, or mandibular condyle; mandibular condylar dislocation; pneumocephalus; pneumolabyrinth; and TMJ gas. A P
value ⬍ .05 was considered statistically significant.

RESULTS
Thirty-nine unique patients (41.3 ⫾17.2 years of age; 33 men, 6
women) were identified who had undergone temporal bone
HRCT in the acute setting. Seven of these patients had bilateral
temporal bone fractures, which yielded a total of 46 distinct temporal bone fractures that were evaluated. The CT features of temporal bone fractures and TPF are listed in Table 1. The distribution of fracture orientations was transverse in 2 (4.4%),
longitudinal in 18 (39.1%), and mixed in 26 (56.5%). The otic
capsule was involved in only 4 cases (9%). Pneumocephalus was
present in 16 cases (35%). TMJ gas was seen in 15 (33%) cases.
TPFs were identified in 27 (58.7%) cases and were most conspicuous on the Pöschl view (Figs 4 and 5). Ossicular disruption was
seen in 17 (37.0%) cases. Fractures involving the scutum were
seen in 25 (54.4%) cases. None of the 46 temporal bone fractures,
including the TPF cases, had an associated mandibular condyle
dislocation or fracture. A fracture extending to involve the interAJNR Am J Neuroradiol 35:186 –90
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frequency of TPF (P ⫽ .52). Twenty-two
fractures were found that involved the
course of the facial nerve in the temporal
bone. Twenty-one of these involved the
geniculate/perigeniculate region, and 1
involved the tympanic segment. There
was no correlation between TPF and
fractures involving the segments of the
facial nerve (P ⫽ .56). The presence of
gas within the TMJ fossa was not predictive of a TPF (P ⫽ .21). The review of the
patient posttraumatic clinical courses
was unrevealing, especially because clinical parameters were often incompletely
documented.

DISCUSSION
Fractures of the temporal bone are common in cases of major head trauma, with
a reported incidence of 3%–22% in patients with skull fractures.5,21 Temporal
bone fractures frequently have associated complications such as hearing loss,
cranial neuropathy or dysfunction, CSF
leak, and vestibulopathy occurring in
5%–10% of cases.22,23 Previously Schubiger et al6 noted that 48% of patients
with temporal bone fractures had ossicular chain disruption, facial nerve damage, or a CSF leak.6 Subsequently, Dahiya et al5 reported a higher incidence of
facial paralysis, CSF leaks, profound
hearing loss, and more frequent intraFIG 2. Oblique 3D view of the skull, including the external portion of the left temporal bone and
the Pöschl plane for CT reformatting superimposed. This Pöschl plane view is depicted in the inset cranial complications when temporal
bone fractures involved the otic capsule
along with a TPF and some of the possible associated traumatic injuries.
compared with those that spared the
bony labyrinth. Patients with temporal bone fractures often have
coexistent major intracranial injuries because a significant force is
required to fracture the temporal bone.24
The tympanic part of the temporal bone is a U-shaped structure forming the anterior wall (or posterior margin of the glenoid
fossa), floor, and part of the posterior wall of the external auditory
canal. The tympanic plate is this anterior wall segment of the
tympanic portion of the temporal bone, interposed between the
external auditory canal and the glenoid fossa (Fig 1). The plate is
FIG 3. HRCT images with Pöschl views in the same patient demonstrating the tympanic plate (A, white arrow) and the petrotympanic
subjacent to the squamous part of the temporal bone, from which
ﬁssure (B, arrowhead).
it is separated by a contiguous set of fissures running along the
anterosuperior external auditory canal: the squamotympanic fisnal auditory canal occurred in only 1 (2%) case. Pneumolabyrinth
sure laterally and the petrotympanic fissure medially. The petrowas identified in only 1 (2%) case.
tympanic fissure permits passage of the chorda tympani nerve (via
Statistical analysis revealed the following positive associations
the canal of Huguier), fibers from the anterior ligament of the
with TPF (Table 2): Of the 27 cases of TPF, 14 (51.8%) had assomalleus, and the anterior tympanic branch of the internal maxilciated ossicular disruption (P ⫽ .016) and 18 (66.6%) had an
lary artery.25 Identification of this contiguous fissure (best visualassociated fracture of the scutum (P ⫽ .044). There was no correized in the Pöschl plane) is important to avoid mistaking it for a
lation between fracture plane orientation and TPF. In addition,
temporal bone fracture and in localizing the tympanic plate.
fracture plane orientation was not predictive of ossicular disrupIn our study, TPFs (Fig 2) were commonly seen on HRCT of
tion or scutum fracture. There was no statistical difference between unilateral-versus-bilateral temporal bone fractures and the
the temporal bone in acute trauma. This finding is in contradis188
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Table 1: Clinical and CT features of temporal bone fractures
No. of Temporal Bone
Fractures (n = 46)
Fracture orientation
Transverse
2 (4.4%)
Longitudinal
18 (39.1%)
Mixed
26 (56.5%)
Otic capsule involvement
4 (9%)
Pneumocephalus
16 (35%)
TMJ gas
15 (33%)
TPF
27 (58.7%)
Ossicular disruption
17 (37.0%)
Fractures involving scutum
25 (54.4%)

FIG 5. A 21-year-old woman, status post motor vehicle collision, with
bilateral tympanic plate fractures (only the right one is shown). The
complex nature of the right tympanic plate fracture is demonstrated
by the white arrows on the axial (A), Pöschl (B), and coronal (C) plane
images.
Table 2: Tympanic plate fractures and associations
No. of TPFs
(n = 27)
Ossicular disruption
14 (51.8%)
Scutum fracture
18 (66.6%)
Bilateral TPF
7 (25.9%)
CT evidence of CN VII involvement
14 (51.9%)
Gas within TMJ fossa
11 (40.7%)

P Value
.016
.044
.52
.56
.21

Note:—CN indicates cranial nerve.

FIG 4. A 66-year-old intoxicated man, status post 2 falls within an
hour, each of which led to his head striking a cement ﬂoor. Right
tympanic plate fractures demonstrated on HRCT. Axial (A), Pöschl (B),
and coronal (C) plane views. Tympanic plate fracture is demonstrated
by white arrows.

tinction to the purportedly “rare” and “uncommon” occurrence
of TPF reported in the literature.10,11,16 One explanation for this
under-reporting could be that TPFs in our study were most conspicuous on the Pöschl plane, which is generally not included on
routine CT examinations. Most interesting, a study in 1988 mentioned the benefits of direct sagittal CT in temporal bone evaluation including the external auditory canal and for TMJ trauma,
but it did not mention TPF.26
Most, if not all, of the articles referencing a low incidence of
tympanic plate injuries were written in the context of mandibular
trauma, detailing a blow to the chin driving the mandibular condyles posteriorly and then impacting the tympanic plate. While
this mechanism makes intuitive sense, none of our cases had evidence of a mandibular fracture or dislocation. In addition, in the
present study the tympanic plate was typically never fractured in
isolation, suggesting an alternative fracture mechanism. Both
Valvassori27 and Ghorayeb and Yeakley28 briefly noted fracture
extension into the glenoid fossa in most of their temporal bone
fracture cases, often in association with a longitudinal or mixed
fracture, respectively. Although specific mechanisms of injury

were not provided, their studies appeared to be based on patient
populations experiencing blunt nonpenetrating trauma, similar
to our patient group.
In our study, there was a statistically significant association
between ossicular injury and TPF. This could merely represent
extension of an adjacent fracture plane, given the close anatomic
relationship of the tympanic plate and the ossicles. Alternative
mechanisms of ossicular injury due to TPF should also be considered, such as damage to the anterior ligament of the malleus. This
ligament anchors the malleolar head to the anterior wall of the
tympanic cavity and spina angularis of the sphenoid.25,29 However, to reach its sphenoid insertion, the fibers of the anterior
ligament of the malleus must course through the petrotympanic
fissure. Because the tympanic plate borders the petrotympanic
fissure, a TPF could disrupt these passing fibers and lead to ossicular injury. A second explanation could be related to the lateral
ligament of the malleus, which connects the malleolar neck to the
osseous margins of the tympanic notch and runs inferior to the
scutum.25 Given the correlation between fractures of the tympanic plate and scutum in our study, the association between TPF
and ossicular injury could be due to lateral ligament damage from
a scutum fracture. Regardless of which ligament is disrupted, either could destabilize the ossicles and transfer additional strain on
the remaining ligaments and joints, ultimately contributing to
ossicular injury.
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Potential long-term complications of TPF are well-documented in the literature, including external auditory canal stenosis, TMJ dysfunction, prolapse of the mandibular condyle into the
external auditory canal, and facial nerve paresis.9,10 External auditory canal stenosis can vary from mild to complete occlusion
with variable degrees of conductive hearing loss. Stenosis presumably occurs from marked comminution and displacement of the
tympanic plate, resultant loss of anterior wall structural integrity,
callus formation, and fibrous inflammation.20 The management
and treatment of external auditory canal stenosis are beyond the
scope of this article, but the mainstay of preventive treatment is
packing of the canal in cases at high risk for the development of
stenosis. Early identification of this injury and medical management can reduce the need for surgery in cases of fixed stenosis.
Surgery often involves canaloplasty to remove fixed narrowing
and bony irregularities, excision of any soft-tissue stenosis, and/or
skin grafting, often with restenosis rates as high as 27%.20 TMJ
dysfunction is another possible long-term complication, though
acutely there is usually trismus and pain due to regional softtissue and retrodiscal inflammation.10 For these reasons, it is important for the radiologist to document the presence of a TPF.
The present study has several limitations. This is a retrospective review and is limited as such. Cases were identified from a
cohort of patients in whom some type of temporal bone fracture
in an acute setting had been reported by a neuroradiologist.
Hence, there exists the potential for having missed cases not appreciated by the initial neuroradiologist, thereby excluding more
subtle cases of temporal bone trauma. There may be a referral bias
because we are a tertiary care center. In addition, because our
institution is a large referral center, many patients had limited or
no long-term follow-up after their initial injury and acute care.
Future work could include more detailed prospective clinical follow-up and outcomes for these types of patients.

CONCLUSIONS
TPFs are commonly seen on dedicated HRCT performed for the
evaluation of acute temporal bone trauma, which is in contradistinction to previous literature concerning CT imaging of temporal bone trauma. TPFs were most conspicuous on the Pöschl view.
It is important to recognize these fractures to avoid the preventable complication of external auditory canal stenosis and its potential impact on conductive hearing loss with a fracture involving the scutum or ossicular chain.
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ABSTRACT
BACKGROUND AND PURPOSE: Contrast is used in CT-guided epidural steroid injections to ensure proper needle placement. Once
injected, undiluted contrast often obscures the needle, hindering subsequent repositioning. The purpose of this investigation was to
establish the optimal contrast dilution for CT-guided epidural steroid injections.
MATERIALS AND METHODS: This investigation consisted of an initial phantom study, followed by a prospective, randomized, singlecenter trial assessing a range of contrast dilutions. In the phantom study, a phantom housing a chamber containing a 22-gauge needle and
various dilutions of contrast was scanned, and images were evaluated for needle visibility. On the basis of these results, concentrations of
66, 100, 133, and 150 mg/mL iodine were selected for evaluation in a clinical study. Patients presenting for CT-guided epidural steroid
injections were randomly assigned to a contrast dilution, and images from the procedure were evaluated by 2 readers blinded to the
contrast assignment. Needle visibility was scored by use of a 5-point scale.
RESULTS: In the phantom study, the needle was not visible at contrast concentrations of ⱖ133 mg/mL. In the clinical study, needle
visibility was strongly associated with contrast concentration (P ⬍ .0001). Signiﬁcant improvements in visibility were found in 66 mg/mL
and 100 mg/mL compared with higher iodine concentrations; no difference was found comparing 66 mg/mL with 100 mg/mL iodine.
Neither injection location (cervical versus lumbar) nor technique (interlaminar versus transforaminal) inﬂuenced visibility scores.
CONCLUSIONS: For CT-guided epidural steroid injections, the optimal contrast concentration is 66 –100 mg/mL iodine. Because these
concentrations are not commercially available, proceduralists must dilute their contrast for such procedures.
ABBREVIATIONS: ESI ⫽ epidural steroid injections; ILESI ⫽ interlaminar epidural steroid injection; TFESI ⫽ transforaminal epidural steroid injection; CTF ⫽ CT ﬂuoroscopy

I

maging guidance is a critical component of safe and accurate
needle placement during spinal epidural steroid injections
(ESI).1-6 The injection of contrast medium during such imageguided procedures provides information on patterns of injectate
spread and helps to avoid complications caused by inadvertent
intrathecal or intravascular needle placement. When the pattern
of injected contrast shows that the needle position is not ideal, the
proceduralist may reposition the needle.
Although conventional fluoroscopy remains the most widely
used technique for guidance, CT fluoroscopy (CTF) has become
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increasingly used because of its ability to provide cross-sectional
needle localization and excellent visualization of the regional soft
tissues.7-10 When CT guidance is used, however, the attenuation
of many commercially available contrast agents is often sufficient
to obscure the needle tip after injection. This can hinder attempts
at needle repositioning, and as a result, several authors have advocated the use of dilute contrast for CT-guided procedures. The
recommendations for the degree of contrast dilution vary widely,
have generally been empirically selected, and, to our knowledge,
have not been systematically evaluated previously.
The purpose of this investigation was to establish the optimal
iodine concentration in contrast material for use in CT-guided
spine procedures. Our study design included a phantom study for
the purpose of acquiring preliminary data, followed by a prospective, randomized trial of various contrast dilutions in conditions
mirroring routine clinical practice.

MATERIALS AND METHODS
This investigation was conducted in 2 parts. The first part was a
phantom study designed to narrow the range of contrast dilutions
AJNR Am J Neuroradiol 35:191–95
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FIG 1. Phantom study assessing needle visibility. A, Scout image from CT demonstrating the conﬁguration of the phantom. The central chamber
houses contrast and a 22-gauge needle. Axial cross-sectional images of the chamber are shown with various contrast dilutions: 50 mg/mL (B), 66
mg/mL (C), 100 mg/mL (D), 133 mg/mL (E), and 150 mg/mL (F).

to be tested. The second part was a prospective, randomized, single-center trial assessing a range of contrast dilutions in actual
CTF-guided epidural steroid injections. The study was approved
by our local institutional review board and was compliant with
the Health Insurance Portability and Accountability Act.

Part I: Phantom Study
We constructed a 15-cm-diameter cylindrical phantom composed of ballistics-grade gelatin (12% wt/vol) that housed a central cylindrical chamber capable of holding contrast. Contrast dilutions were prepared by diluting commercially available contrast
medium containing 200 mg/mL iodine (iopamidol; Isovue-M
200, Bracco Diagnostics, Princeton, New Jersey) with preservative-free sterile saline to achieve 5 final iodine concentrations: 50,
66, 100, 133, and 150 mg/mL. The phantom’s central chamber
was filled with various dilutions of contrast, and a 22-gauge needle
was secured into place, centered along the long axis of the chamber. The phantom was placed in a clinical CT scanner (LightSpeed
16; GE Healthcare, Milwaukee, Wisconsin) containing each contrast dilution and was scanned by use of the axial technique at a
tube current of 10 mA and peak voltage of 120 kVp (Fig 1). The
images were then reviewed by a neuroradiologist by use of the
scanner’s preset window/level setting for CTF procedures (window and level setting: 4000/465). Needle visibility was assessed by
use of a 3-point scoring system, with a score of 0 indicating clear
visibility of the needle against the background contrast, a score of
1 indicating borderline visibility, necessitating adjustment of the
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window and level settings, and a score of 2 indicating inability to
visualize the needle.

Part II: Clinical Study
On the basis of the results of the phantom study, we selected 4
contrast concentrations for use in the clinical study: 66, 100, 133,
and 150 mg/mL iodine. Subjects were recruited from among adult
patients presenting to a single neuroradiologist for CTF-guided
interlaminar or transforaminal epidural steroid injections in the
cervical or lumbar spine. A contraindication to iodinated contrast, such as a prior allergic reaction, was an exclusion criterion.
Once enrolled, subjects were randomly assigned to one of the
contrast dilutions on the basis of a predetermined randomization
schedule, and the clinically indicated procedure was performed.
For patients scheduled for multiple injections in a single visit, a
single-contrast dilution was used for all injections performed at
that visit. All scans were performed on the same clinical scanner,
which was the same scanner used to scan the phantom. For each
procedure, tube current settings were at the discretion of the proceduralist and were based on body habitus and injection location.

Image Analysis
Images from the procedures were reviewed by use of a standardized window and level setting (4000/465) by 2 neuroradiologists,
each with 5 years of experience performing CTF- guided steroid
injections. The readers were blinded to the assigned contrast dilution. One of the readers was the same radiologist who per-

tions of 133 mg/mL and higher resulted in nonvisualization of the
needle. Dilutions in the range of 66 –150 mg/mL were selected for
the clinical study because we anticipated that there would be a
further reduction in iodine concentration as the contrast was injected and dispersed into the soft tissues.
In the clinical study, a total of 42 patients receiving a total of 60
injections were enrolled and randomly assigned. Mean patient age
was 64 years (range, 20 – 89). There were 19 men and 23 women.
Lumbar injections accounted for 55 of 60 procedures. Of the cervical injections, 3 were TFESIs and 2 were ILESIs. There was a
similar proportion of TFESIs and ILESIs, with TFESIs accounting
for 28 of 60 of all injections (47%) and ILESIs accounting for the
remainder (53%). Tube current settings for the procedure ranged
from 20 –70 mA.
Needle visibility was found to be highly associated with contrast concentration (P ⬍ .0001). No association was found beData Analysis
Data were analyzed with the use of SAS software (version 9.3, SAS
tween visibility scores and anatomic location (cervical versus
Institute, Cary, North Carolina). Because there was more than 1
lumbar) (P ⫽ .61) or the combined variables of anatomic location
injection per subject in some cases, visibility scores were analyzed
and contrast concentration (P ⫽ .20).
by means of the generalized estimating equations test of differVisibility scores for the individual contrast dilutions are
ence, assuming a multinomial distribution and a cumulative logit
presented in Table 2. Generally, concentrations of ⱖ133
link function. A value of P ⫽ .05 was considered to be statistically
mg/mL showed substantial numbers of injections in which the
significant for analysis of the effect of contrast concentration on
contrast was too concentrated to allow needle visualization (ie,
needle visibility. Follow-up contrast statements in the generalized
score of ⫹2). Of the concentrations ⬍133 mg/mL, a concenestimating equations test of difference model comparing multiple
tration of 66 mg/dL demonstrated the greatest percentage of
individual contrast concentrations as well as the effect of injection
optimal scores (44%) but was also assigned a score indicating
type (ie, ILESI versus TFESI) were analyzed with the use of a
unacceptable soft tissue contrast (ie, score of ⫺2) in 21% of
Bonferroni-corrected significance threshold of 0.0083.
cases. Overall inadequate visibility (ie, a score of ⫹2 or ⫺2)
was found in 8 of 32 cases for the 100 mg/mL concentration
and 8 of 34 cases for the 66 mg/mL concentration.
RESULTS
With the use of a Bonferroni-corrected significance threshold
In the phantom study, iodine concentrations of 50 and 66 mg/mL
of 0.0083, significant differences were found in visibility between
were associated with clear needle visualization, 100 mg/mL was
the following dilutions: 66 mg/mL versus 133 mg/mL (P ⬍ .0001),
found to be borderline for needle visualization, and concentra66 mg/mL versus 150 mg/mL (P ⫽
.0004), and 100 mg/mL versus 133
Table 1: Five-point scoring system for the clinical study
mg/mL (P ⫽ .0005). No difference was
Too Concentrated
Optimal
Too Dilute
found in visibility between the 66
Visibility score
⫹2
⫹1
0
⫺1
⫺2
mg/mL and 100 mg/mL concentrations
Needle tip
Not visible
Borderline Visible
Visible
Visible
Soft tissue contrast
Adequate
Adequate Adequate Borderline Not acceptable
(P ⫽ .069).
formed the injections; however, image review occurred 5 months
after the end of patient enrollment, thereby mitigating the chance
that any particular dilution could be recalled during analysis. Images were scored according to a 5-point scoring system (Table 1),
which expanded the 3-point system used in the phantom study.
Scores of ⫺2 and ⫺1 were added to account for the need to
achieve adequate anatomic soft tissue contrast when performing
clinical procedures. Representative examples of injections scored
as optimal and at the extremes of the 5-point scale are shown in
Fig 2. In 4 cases in which the readers disagreed by 2 points, the case
was jointly reviewed by both readers and a consensus score was
determined. Injection technique (interlaminar epidural steroid
injection [ILESI] versus transforaminal epidural steroid injection
[TFESI]) was also recorded.

FIG 2. Axial CTF images show representative examples of visibility scores on the basis of our 5-point scoring system. A, Score of ⫹2. The
contrast is too dense to visualize the location of the needle tip. B, Score of 0. The needle tip can be distinguished from the injected
contrast; adequate soft tissue contrast is also provided. C, Score of ⫺2. The injected contrast is too dilute to provide adequate soft tissue
contrast.
AJNR Am J Neuroradiol 35:191–95
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Table 2: Visibility scores for the clinical study
Visibility Score
Total scores (n ⫽ 120)
(2 readers)
Iodine concentration
66 mg/mL (n ⫽ 34)
100 mg/mL (n ⫽ 32)
133 mg/mL (n ⫽ 26)
150 mg/mL (n ⫽ 28)
Injection technique
ILESI (n ⫽ 64)
TFESI (n ⫽ 56)

−2
n⫽9
(7.5%)

−1
n ⫽ 10
(8.3%)

0
n ⫽ 34
(28.3%)

n⫽7
(20.6%)
n⫽2
(6.3%)
n⫽0
(0%)
n⫽0
(0%)

n⫽5
(14.7%)
n⫽5
(15.6%)
n⫽0
(0%)
n⫽0
(0%)

n ⫽ 15
(44.1%)
n⫽9
(28.1%)
n⫽2
(7.7%)
n⫽8
(28.6%)

n⫽0
(0%)
n⫽9
(16.1%)

n⫽3
(4.7%)
n⫽7
(12.5%)

n ⫽ 14
(21.9%)
n ⫽ 20
(35.7%)

Table 3: Comparison of visibility scores on the basis of combined
iodine concentration and injection technique
Iodine Concentration + Injection Technique
P Valuea
(66 mg/mL and TFESI) versus (100 mg/mL and TFESI)
.011
(66 mg/mL and ILESI) versus (100 mg/mL and ILESI)
.016
(66 mg/mL and ILESI) versus (66 mg/mL and TFESI)
.051
(100 mg/mL and ILESI) versus (100 mg/mL and TFESI)
.021
a

P values are based on results of generalized estimating equations test of difference
contrast statements with the use of a Bonferroni-corrected signiﬁcance threshold of
0.0083.

To determine whether either the 66 mg/mL or 100 mg/mL
concentration was superior for a particular injection technique
(ILESI versus TFESI), we examined multiple combinations of
contrast concentration and injection technique. These included
comparison of visibility scores for TFESI with scores for ILESI
at both 66 mg/mL and 100 mg/mL iodine, as well as scores for
TFESI injections performed at 66 mg/mL with those performed at 100 mg/mL, and ILESI scores for the same concentrations (Table 3). Although we observed trends for several of
these combinations, none of these comparisons achieved statistical significance by use of the corrected significance threshold of 0.0083.

DISCUSSION
The role of contrast in ESI is to confirm the epidural and extravascular location of the needle tip and to examine the spread of injectate toward the therapeutic target. In cases in which the
contrast pattern indicates an undesirable needle position necessitating repositioning of the needle, the contrast attenuation must
not obscure the visibility of the needle tip. Our investigation demonstrated that iodine concentration was highly associated with
needle visibility (P ⬍ .0001) during CT-guided ESI and that at or
above iodine concentrations of 133 mg/mL, the contrast was too
attenuated to allow needle visualization. Furthermore, our results
suggest that the optimal iodine concentration for such procedures
is 66 –100 mg/mL. Because commercially available contrast media
used for spinal injections generally are available with iodine concentration of 180 –200 mg/mL and higher, proceduralists seeking
to optimize needle visibility during CT-guided spine procedures
must dilute their contrast.
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To our knowledge, ours is the first
investigation to systematically evaluate
the effect of contrast concentration on
+1
+2
needle visibility in CT-guided procen ⫽ 25
n ⫽ 42
(20.8%)
(35.0%)
dures. Previous authors have recommended the use of dilute contrast for use
n⫽6
n⫽1
in CT-guided procedures, but the sug(17.6%)
(2.9%)
gested dilutions have generally been emn ⫽ 10
n⫽6
pirically determined and vary widely
(31.3%)
(18.8%)
n⫽3
n ⫽ 21
among authors. For cervical TFESI, con(11.5%)
(80.8%)
trast dilutions of 1:10, 1:2, 1:1, and 3:1
n⫽6
n ⫽ 14
have been reported by different authors,
(21.4%)
(50.0%)
with the use of either saline or local anesthetic as the diluent.7,10-13 A report of
n ⫽ 17
n ⫽ 30
(26.6%)
(46.9%)
CT-guided celiac plexus neurolysis techn⫽8
n ⫽ 12
nique recommended the use of a con(14.3%)
(21.4%)
trast dilution of 1:4 with anesthetic.14 In
many cases, the dilution ratios were reported, but details of the contrast medium being diluted or its
iodine concentration were not specified. Thus, our study aimed to
systematically determine the optimal iodine concentration for use
in CT-guided ESI. In our investigation, the contrast concentrations that produced the highest proportions of acceptable scores
correspond to dilutions of 1:1 (100 mg/mL) or 1:2 (66 mg/mL).
Visibility is particularly important when performing CTguided procedures requiring high degrees of precision in needle
placement, such as with cervical epidural steroid injections (Fig
3). In a previous investigation, we found that needle repositioning
was necessary after contrast injection in 16% of cervical TFESIs
because of the undesirable spread of contrast in the epidural
space, subperiosteal injection, or intravascular injection.15 In
cases in which critical neural and vascular structures are in close
proximity to the target needle placement, the inability to visualize
the needle tip and make controlled adjustments to its position
increases the risk for catastrophic consequences. The need to decrease iodine concentration to allow visibility of the needle must
be balanced against the need for adequate soft tissue contrast.
Overdilution of contrast could result in inability to confidently
confirm epidural location of the needle, failure to adequately assess the extent and direction of spread of injectate in the epidural
space, or failure to detect intrathecal or intravascular injection.
The ideal concentration of contrast would permit needle visibility
while maintaining good visibility of the contrast as it disperses in
the soft tissues surrounding the injection site.
The 5-point scoring system that we used for the clinical study
was designed to balance these competing needs. We found that
needle visibility against the background contrast pool is no longer
possible at concentrations ⱖ133 mg/mL under phantom conditions and is unacceptable in most clinical cases. Notably, we did
not find a statistically significant difference in visibility scores between the 66 mg/mL and 100 mg/mL concentrations, nor did we
identify a subgroup on the basis of injection location or technique
in which one concentration or the other was superior. We did find
that at a concentration of 100 mg/mL iodine, most unacceptable
visibility scores resulted from a contrast concentration too high to
allow needle visibility. Conversely, at 66 mg/dL, most unacceptable scores resulted from overdiluted contrast and insufficient

FIG 3. Importance of precise needle placement in cervical epidural steroid injections. A, Axial CTF image obtained before contrast injection. B,
Image obtained immediately after contrast injection shows transient ﬁlling of small vessels (arrows). No epidural spread is seen. C, Image
obtained after advancing the needle ⬍2 mm demonstrates foraminal epidural contrast spread, with no vascular ﬁlling. Note the close proximity
of the needle tip to the vertebral artery (*). This case highlights the importance of accurate localization of the needle tip and the need to be able
to make small but precise adjustments in needle position during epidural injections.

soft tissue contrast. Yet, for both dilutions, there were cases scored
as too concentrated (ie, score of ⫹2) as well as others scored as too
dilute (ie, score of ⫺2), suggesting that some component of needle visibility may depend on idiosyncratic factors related to the
anatomy or tissue composition of the injection site or individual
perceptual differences by the scorers. Although our investigation
focused on ESI, a variety of other CT-guided procedures use contrast injection, and we would anticipate that our results would be
generalizable to other techniques in which contrast is injected into
soft tissue.
There are several limitations to this investigation. First, the
number of injections in this prospective investigation was selected
to evaluate our primary hypothesis that there would be a difference in needle visibility on the basis of concentration. There are
subgroups of injections, however, for which our total number of
subjects may be insufficiently powered to detect differences. With
larger numbers, it is possible that differences in optimal contrast
concentration could be found between interlaminar epidural and
transforaminal injections in which we observed nonsignificant
trends or between cervical and lumbar injections. Second, the
degree to which any single contrast attenuation is considered optimal may be in part influenced by the specific considerations of
the procedure being performed, the relative hazards of overdilution versus underdilution of contrast in any particular context,
and by the subjective preferences of the proceduralist. Our determination of optimal iodine concentration should be considered a
general guide but can be tailored according to the needs of individual cases and operators.

CONCLUSIONS
Optimal iodine concentration in contrast used during CT-guided
spine procedures is 66 –100 mg/mL. This range provides the
greatest balance between visualizing the needle and providing adequate tissue contrast. Because these concentrations are not currently commercially available, the use of a 2:1 or 1:1 dilution of
contrast by proceduralists performing CT-guided ESI would be
necessary, assuming a starting contrast concentration of 200
mg/mL iodine.
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Intramedullary Spinal Cord Metastases: Visibility on PET and
Correlation with MRI Features
P.M. Mostardi, F.E. Diehn, J.B. Rykken, L.J. Eckel, K.M. Schwartz, T.J. Kaufmann, C.P. Wood, J.T. Wald, and C.H. Hunt

ABSTRACT
BACKGROUND AND PURPOSE: Studies systematically evaluating the detection of intramedullary spinal cord metastasis with PET are
lacking. Our purpose was to evaluate the visibility of intramedullary spinal cord metastasis on PET in a single institutional series and to
correlate PET and MR imaging features.
MATERIALS AND METHODS: Patients were included if pretreatment MR imaging identifying an intramedullary spinal cord metastasis and
an [18F] FDG-PET examination near the time of MR imaging were available. PET examinations were retrospectively reviewed, with reviewers
blinded and then unblinded to the PET report and MR imaging ﬁndings. PET intramedullary spinal cord metastasis features were compared
with and correlated with previously analyzed MR imaging lesion characteristics. Original clinical PET reports were reviewed.
RESULTS: The ﬁnal study sample was 10 PET examinations in 10 patients with 13 intramedullary spinal cord metastases. In 7 (70%) patients,
retrospective blinded review demonstrated convincing evidence of 10 (77%) intramedullary spinal cord metastases. Three MR imaging features
correlated with intramedullary spinal cord metastases being visible on PET compared with those nonvisible, respectively: larger lesion enhancement size: mean size: 32.1 mm versus 6.0 mm (P ⫽ .038); larger longitudinal extent of T2 signal abnormality: mean 5.6 versus 1.0 segments (P ⫽ .0081);
and larger ratio of extent of T2 signal abnormality to contrast enhancement: 3.8 versus 1.0 (P ⫽ .0069). Intramedullary spinal cord metastasis was
conﬁdently reported clinically in 2 (20%) patients, accounting for 5 (38%) intramedullary spinal cord metastases.
CONCLUSIONS: Most intramedullary spinal cord metastases can be detected on PET when performed near the time of pretreatment MR
imaging. However, intramedullary spinal cord metastases may not be clinically reported on PET. Larger lesions with more edema are more
likely to be visible. The spinal cord should be speciﬁcally and carefully assessed on PET for evidence of intramedullary spinal cord
metastases to provide timely diagnosis.
ABBREVIATIONS: ISCM ⫽ intramedullary spinal cord metastasis; [18F] ⫽ ﬂuorine 18; SUVmax ⫽ maximum standardized uptake value

I

ntramedullary spinal cord metastases (ISCMs) are rare and devastating manifestations of metastatic neoplasm. They are present at autopsy in 0.9 –2.1% of patients with cancer1,2 and comprise 1– 4% of spinal metastases.1-3 Early detection is important
because ISCMs indicate a poor prognosis, and treatment may
slow neurologic deterioration.4 However, ISCMs can be asymptomatic, especially at early stages, and are historically difficult to
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detect with imaging.3,5 MR imaging is the cornerstone of spinal
cord imaging,6 but this technique is generally not indicated for
screening of asymptomatic patients.
[18F] FDG-PET is the primary imaging technique used for
whole-body screening for metastases and therefore is a technique
that ideally locates most sites of metastases, including intraspinal.
However, there are only scattered case reports of visualization of
ISCMs on PET.7-12 No large series systematically evaluating the detection of ISCMs with PET have been reported. The purpose of the
current study was to retrospectively evaluate the visibility of ISCMs
on PET in a single institutional series of patients with ISCMs, and to
correlate PET and MR imaging features.

MATERIALS AND METHODS
Institutional review board approval with waived consent was obtained for this Health Insurance Portability and Accountability
Act– compliant retrospective research study.

Subjects
A search of the radiologic and clinical databases at our institution
from 1999 –2011 had previously yielded a group of 45 patients
with 64 ISCMs, in whom pretreatment MR imaging had identified the ISCM.13 For inclusion in the current study, this group was
refined to those patients in whom a PET scan (either PET/CT or
PET only) was also available for electronic review. It was assumed
that the number of potential cases of ISCM seen on PET at our
institution but not imaged with MR imaging (and thus not included in our 45-patient cohort) would be negligible or nonexistent, given that patients would be expected to undergo spinal MR
imaging if an ISCM was first suggested at PET. When multiple
PET examinations were available for a patient, only the examination closest to the MR imaging was included in the study. PET
examinations performed more than 60 days before or more than
14 days after the pretreatment diagnostic MR imaging were excluded. The purpose of these criteria was to exclude PET examinations that were estimated to have a high likelihood of predating
the development of an ISCM (those performed more than 60 days
before MR imaging) and to exclude PET examinations in which
the PET appearance probably would have been affected by the
preceding treatment of an ISCM (those performed more than 14
days after MR imaging).

PET Acquisition
Although there was some variability in PET scanner technology,
given the more than 10-year time period over which the imaging
was performed, our standard [18F] FDG-PET protocol was followed for patient preparation and imaging. Patient preparation
included 4 hours of fasting, such that the finger-stick blood glucose
level was in the desired range, between 70 –180 mg/dL, before injection of the [18F] FDG radiotracer. The injected activity: was 15 mCi of
[18F] FDG (⫾10%), with an uptake time of 60 –70 minutes.
All PET images were obtained on General Electric scanners
(GE Healthcare, Milwaukee, Wisconsin). Because of the evolving
nature of our clinical practice over the course of the study, the
scanner types changed with emerging technology. Only 1 of the
patients in this study was imaged on a PET only scanner (Advance
NX series). The other 9 patients were all imaged on PET/CT scanners: 3 on Discovery 690 series, 1 on Discovery ST series, 2 on
Discovery RX series, and 3 on Discovery DLS series.
PET/CT acquisition parameters were helical scan, 0.5 seconds
rotation time; pitch, 0.984; table speed, 39.37 mm/rotation; section thickness, 3.75 mm; kVp 120. A 3D PET acquisition toward
the feet was used with bed position of 3 minutes.

Image Review
Two radiologists (F.E.D., neuroradiology faculty member with
an American Board of Radiology certification and a Certificate
of Added Qualification in neuroradiology; C.H.H., neuroradiology and nuclear medicine faculty member with an American
Board of Radiology certification, Certificate of Added Qualification– eligible for neuroradiology and nuclear medicine) and a
4th-year medical student (P.M.M.) retrospectively reviewed the
PET examinations for evidence of ISCMs in multiplanar fashion
on an electronic workstation in consensus fashion. The reviewers
were first blinded and, after complete initial review of the PET

examinations, subsequently unblinded to the clinical PET report
and all MR imaging findings. When concurrent CT was available,
images were reviewed both without and with the CT data. Multiple characteristics were analyzed on PET for ISCMs that were
identified: lesion location (spinal levels), maximal superior-inferior extent (number of vertebral body segments), morphology of
FDG uptake (fusiform versus round), and maximum standardized uptake value (SUVmax) of the ISCM. SUVmax of the mediastinal blood pool was measured on all PET examinations. The
SUVmax of both the ISCMs and of the mediastinal blood pool
was determined by placing a circular region of interest over the
area that included the subjective maximum uptake. Several MR
imaging lesion characteristics previously analyzed by 2 radiologists (F.E.D. and J.B.R., a neuroradiology fellow with an
American Board of Radiology certification)13,14 were noted:
lesion location, maximal superior-inferior enhancement
length (size [mm] and extent [number of vertebral body segments]), extent of T2 signal abnormality (number of vertebral
segments), ratio of extent of T2 signal abnormality to contrast
enhancement, and presence/absence of “rim” and “flame”
signs,13 2 postgadolinium MR imaging findings specific for
ISCM.

Clinical Review
The original clinical PET interpretations were reviewed to assess
whether any of the following were reported: the ISCM(s), the
primary neoplasm, additional metastatic disease (including specifically CNS, non-CNS, and skeletal spinal column metastases).
Note that these clinical interpretations were issued by subspecialty trained nuclear medicine physicians at a large academic
medical center. The time interval (days) between the PET and MR
imaging examinations was calculated. For cases in which the PET
report did not describe the ISCM(s) but PET occurred before the
MR imaging, a review of the electronic medical record was performed to assess whether there was an impact on clinical care of
the patient.

Statistical Analysis
PET and MR imaging findings were compared for each patient, in
consensus by the 3 reviewers. Spinal segment localization on PET
was considered concordant with that on MR imaging if at least a
portion of the PET location overlapped with the MR imaging
location. One-way t test assuming unequal variances was performed to assess correlation of the following features with visibility of ISCMs on PET: number of days between MR imaging and
PET and all aforementioned MR imaging features except for location. Contingency testing was performed to assess the relationship of the primary tumor pathology (lung cancer and melanoma) with the ability to detect ISCM on PET/CT. Bivariate linear
coefficient analysis was performed to assess the correlation of the
length of the ISCM on MR imaging (contrast enhancement) and
on PET, by use of both the size measurement (mm) on MR imaging and longitudinal extent (number of vertebral segments) on
both MR imaging and PET. Descriptive statistics were obtained by
use of Excel 2010 (Microsoft Corporation, Redmond, Washington). Additional analyses were conducted with the use of SAS
AJNR Am J Neuroradiol 35:196 –201
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ISCM Findings on PET
ISCM characteristics, including findings on PET, are displayed in On-line
Tables 1 and 2, on an individual and
group basis. On retrospective, blinded
review of PET, there was convincing evidence of 10 of 13 (77%) ISCMs in 7 of
10 (70%) patients (Figs 1– 4). The location of FDG uptake for each of these 10
ISCMs was concordant with the location of the contrast-enhancing lesion on
MR imaging (for example, Figs 1– 4).
For the 1 patient with multiple ISCMs,
each ISCM was found and even 2 adjacent lesions at the T4 and T4 –5 levels
were discretely visualized on PET, as on
MR imaging (Fig 2). Furthermore, the
ISCM extent on PET (number of vertebral segments) correlated with the measured enhancing lesion size (mm) on
MR imaging (R2 ⫽ 0.803; P ⫽ .0004).
The ISCM extent on PET did not correFIG 1. Solitary ISCM visible on PET. A 69-year-old woman (patient 8 in On-line Table 1) with late with the longitudinal extent of ennon–small cell lung cancer underwent PET 13 days after MR imaging. A, Postcontrast fat-sup- hancement on MR imaging (P ⫽ .151).
pressed sagittal T1WI; B, sagittal PET only image; C, sagittal, and D, axial PET/CT fused images. The The average SUVmax was 6.7 (range,
cervical cord ISCM was identiﬁed on original clinical and retrospective review. The location of
3.3–9.9). For each ISCM, the SUVmax
the FDG avid ISCM in the upper cervical cord (C2–3) corresponds to the lesion location on MR
imaging (C1–5) (arrows). SUVmax of the ISCM was 5.1 (2.0 ⫻ that of blood pool). The clinical PET of the lesion was greater than that of the
report favored a primary spinal cord neoplasm.
mediastinal blood pool. The FDG avid
lesions had round morphology in 8
version 9.3 (SAS Institute, Cary, North Carolina). Statistical sig(80%) cases (for example, Figs 1, 2, and 4).
nificance was defined as a value of P ⬍ .05.
Three (23%) ISCMs in 3 (30%) patients could not be seen
retrospectively on PET, despite unblinding of reviewers to the
RESULTS
MR imaging results. These 3 ISCMs were also not described in
Summary of Subjects
the original clinical PET interpretations. The PET examinaOf the 49 patients with 70 ISCMs and available pretreatment MR
tions were performed 7 days before MR imaging in 2 of these paimaging, 17 (35%) had a total of 32 PET examinations performed.
tients and 21 days before MR imaging in another. In all 3 (100%)
Twenty-two PET examinations from 7 (41%) of these 17 patients
patients, other metastases were reported on the original clinical PET
were excluded; 16 PET examinations were excluded because the
interpretation (On-line Table 2). In none of the 10 patients did unPET examination was performed more than 60 days before the
blinding of reviewers to the MR imaging findings and PET report
MR imaging and 6 because the PET was more than 14 days after
change the retrospective interpretation of the PET.
the pretreatment MR imaging. The final study sample was 10 PET
examinations (9 PET/CT and 1 PET only) in 10 patients with 13
Correlation of Clinical and MR Imaging Features with
ISCMs. Patient individual and group characteristics are shown in
ISCM Visibility on PET
On-line Tables 1 and 2, respectively. The mean age was 61 years
There was no association between either the type of primary ma(range, 37–75), and 6 (60%) were female. The primary malignanlignancy or the time interval between the MR imaging and PET
cies were lung cancer in 5 (50%) patients (8 ISCMs) and melaand the visibility of ISCM on PET (P ⫽ .25, P ⫽ .7, respectively).
noma in 5 (50%) patients (5 ISCMs). Four of the 5 lung cancer
Three
MR imaging features correlated with ISCM visibility on
patients had non–small cell carcinoma and 1 had small-cell lung
PET (On-line Table 2): 1) larger lesion enhancement size: mean
carcinoma. Nine (90%) patients had a solitary ISCM (Figs 1, 3,
size of lesions visible versus not visible on PET, 32.1 mm versus 6.0
and 4), whereas 1 (10%) patient with lung cancer harbored mulmm, respectively (P ⫽ .038); 2) larger extent of T2 signal abnortiple ISCMs (Fig 2).
mality: mean of 5.6 versus 1.0 segments (P ⫽ .0081); and 3) larger
The mean interval between MR imaging and PET was 11 days
ratio of extent of T2 signal abnormality to contrast enhancement:
(range, 49 days before to 13 days after). PET occurred before or on
3.8 versus 1.0 (P ⫽ .0069). MR imaging features that did not
the day of MR imaging in 8 (80%) of patients. Other metastases
correlate with ISCM visibility on PET were extent of lesion conwere present on the PET report in 9 (90%) patients; 7 (70%)
trast enhancement (number of vertebral segments) (P ⫽ .11) and
patients had non-CNS, nonspine metastases, 2 (20%) patients
the presence of the “rim” sign (P ⫽ .50), “flame” sign (P ⫽ .50), either
had other CNS metastases, and 1 (10%) patient had skeletal spinal
column metastases reported (On-line Table 2).
sign (P ⫽ .23), or both signs (P ⫽ .53).
198

Mostardi

Jan 2014

www.ajnr.org

FIG 2. Patient with multiple ISCMs, all visible on PET. A 73-year-old man (patient 5 in On-line Table 1) with non–small cell lung cancer underwent
PET 5 days before MR imaging. Precontrast sagittal T2WI of the cervicothoracic (A) and lower thoracic (B) regions; C, sagittal entire spine PET only
image; sagittal cervicothoracic (D) and thoracic (E) region PET/CT fused images. Several cervical and thoracic cord ISCMs were identiﬁed on
original clinical and retrospective review of the PET examination, including 2 immediately adjacent metastases at T4 and T4 –5. The locations on
MR imaging (C2; T4; T4 –5; T11) correlate with those on PET (C1–2; T4; T5; T10) (arrows). SUVmax of the ISCMs ranged from 5.3–9.9 (2.9 –5.5 ⫻ that
of blood pool). (Note: Postcontrast sagittal T1WI from the same patient showing enhancement of the ISCMs is included in Reference 14, Fig 1, in
which the ﬁgure emphasized the asymptomatic status of some patients with ISCM).

Clinical Reporting of ISCMs on PET
Of the 10 patients with 13 ISCMs, ISCMs were confidently prospectively reported in the original clinical PET report in 2 (20%),
accounting for 5 of 13 (38%) ISCMs (for example, Fig 2). In 1
patient, a cord lesion was reported, but a primary cord neoplasm
was favored, at least in part because of lack of other evidence of
FDG metastatic disease (Fig 1). In 7 of 10 (70%) patients with 7 of
13 (54%) ISCMs, the ISCMs were not reported (Figs 3 and 4). In
4 of these 7 (57%) patients and 4 of 7 (57%) ISCMs, the ISCMs
were identified on blinded, retrospective review (Figs 3 and 4).
These ISCMs ranged in size from 7–114 mm on MR imaging. The
PET examinations were performed 49 days and 1 day prior in 2
patients, on the day of MR imaging in 1 patient, and 7 days after
MR imaging in 1 patient. Of these 4 ISCMs visible on retrospective review but not clinically reported, the lack of identification on PET probably had clinical impact in 1 patient. The
patient shown in Fig 3 had PET performed while having lower
extremity symptoms. It was not until the MR imaging 49 days

later that the ISCM of the conus with leptomeningeal spread in
the cauda equina was formally diagnosed and subsequently
treated with steroids and radiation.

DISCUSSION
The present study shows that most ISCMs can be detected on PET
when this is performed near the time of diagnostic MR imaging.
PET is often performed prior to spine MR imaging and may thus
be the first imaging study to reveal an ISCM. However, ISCMs
may not be clinically reported on PET, as the minority of ISCMs
in the minority of patients had been confidently clinically reported in this study. This can have clinical impact. Larger lesions
with more edema are more likely to be visible on PET, but even
subcentimeter ISCMs can be detected.
These results are clinically relevant in several ways. We
hope that these results will stimulate those who read PET primarily to focus on the spinal cord as part of their search patAJNR Am J Neuroradiol 35:196 –201
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FIG 3. ISCM not originally clinically reported, probably with clinical impact. A 57-year-old woman (patient 2 from On-line Table 1) with
melanoma underwent PET 49 days before MR imaging. A, Postcontrast sagittal T1WI; B, axial PET only image; C, sagittal and D, axial PET/CT fused
images. The fusiform, patchy lower spinal canal uptake (conus and cauda equina region) was not described in the original clinical PET report. It
was not until the MR imaging nearly 2 months later that the large exophytic ISCM arising from the conus was formally diagnosed and treated.
Note that only a single sagittal PET/CT section is shown; on review of multiple adjacent images; the PET uptake appears contiguous. This is the
largest ISCM in this series. The location of enhancing lesions on MR imaging (L1– 4) corresponds with PET uptake (T12/L1–L3/4) (arrows). SUVmax
was 5.4 (3.0 ⫻ that of blood pool).

FIG 4. Smallest ISCM visible on PET, not clinically reported. A 54year-old woman (patient 9 from On-line Table 1) with non–small
cell lung cancer underwent PET 1 day before MR imaging. A, Postcontrast sagittal T1WI; B, sagittal PET only image; C, sagittal, and D,
axial PET/CT fused images. A small, 7-mm cervical ISCM (arrows)
was not described on the original clinical PET report. The location
of the FDG avid ISCM in the upper cervical cord (C3– 4) corresponds to the lesion location on MR imaging (C3) (arrows). The
SUVmax was 3.3 (1.9 ⫻ that of blood pool).

tern. Missing ISCMs can delay diagnosis, and identifying and
treating ISCM(s) early improves outcomes.15,16 The fact that
ISCMs can be asymptomatic or present with minimal neurologic symptoms7-9,12,14,15 also underscores the importance of
detecting the lesions on early imaging, even when other evidence of metastatic disease is present, as there was for most
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patients in the current study. Similarly, the results of our study
should encourage those who do not interpret PET primarily
but correlate with it when interpreting MR imaging to actually
review the PET images, not just the interpretation. Finally, PET
may be considered as an alternative to MR imaging for the
evaluation for ISCMs in certain settings, including in patients
for whom MR imaging is contraindicated and those already
undergoing PET for disease staging. Patients suspected of having ISCM with equivocal spinal cord findings on MR imaging
who cannot receive intravenous gadolinium may also be good
candidates for PET.
Our study adds to the existing literature describing PET findings of ISCMs, which is otherwise limited to case reports.7-12 This
is the first study starting with a large number of ISCMs identified
on MR imaging to evaluate the conspicuity of ISCMs on PET and
how visibility on PET correlates with MR imaging features. Note
that in a recent neuroimaging study assessing PET findings of 9
intramedullary spinal cord tumors, only primary spinal cord tumors were included; primary tumors can also demonstrate increased uptake on PET.17
There are several possible reasons for nondiagnosis and the
low clinical identification rate of ISCMs on the original PET reports for patients in the current study. These probably include
lack of specific attention to the spinal cord, lack of familiarity with
the appearance or even their existence (as these lesions are rare),
confounding or distracting uptake in the immediately adjacent
vertebral column, satisfaction of search (as other sites of FDG avid
metastatic disease were often present), and the small size of
some of the lesions. As part of the CNS, the spinal cord may
also be overlooked on PET just as the intracranial contents are
often not well scrutinized on this technique. Specifically, MR
imaging has been shown to have superior sensitivity and specificity in detecting intracranial metastases, even in FDG avid
malignancies.18,19 Contributory factors are that inherent phys-

iologic FDG uptake within the brain limits visualization of
superimposed FDG avid lesions and that MR imaging has superior spatial sensitivity. Moreover, Lee et al20 showed that
approximately one-third of lung cancer brain metastases appeared hypometabolic on PET.
Limitations of this study include those inherent to a retrospective study. The time span over which data were collected
leads to differences in the MR imaging and PET imaging techniques. Another limitation is that the MR imaging and PET
images were interpreted by consensus review and despite
blinding, readers were aware that there was at least 1 ISCM in
each case. Although the exclusion criteria limiting the time
interval between PET and MR imaging examinations may have
eliminated some patients who harbored an ISCM that could
have been visible on PET, we chose those criteria to minimize
the possibility of “false-negative” PET examinations as the result of an ISCM either not yet having developed or already
having been treated. Additionally, 10 patients with 13 ISCMs is
a relatively small series, but this is the largest such series to be
published to our knowledge. Some factors may overestimate
the sensitivity of PET for ISCMs, such as the fact that the consensus reviewers knew at least 1 ISCM was present in each case;
others may underestimate, such as the fact that not all malignancies are FDG avid.
Future work may include studying a larger patient population,
potentially across multiple centers, to allow further identification
of factors that affect ISCM conspicuity on PET. Some small
ISCMs in this series could be detected on PET, whereas others
could not, and we could not discover an explanation for this in
this current work. Identifying such tumor or patient characteristics may help determine patients for whom PET is or is not a
reliable screening tool for ISCMs.

CONCLUSIONS
We describe the PET findings from a large series of ISCMs and
correlate these with MR imaging features. The results should be
helpful to radiologists. Most ISCMs are visible on PET when this is
performed near the time of diagnostic MR imaging, but they may
not be clinically reported on PET. Larger lesions with more edema
are more likely to be visible on PET. The spinal cord should be
specifically and carefully assessed on PET for evidence of ISCMs
to provide timely and accurate diagnosis. In some settings, such as
when MR imaging is contraindicated, PET may be considered as
an option to evaluate for ISCM.
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Analysis of Related Factors on the Deformity Correction of
Balloon Kyphoplasty
C. Xu, H.-X. Liu, and H.-Z. Xu

ABSTRACT
BACKGROUND AND PURPOSE: Balloon kyphoplasty is a minimally invasive surgical approach for treating vertebral compression fractures, including osteoporotic vertebral compression fractures. The purpose of this study was to determine the effect of balloon inﬂation
and postural reduction on balloon kyphoplasty for the deformity correction of vertebral compression fractures and to explore the
correlative factors affecting the deformity correction.
MATERIALS AND METHODS: A retrospective study of 72 patients (75 levels) who had undergone balloon kyphoplasty was conducted.
Imaging data and clinical features were collected and analyzed. Independent-samples t test analysis was used to ﬁnd the possible factors
affecting deformity correction.
RESULTS: Postural correction in the overextending position signiﬁcantly increased anterior middle vertebral height, kyphotic angle, and
Cobb angle (each P ⬍ .05). There was no signiﬁcant difference in anterior, middle vertebral height, kyphotic angle, and Cobb angle between
postural reduction and balloon dilation (each P ⬎ .05). The improvement on the Visual Analog Scale was notable (P ⬍ .05). Among a variety
of factors, the fracture type (wedge type and biconcave type) affected both the height restoration (P ⫽ .003) and kyphotic angle reduction
(P ⫽ .007). The bone cement injected volume was related to height restoration (P ⫽ .011) and kyphotic angle reduction (P ⫽ .018).
CONCLUSIONS: Balloon inﬂation was useless for deformity correction. The deformity correction was attributed to postural reduction with
cement strengthening. The most signiﬁcant factors affecting deformity correction were the fracture type and bone cement injected volume.
ABBREVIATIONS: VCF ⫽ vertebral compression fracture; KA ⫽ kyphotic angle; BMI ⫽ body mass index; BMD ⫽ bone mineral density; IBT ⫽ inﬂatable bone tamp;
HA ⫽ height of anterior vertebra; HM ⫽ height of middle vertebra; HP ⫽ height of posterior vertebra

O

steoporosis is a condition in which the bones lose calcium
and become more likely to break. In other words, osteoporosis is a disease of the skeleton in which bones become brittle and
prone to fracture.1 Bone mineral attenuation reduction is the fundamental basis for the diagnosis of osteoporosis. Osteoporotic
vertebral compression fracture (VCF) is the most common complication of osteoporosis. Osteoporosis causes the vertebra to become thin and fragile, increasing the chance of compressing with
even minor injury, and, over time, the person with osteoporosis
can become hunched over or stooped. During the past 2 decades,
balloon kyphoplasty has proved to be a minimally invasive technique for treating VCFs, including osteoporotic VCFs. The inflat-

Received February 26, 2013; accepted after revision April 3.
From the Department of Orthopedic Surgery, The Second Afﬁliated Hospital of
Wenzhou Medical College, Wenzhou, Zhejiang, People’s Republic of China.
Please address correspondence to Dr Hua-Zi Xu, Department of Orthopedic Surgery, The Second Afﬁliated Hospital of Wenzhou Medical College, 109 Xueyuanxi
Rd, Wenzhou, Zhejiang, People’s Republic of China; e-mail: derek1226@163.com
Indicates article with supplemental on-line table
http://dx.doi.org/10.3174/ajnr.A3617

202

Xu

Jan 2014

www.ajnr.org

able bone tamp (IBT) expands slowly, thus providing a preformed
low-pressure cavity for bone cement to be injected in. The aim of
this procedure is to relieve pain and to correct deformity of the
fractured vertebral body.2-5 The benefits of balloon kyphoplasty
compared with percutaneous vertebroplasty are better vertebral
height restoration and less cement leakage.6 Nevertheless, some
scholars have observed the existence of dynamic and latent mobility of VCFs.7,8 Improvement in fractured vertebral height and
restoration of sagittal alignment have been ascribed to postural
reduction combined with IBT dilation. However, whether the radiographic changes would be significant after removing the interference of postural factors is unknown.
In this retrospective study, we determined whether IBT inflation
offers an additional advantage of realigning the spinal column and
regaining height in the index vertebral body and investigated related
factors that could contribute to deformity correction.

MATERIALS AND METHODS
Patient Data
We retrospectively reviewed all consecutive patients with VCFs
who were treated with balloon kyphoplasty at our institution with

Table 1: Classiﬁcations and data of patients
Classiﬁcations
Data
Total No. of cases
72 (75 fractured vertebrae)
Average age, y
71.47 ⫾ 1.42 (57–86 y)
⬍70
26 (36.1%)
ⱖ70
46 (63.9%)
Sex
Male
20 (27.8%)
Female
52 (72.2%)
BMD
⬎⫺2.5
19 (26.4%)
ⱕ⫺2.5
53 (73.6%)
BMIa
⬍24
30 (41.7%)
ⱖ24
42 (58.3%)
Type of fracture
Wedge
48 (66.7%)
Biconcave
24 (33.3%)
Cement injected volume
⬍6 mL
28 (38.9%)
ⱖ6 mL
44 (61.1%)
a

BMI ⫽ weight (kg)/height2 (m2).

FIG 2. Illustration showing the measurement of anterior (HA), middle
(HM), and posterior (HP) portions of fractured vertebral height; kyphotic angle (KA); Cobb angle; and vertebral heights 1 level above
(upper) and below (lower) the index vertebra.

and 3 had multiple lesions. The categoric variables, including sex, age,
bone mineral density (BMD), body mass index (BMI), fracture type,
and bone cement injected volume, were checked and classified (Table 1). Patients were grouped according to categoric variables and the
radiographic outcomes for each and were then compared. For all
patients, x-ray, CT scan, and MR imaging were performed before
surgery and x-ray again after the procedure.

Operative Technique

FIG 1. Index vertebra distribution.

verbal informed consent between March 2011 and October 2012.
Institutional review board approval and written informed consent were obtained. Selection criteria were 1) elderly (⬎50 years),
2) thoraco-lumbar vertebrae, 3) minor injury or no history of
trauma, 4) the constant ache and fatigue in thoraco-lumbar vertebrae that can significantly affect daily life, 5) being diagnosed
with osteoporosis or osteopenia by dual-energy x-ray absorptiometry (Lunar Prodigy-DXA; Lunar Radiation, Madison, Wisconsin), 6) imaging (x-ray, CT scan, or MR imaging) showing
thoraco-lumbar vertebral morphologic change, and 7) fresh fractures (the duration between presentation or injury and surgery
was ⱕ3 weeks). The exclusion criteria were 1) fractures older than
3 weeks’ duration, 2) pathologic fracture, 3) vertebral body height
fully recovered after postural reduction, and 4) MR imaging signal
findings only, without the index vertebral morphologic change.
Seventy-two consecutive patients were enrolled in the study according to the above criteria. There were 52 (72.2%) women and
20 (27.8%) men, ranging in age between 57– 86 years (mean age,
71.5 years). A total of 75 vertebral bodies were treated in this
group (Table 1). The level of the fracture was distributed between
T7 and L4, and was most prevalent in the thoraco-lumbar junction (Fig 1). Of all patients treated, 69 had a single vertebral fracture

The patient was positioned prone on a radiolucent operating bed
that allowed for anteroposterior and lateral imaging, with the thoraco-lumbar junction hyperextended by cushions. Cushions were
positioned under the iliac crests and both sides of the upper thorax. The operating bed was flexed as needed to increase extension
at the thoraco-lumbar junction. General anesthesia was the most
comfortable option for patients experiencing pain and was used
in all procedures. A 1–2-cm skin incision was made lateral to the
desired entry point of the pedicle to percutaneously place an IBT
(Shandong Guan-long Medical Utensils Co, Shandong Province,
China) into the collapsed vertebral body through a bipedicular
approach. IBT inflation was performed to create a low-pressure
cavity for cement injection. Inflation continued until the IBT
reached 300 psi or the maximum size was reached. The IBTs were
removed, and viscous bone cement (polymethylmethacrylate;
Tianjin Synthetic Materials Research Institute, Tianjin, China)
was injected through the working cannula. The whole therapeutic
process was monitored and recorded by the C-arm digitalized
x-ray system.

Imaging Parameters and Clinical Outcomes
Each fractured vertebra was sequentially measured for its
height of anterior vertebra (HA), height of middle vertebra
(HM), height of posterior vertebra (HP), kyphotic angle (KA),
and Cobb angle9 in the midsagittal plane on a PACS. Kyphotic
angle was the angle defined by the intersection of superior and
inferior endplate of the fractured body. Determination of the
Cobb angle measurement was taken from the superior endplate of the vertebra 1 level above the treated vertebra to the
inferior endplate of the vertebral body 1 level below the treated
vertebra. The vertebral heights 1 level above and below the
index vertebra were also calculated (measurement method is
AJNR Am J Neuroradiol 35:202– 06
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Table 2: Imaging parameters during balloon kyphoplasty (x ⴞ s)
Preoperative
Prone
Balloon Inﬂated
26.37 ⫾ 4.34
26.47 ⫾ 4.41b
HA, mm
21.30 ⫾ 5.34a
HM, mm
17.88 ⫾ 4.65a
21.57 ⫾ 4.28
21.76 ⫾ 4.38b
HP, mm
27.97 ⫾ 4.64
27.96 ⫾ 4.65
28.07 ⫾ 4.68
P ⬍ .05 for preoperative versus prone.
P ⬎ .05 for balloon inﬂated versus prone.
c
P ⬍ .05 for postoperative versus preoperative.
a

b

Statistical Analysis

All statistical analysis, including mean
values and standard deviations, were
performed with the use of commercially
available software (SPSS 19 for Windows; IBM, Armonk, New York) with
the significance level setting at level P ⫽
.05. The statistical significance of different time points was assessed with the paired t test. Categoric variables (sex, age, BMD, fracture type, BMI, and bone cement injected volume) were compared and evaluated by means of the
independent-sample t test. A value of P ⬍ .05 was considered to
show a statistically significant difference.
Postoperative
25.61 ⫾ 4.50c
21.24 ⫾ 4.24c
27.98 ⫾ 4.65

RESULTS

FIG 3. Change of the KA and Cobb angle during balloon
kyphoplasty(⫺x⫾s). Note: Prone compared with preoperative, P ⬍
.05; balloon inﬂated compared with prone, P ⬎ .05; postoperative
compared with preoperative, P ⬍ .05.

shown in Fig 2). Initial index vertebra height ⫽ (heightupper ⫹
heightlower)/2. Height restoration ratio was calculated
as follows: (heightpostop – heightpreop)/(heightnormal –
heightpreop) ⫻ 100%. These data were taken from lateral radiographs and analyzed at 4 different time points: 1) preoperative
(standing), 2) intraoperatively (placing the patient in prone
hyperextension position), 3) after inflation of the IBT, and 4)
postoperative (standing). The clinical outcomes were measured with the Visual Analog Scale, which patients were asked
to complete before and after surgery. All parameters were measured and recorded by one surgeon.
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We examined whether patients who were treated with kyphoplasty obtained height restoration and kyphosis rectification.
Changes in measured parameters before vertebral augmentation,
after postural positioning on the table, after IBT inflation, and
after the procedure are presented in Table 2, the On-line Table,
and Fig 3. Imaging of a typical case is shown in Fig 4.
Vertebral body height and KA were markedly affected by placing the patient in the hyperextended prone position with extended posture at the commencement of the procedure. Minor
further improvement in vertebral height (Table 2, P ⬎ .05), KA
(Fig 3, P ⬎ .05), and Cobb angle (Fig 3, P ⬎ .05) were noted after
IBT dilation in comparison with the hyperextended position time
point.
In a comparison of preoperative and postoperative measurements, significant improvement in compressed vertebral body
deformity was noted. HA and HM improved significantly (P ⬍
.05), from 21.30 ⫾ 5.34 mm to 25.61 ⫾ 4.50 mm, and from
17.88 ⫾ 4.65 mm to 21.24 ⫾ 4.24 mm, respectively. HP was nearly
unchanged after treatment, which improved from 27.97 ⫾ 4.64
mm to 27.98 ⫾ 4.65 mm with no significance (P ⬎ .05). The KA
dramatically (P ⬍ .05) fell from 9.90 ⫾ 5.59° to 5.69 ⫾ 4.25°. The
Cobb angle dropped significantly, from 15.21 ⫾ 9.05° to 10.61 ⫾
8.08° (P ⬍ .05).
Clinical symptom (low back pain), which was assessed by the
Visual Analog Scale, significantly (P ⫽ .003) decreased from a
mean of 8.2 ⫾ 0.8 points (range, 7–10 points) before surgery to
2.1 ⫾ 1.0 points (range, 0 – 4 points) 1 day after surgery. All patients were satisfied with the results. The mean bone cement injected volume was 6.2 mL (range, 2.7– 8.0 mL). The leakage of
cement into paravertebral soft tissue or veins was detected in 6
cases (8.33%). However, no complications related to cement leakage were noted.
All patients benefited significantly (P ⬍ .05) from being placed
in prone position at the time of surgery (Table 2 and Fig 3). HA
increased from 21.30 ⫾ 5.34 mm to 26.37 ⫾ 4.34 mm and HM
increased from 17.88 ⫾ 4.65 mm to 21.57 ⫾ 4.28 mm. The KA
and Cobb angle separately reduced from 9.90 ⫾ 5.59° to 5.41 ⫾
4.62° and from 15.21 ⫾ 9.05° to 9.61 ⫾ 7.67°.
The possible correlative factors, including sex, age, BMD, fracture type, BMI, and bone cement injected volume, were classified
and analyzed respectively (On-line Table). When comparing the
categoric variables, we found that fracture type and bone cement

FIG 4. X-ray ﬁlms of a typical patient: 69-year-old woman with a T12 vertebral compression fracture (wedge type). A, Preoperative standing
lateral, HA, HM, KA, and Cobb were 20.20 mm, 24.57 mm, 17.27°, and 14.55°, respectively; B, intraoperative prone position lateral, HA, HM, KA,
and Cobb were 25.33 mm, 25.23 mm, 8°, and 7°, respectively; C, intraoperative IBT inﬂated, HA, HM, KA, and Cobb were 25.33 mm, 25.23
mm, 8°, and 7°, respectively; D, postoperative standing lateral, HA, HM, KA, and Cobb were 24.82 mm, 24.91 mm, 8.56°, and 7.12°,
respectively.

injected volume showed statistically significant correlation with
height restoration (P ⫽ .003, P ⫽ .011) and KA reduction, (P ⫽
.007, P ⫽ .018) from the results of independent-samples t test
analysis. The kyphosis correction of the wedge type group and ⬎6
mL group were significantly larger than the biconcave type group
and the ⬍6 mL group, respectively.

DISCUSSION
The efficacy of balloon kyphoplasty for treatment of VCFs has
been widely accepted by most spine surgeons.10,11 However, it
was recently reported that both percutaneous vertebroplasty and
balloon kyphoplasty appeared to be effective at producing rapid
relief of pain resulting from VCFs and showed similar orders of
magnitude of height restoration.12-15 This phenomenon occurred
because almost all collapsed vertebral bodies exhibited “dynamic
and latent fracture mobility.”7,8 Nevertheless, some authors16,17
support the viewpoint that beyond fracture mobility, a statistically significant further reduction by inflation of the balloon tamp
was achieved in every patient.
The results obtained from our study demonstrate that spontaneous reduction in the hyperextended prone position with subsequent cement injection after balloon kyphoplasty resulted in both
significant reduction in pain and significant improvement in vertebral deformity, including vertebral height and KA. After hyperextended prone positioning was established, IBT inflation did not
appear to significantly further improve vertebral height or KA.
Although IBT did not produce additional restoration, it was still
an important tool that aided in controlling the distribution of
cement during the procedure and compacted the bone fragments,
so the bone tunnel was sealed and the incidence of leakage was
reduced.
Ligamentotaxis, or manipulative reduction, has been used to
prevent the development of postoperative kyphosis in unstable
thoraco-lumbar burst fractures.18 In our study, we refer to postural reduction as ligamentotaxis, confining patients to the supine
position overnight before surgery and placing cushions under the
upper chest and the iliac crests during surgery. The anterior column of the compressed vertebra was destroyed, whereas the anterior longitudinal ligament and fibrous ring remained intact,

which were important structures in limiting dispersive stress.
Through stretching of the anterior longitudinal ligament and the
fibrous ring, ligamentotaxis effectively reconstructed the compressed anterior column while adding stability and restoring the
sagittal profile. The postural reduction technique created a maximum effect on deformity correction. Research by Cawley et al19
supports our opinion that IBT inflation did not significantly further increase vertebral height or Cobb angle.
To examine the effect of balloon kyphoplasty on the deformity
correction for the collapsed vertebral bodies, we collected and
analyzed several parameters before and after the operation. According to statistics, the fracture type and cement injected volume
might have an effect on the deformity correction, which would
help in forecasting the prognosis of the operation.
The selected cases were divided into 2 groups on the basis of
the type of fracture—anterior wedge type and biconcave
type— by use of a semiquantitative technique developed by
Genant et al.20 The anterior wedge type fracture was mainly affected by the buckling stress, thus HA and KA appeared obviously
deformed. The endplates (upper and lower) of biconcave fractured vertebrae, which are also known as vertical-compression
type endplates, were compressed by their adjacent intervertebral
disks. Lee et al21 put forward that the compressed vertebral body
configuration was only associated with height restoration. However, we found that this factor showed a statistically significant
correlation with height restoration and KA reduction. The kyphosis correction of the wedge type group was significantly larger than
the biconcave type group. Thus, the aim of treatment for VCFs
with small KA was restoring the middle portion height, increasing
vertebral strength and stiffness, and quickly relieving pain.
The bone cement injection was terminated when adequate filling of the vertebral body was achieved or if leakage occurred. How
do we define “adequate”? The ideal cement injection volume
should be required to meet the following 2 conditions: maximum
therapeutic effect and minimum side effects. We observed that a
larger volume of bone cement achieved better correction effect
(On-line Table). Nevertheless, increasing numbers of studies
showed22-25 that bone cement injection volume had no correAJNR Am J Neuroradiol 35:202– 06
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lation with pain relief and had a positive correlation with bone
cement leakage rate. In the clinic, many factors influenced the
cement injection volume, such as the severity of osteoporosis,
the degree of compression, the region of fracture, and so forth.
Further study to evaluate these factors would be valuable.
We expected that BMD would have affected the deformity
correction and that the change in vertebral height would be especially common in patients with severe osteoporosis because of the
presence of unstable nonunion states in these patients, but the
result was not as good as we had hoped. This discordance might be
limited by the number and age of patients. Surgical treatment for
VCFs does not address continued loss of bone attenuation or the
progressive increase in fracture risk caused by underlying osteoporosis. Therefore, patients with confirmed osteoporotic VCFs
should receive anti-osteoporosis treatment, such as a bisphosphonate, supplemented with adequate doses of calcium and vitamin
D, and should pay more attention to the adjacent vertebral fracture after the balloon kyphoplasty.26
As short-term observational research from a single center, the
lack of a sufficient number of cases and long-term effects assessment are limitations of this study. Although all of the data were
measured accurately by one spine surgeon, some measurement
errors are still inevitable.

7.
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10.

11.

12.

13.

14.

15.

CONCLUSIONS
Balloon kyphoplasty is a minimally invasive surgical approach for
treating VCFs, including osteoporotic VCFs. It can provide an
effective and safe therapeutic effect for VCFs with low BMD. Deformity correction of the index vertebral body in early fractures
appears to occur as the result of hyperextended postural reduction
with subsequent cement strengthening. IBT does not appear to
contribute significantly to additional deformity correction in
these early fractures when maximum hyperextension postural
correction is used. In view of these facts, how to make the selection
depends on cost and the spine surgeon’s skill. The predominant
correlative factors affecting deformity correction were the fracture type and cement injected volume.
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Vertebral Augmentation in Patients with Multiple Myeloma:
A Pooled Analysis of Published Case Series
O.A. Khan, W. Brinjikji, and D.F. Kallmes

ABSTRACT
BACKGROUND AND PURPOSE: Studies examining the efﬁcacy of vertebroplasty and kyphoplasty in patients with vertebral fractures
from multiple myeloma are limited. We sought to perform a systematic review of published case studies examining changes in pain,
disability, and analgesic drug use in patients with multiple myeloma who have undergone vertebral augmentation.
MATERIALS AND METHODS: We performed a pooled analysis of published case series of vertebral augmentation in patients with
multiple myeloma. Twenty-three studies (9 kyphoplasty, 12 vertebroplasty, and 2 of both) with data on 923 patients were identiﬁed from
a PubMed search. Quantitative outcome data included the Visual Analog Scale, the Brief Pain Inventory, the Short Form 36 Health Survey,
and the Owestry Disability Index. Time periods were consolidated into 3: postoperatively ⱕ1 week, 1 week to 1 year, and ⱖ1 year. Change
in analgesic use was also studied. Data were compared by using nonparametric tests and matched t tests for temporally linked data.
RESULTS: Patients achieved a decrease in pain across all consolidated time periods. Pain, as measured on a 10-point scale, decreased by 4.8
points up to 1 week, 4.6 points up to 1 year, and 4.4 points after a year (P ⬍ .001). Decrease in pain was apparent early after treatment and
was sustained with time. Kyphoplasty and vertebroplasty were equally effective in reducing pain scores because differences between
procedures for each time period were insigniﬁcant (P ⬍ .9 for ⬍1 week, P ⬍ 1.0 for ⱕ1 year, and P ⬍ .9 for ⬎1 year.
CONCLUSIONS: Our analysis demonstrates that vertebral augmentation is effective in patients with multiple myeloma.
ABBREVIATIONS: ODI ⫽ Owestry Disability Index

M

ultiple myeloma is a neoplasm resulting from the proliferation of plasma cells which invade bone and release factors
leading to bone fragility.1 Fifty-five to 70 percent of patients develop bony lesions that are localized primarily in the vertebrae.2
Vertebral augmentation has become an increasingly common
treatment to alleviate pain caused by vertebral compression fractures.3 Randomized and nonrandomized controlled trials of patients with osteoporosis and solid metastatic neoplasms have
shown that vertebroplasty and kyphoplasty reduce pain, decrease
patient use of analgesic drugs, improve functional disability, and
increase vertebral height.4-7 Complication rates are low, attributed commonly to cement leakage.8,9 Vertebroplasty and kyphoplasty are increasingly used to palliate vertebral lesions in myeloma. However, data are limited to small experiential case series.
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We conducted a literature-based analysis of published case series.
The aim was to compile and analyze data on vertebral augmentation procedures in multiple myeloma.

MATERIALS AND METHODS
Study Identiﬁcation
A review of the literature was performed by using PubMed. “Vertebroplasty” or “Kyphoplasty and Myeloma” were used as controlled
vocabulary, and descriptors were identified by using MeSH. Studies
of vertebroplasty and/or kyphoplasty published in the English language were considered in patients with myeloma, with a minimum of
15 patients, and those that contained ⱖ1 of the following parameters:
numeric pain assessment scores for pre- and postoperative pain (Visual Analog Scale, Brief Pain Inventory, Short Form 36 Health Survey), numeric Owestry Disability Index (ODI) assessment for preand postoperative disability, rate of cement leakage (as detected on
CT and plain film), and change in patient analgesic drug use. A summary of our search strategy is provided in Fig 1.

Data Extraction
Data on pain, disability, and analgesic use were consolidated into
3 time periods: postoperatively ⱕ1 week, ⱕ1 year, and ⬎1 year.
The percentage of studies showing benefit and the extent of benAJNR Am J Neuroradiol 35:207–10
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Brief Pain Inventory was combined. Data were compared by using
nonparametric tests (2 and Wilcoxon rank tests). Matched t tests
for temporally linked data were used. Statistical significance was
taken as a 2-tailed P value ⬍ .05.

RESULTS

FIG 1. Search criteria used in PubMed data base.

efit were calculated. We looked for immediate or delayed benefit,
and, if immediate, whether this benefit was sustained.
We collected data on the following complications: infection,
pulmonary embolism, myocardial infarction, subsequent vertebral body compression fractures at untreated levels, neurologic
symptoms requiring revision surgery, and transient postoperative
pain. Outcome and complications rates of kyphoplasty were compared with those of vertebroplasty.

Statistical Analysis
Statistical analysis was performed by JMP software, Version 9
(SAS, Cary, North Carolina). For the purpose of descriptive and
analytical analysis, mean scores were used (when unavailable, median scores were treated as means), and pain assessment from the
Visual Analog Scale, the Short Form Health Survey 36, and the
208
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There were 23 studies (9 kyphoplasty, 12 vertebroplasty, and 2 of
both) with data on 923 patients. Twenty patients had multiple treatment sessions; thus, data on 943 procedures were extracted from the
literature search. Of 22 studies that reported separate data on the 2
procedures, there were 367 kyphoplasty treatments and 576 vertebroplasty patients. Sex data were available for 760 patients (82.3%).
There were 215 men and 215 women for vertebroplasty studies, 153
men and 98 women for kyphoplasty studies, and 47 men and 32
women for a study that did not differentiate between the procedures.10 The mean age of the total patient population was 64.6 years
(range, 28 –92 years), while the mean age of patients who underwent
kyphoplasty was 63.6 years (range, 28 –90 years), and that of those
who underwent vertebroplasty was 65.9 years (range, 35–92 years).
These data are summarized in On-line Table 1. Spinal augmentation
was performed on 1872 levels. Detailed anatomic localization of the
fractures was not available. Data recorded in the studies ranged anywhere from 24 hours to 4 years postprocedure.
Nineteen studies reported on pre- and postprocedure pain
(On-line Table 2). There was no significant difference in mean
pain reduction between vertebroplasty and kyphoplasty at ⱕ1
week (2.8 points ⫾ 0.4 versus 2.8 points ⫾ 0.4, P ⫽ .9). Similarly,
no difference in pain reduction was found at 1 week to 1 year
postprocedure as vertebroplasty patients had a mean pain reduction compared with baseline of 2.5 points ⫾ 0.4 versus 2.5
points ⫾ 0.5 for kyphoplasty patients (P ⫽ 1.00). At ⬎1 year
postprocedure, vertebroplasty patients had a mean pain reduction of 2.9 points ⫾ 0.6 compared with 2.7 points ⫾ 0.4 for kyphoplasty patients (P ⫽ .9). When we combined pain outcomes of
vertebroplasty and kyphoplasty patients, mean pain reduction at
ⱕ1 week postprocedure was 4.8 points ⫾ 0.56 (P ⬍ .001). This
improvement in pain was sustained to ⬎1 year postprocedure
(mean pain reduction, 4.4 points ⫾ 0.48; P ⬍ .001). There was no
significant reduction in pain when comparing postprocedural
pain scores at different time points (Table 1).
Three studies reported ODI scores at ⱕ1 week postprocedure,
6 studies reported ODI scores at 1 week to 1 year post procedure,
and 4 studies reported ODI scores at ⬎1 year postprocedure (Online Table 3). There was no significant decrease in ODI at ⱕ1 week
postprocedure (mean decrease of 39.2, P ⫽ .37), at 1 week to 1
year postprocedure (mean decrease of 40.7, P ⫽ .14), or at ⬎1 year
postprocedure (mean decrease of 46.5, P ⫽ .88). Seven studies reported a percentage decrease in analgesic use at ⱕ1 week postprocedure, 7 studies reported a percentage decrease in analgesic use at 1
week to 1 year postprocedure, and 3 studies reported a percentage
decrease in analgesic use at ⬎1 year postprocedure (On-line Table 4).
There was a significant decrease in analgesic use at ⱕ1 week postprocedure (81.9%, P ⫽ .002) and at 1 week to 1 year postprocedure
(85.0%, P ⫽ .003). These data are summarized in Table 2.
Cement leakage was detected with either plain film or CT.
Twelve studies reported leakages in terms of the number of vertebral bodies, while 5 studies reported leakage in terms of the number of patients. Plain film identified 18% (49/267, median ⫽ 0.15,

Table 1: Pain scores in relation to time period
Pain Comparison
Preprocedure compared with ⱕ1 week postprocedure
Preprocedure compared with 1 week–1 year postprocedure
Preprocedure compared with ⬎1 year postprocedure
ⱕ1 Week postprocedure compared with 1 week–1 year postprocedure
ⱕ1 Week postprocedure compared with ⬎1 year postprocedure
1 week–1 year postprocedure compared with ⬎1 year postprocedure
Table 2: Change in ODI and analgesic use

ⱕ1 Week
1 Week–1 year
⬎1 Year

Mean Decrease in ODI from
Baseline (range)
39.2 (16.3–75.0)
40.7 (16.3–75.0)
46.5 (14.5–75.0)

P
.37
.14
.88

No. of Studies
11
14
14
9
7
10

Mean Difference ⴞ SE
4.8 ⫾ 0.56
4.6 ⫾ 0.49
4.4 ⫾ 0.48
0.077 ⫾ 0.11
0.49 ⫾ 0.49
0.33 ⫾ 0.25

P Value
⬍.001
⬍.001
⬍.001
⬍.481
⬍.132
⬍.276

immediately on augmentation and was sustained for the duration of the reported follow-up periods (maximum of 4 years). We
P
further demonstrated that complication
.002
rates associated with treatment of these pa.003
tients are low; this finding suggests that
.08
treatment of these patients is safe. Vertebroplasty and kyphoplasty had similar safety
and efficacy rates in this study.
Randomized controlled trials have been performed for patients with osteoporosis or solid metastatic cancers who underwent spinal augmentation procedures. The treatment has consistently demonstrated decreased postoperative pain, disability, and
analgesic use following vertebral augmentation procedures.4-7
Previous studies have shown that vertebroplasty and kyphoplasty
differ in their postprocedure effectiveness.7 However, we did not
find any statistically significant difference between the 2 procedures among patients with myeloma. Similar to patients with myeloma, those with osteoporosis also appeared to achieve early and
sustained pain relief.11 Because the pain relief is generally achieved
almost immediately postprocedure, it appears that the mechanism of
benefit is anatomic (one hypothesis is that cement stabilization of
vertebrae relieves pressure that fractures place on spinal nerves).3
There appears to be a similar percentage of decrease in pain scores for
patients with osteoporotic compression fracture compared with
those with multiple myeloma undergoing spine augmentation.4
When we studied cement leakage, simple cement leakage without other adverse events is generally not considered a complication but rather a stopping point for cement injection. While our
study did show that CT is a superior means of detecting cement
leakage, we do not advocate the routine use of CT for cement
leakage detection because this is generally clinically irrelevant.
Furthermore, most studies that include plain film follow-up only
obtain frontal and lateral views. Oblique views are generally not
obtained; this practice may limit the sensitivity of plain film in the
detection of cement leakage.

% Patients with Decrease
in Analgesic Drug Use from
Baseline (range)
81.9 (53.7–100)
85.0 (46.1–100)
89.1 (57.7–100)

FIG 2. Detection of leakage with plain ﬁlm versus CT.

range ⫽ 0.04 – 0.38) of vertebrae as having cement leakage, while
CT identified 23% (255/1090, median ⫽ 0.23, range ⫽ 0.05–
0.49). When we considered studies that presented leakage in
terms of the number of patients, plain film identified 11% (9/80,
median ⫽ 0.12, range ⫽ 0.07– 0.17) of patients as having leakage,
while CT identified almost 29% (22/77, median ⫽ 0.28, range ⫽
0.03– 0.53). CT in both cases was associated with more cases of
leakage; however, the correlation was not significant (vertebrae P
value ⫽ .75, patient P value ⫽ 1.0). These data are summarized in
Fig 2. Postprocedural pain score was not associated with cement
leakage (coefficient ⫺0.096 ⫾ SE 1.34, P ⫽ .9450).
The most common complication was new vertebral fractures
at untreated vertebral bodies. This occurred in 7.3% of vertebroplasty patients (42/576) and 6.8% of kyphoplasty patients (25/
367). There was no difference in the rate of this complication
between groups (P ⫽ .78). Infection, pulmonary embolism, myocardial infarction, and neurologic symptoms requiring revision
surgery occurred in ⬍1% of vertebroplasty and kyphoplasty patients. These data are summarized in Table 3.

DISCUSSION
Although vertebroplasty and kyphoplasty have been shown to be
beneficial in patients with metastatic cancer and osteoporosis, studies
depicting outcomes in patients with multiple myeloma are limited.
Our analysis of published studies demonstrates that spinal augmentation in patients with myeloma is effective, with decreased postoperative pain and decreased analgesic drug use. The benefit was seen

Limitations
Intrinsic limitations of this review relate mainly to the design
(including publication bias and use of studies that differed in
adjunctive therapy, disease stage, and other factors) and the combined use of prospective and retrospective case series. Combining
data that were reported differentially across studies required nonconventional compilation, which calls for uniformity in reporting
future outcomes. The small sample size of relevant studies served
as an additional limitation. Vertebral height was initially another
parameter that was of interest to our study. However, a vast majority of studies did not report these data. An effort was made to
contact authors but this proved to be unsuccessful.
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Table 3: Complication rates
Reported Symptomatic Complications
Infection
Pulmonary embolism
Myocardial infarction
Vertebral body compression fractures at untreated levels
Neurologic symptoms requiring revision surgery
Transient perioperative pain

Overall Rate
1/943
1/943
1/943
67/943
2/943
6/943

CONCLUSIONS
This review served as a unique analysis of pooled data that demonstrated that vertebral augmentation is safe and effective in patients
with multiple myeloma. Further prospective studies are needed to
evaluate complication rates and confirm the immediate and sustained benefit of vertebral body augmentation in these patients.
Disclosures: David Kallmes—UNRELATED: Consultancy: ev3,* Medtronic,* Grants/
Grants Pending: MicroVention,* ev3,* Sequent Medical,* Royalties: University of
Virginia Patent Foundation, Travel/Accommodations/Meeting Expenses Unrelated
to Activities Listed: MicroVention.* *Money paid to the institution.
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3T MRI Quantiﬁcation of Hippocampal Volume and Signal in
Mesial Temporal Lobe Epilepsy Improves Detection of
Hippocampal Sclerosis
A.C. Coan, B. Kubota, F.P.G. Bergo, B.M. Campos, and F. Cendes

ABSTRACT
BACKGROUND AND PURPOSE: In mesial temporal lobe epilepsy, MR imaging quantiﬁcation of hippocampal volume and T2 signal can
improve the sensitivity for detecting hippocampal sclerosis. However, the current contributions of these analyses for the diagnosis of
hippocampal sclerosis in 3T MRI are not clear. Our aim was to compare visual analysis, volumetry, and signal quantiﬁcation of the
hippocampus for detecting hippocampal sclerosis in 3T MRI.
MATERIALS AND METHODS: Two hundred three patients with mesial temporal lobe epilepsy deﬁned by clinical and electroencephalogram criteria had 3T MRI visually analyzed by imaging epilepsy experts. As a second step, we performed automatic quantiﬁcation of
hippocampal volumes with FreeSurfer and T2 relaxometry with an in-house software. MRI of 79 healthy controls was used for comparison.
RESULTS: Visual analysis classiﬁed 125 patients (62%) as having signs of hippocampal sclerosis and 78 (38%) as having normal MRI ﬁndings.
Automatic volumetry detected atrophy in 119 (95%) patients with visually detected hippocampal sclerosis and in 10 (13%) with visually
normal MR imaging ﬁndings. Relaxometry analysis detected hyperintense T2 signal in 103 (82%) patients with visually detected hippocampal
sclerosis and in 15 (19%) with visually normal MR imaging ﬁndings. Considered together, volumetry plus relaxometry detected signs of
hippocampal sclerosis in all except 1 (99%) patient with visually detected hippocampal sclerosis and in 22 (28%) with visually normal MR
imaging ﬁndings.
CONCLUSIONS: In 3T MRI visually inspected by experts, quantiﬁcation of hippocampal volume and signal can increase the detection of
hippocampal sclerosis in 28% of patients with mesial temporal lobe epilepsy.
ABBREVIATIONS: EEG ⫽ electroencephalography; HS ⫽ hippocampal sclerosis; MTLE ⫽ mesial temporal lobe epilepsy

M

esial temporal lobe epilepsy (MTLE) is the most common
form of epilepsy in adults.1 Although hippocampal sclerosis
(HS) is the main pathologic substrate in patients with MTLE,
there are several other causes and some patients may have normal
MR imaging findings and no specific histopathologic changes de-
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tected postoperatively.1,2 HS can be reliably detected on MRI,2
and quantitative analysis of hippocampal formation improves the
sensitivity for detecting this pathology.3,4 With advances in the
MR imaging field in the past decades, the current contributions of
these postprocessing MR imaging tools for the detection of hippocampal pathology, especially in tertiary epilepsy centers, are
not clear.
The histopathology of HS is characterized by loss of specific
neurons and synaptic reorganization of surviving cells,5 and in
MR images, this is observed as volume reduction and signal hyperintensity in T2 images.6,7 Quantification of hippocampal volume has advantages over visual analysis for the detection of subtle
and bilateral hippocampal abnormalities.2,8 Equally, the quantification of hippocampal T2 signal, especially with relaxometry,
can improve the MR imaging diagnosis of HS.9,10 Both volume
and hippocampal signal quantification measurements have good
correlation with histopathologic findings of HS.4
Currently, these techniques are considered reliable and reproducible for the detection of hippocampal pathology.11 However,
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hippocampal volumetry by manual segmentation is time-consuming and depends on the expertise of the examiner. These 2
features have limited its use in clinical practice. Recently automatic analyses have been shown to be promising; however, there
are few studies comparing their efficacy with the visual analyses of
high-quality MR imaging by experts in the field.12,13
Although it is clear that in studies with 1.5T MR imaging,
volumetry and relaxometry have significantly higher sensitivity
than the qualitative analysis of MR imaging,8,9 today most epilepsy centers work with 3T MRI and specific epilepsy protocols,
which make the determination of MR imaging signs of HS by
visual analysis easier and more accurate.14 It has been reported
that there is no difference in the hippocampal volume measures of
1.5 and 3T15,16 and that quantitative measures in 3T MRI can
demonstrate ultrastructural details of HS pathology not detectable with lower field scanners.17 Once the sensitivity to visually
detect signs of HS at 3T is higher,14 the question that remains is
whether the use of hippocampal measurements in these higher
field MRIs still adds information to the clinical practice.
In this study, we aimed to evaluate whether the quantification
of hippocampal volume and T2 signal in MRI acquired at 3T has
a higher sensitivity in detecting MR imaging signs of HS than the
visual analysis of these images by epilepsy imaging experts. Our
hypothesis was that though the scanners with higher field and
specific epilepsy protocols have improved the visual detection of
MR imaging signs of HS, the use of techniques to measure the
abnormal hippocampal volume and T2 signal can still further
improve the detection of HS in patients with otherwise normal
MRI findings.

size ⫽ 0.89 ⫻ 1.1 ⫻ 2.4 mm, TR ⫽ 12,000 ms, TE ⫽ 140 ms, TI ⫽
2850 ms, matrix ⫽ 180 ⫻ 440, FOV ⫽ 200 ⫻ 200).
Axial images parallel to the long axis of the hippocampus:
FLAIR (fat-suppressed ⫽ spectral-attenuated inversion recovery,
fat-suppressed power ⫽ 1, four-mm-thick, section gap ⫽ 1 mm,
voxel size ⫽ 0.89 ⫻ 1.1 ⫻ 2.4 mm, TR ⫽ 12,000 ms, TE ⫽ 140 ms,
TI⫽ 2850 ms, matrix ⫽ 224 ⫻ 160, FOV ⫽ 200 ⫻ 200).
T1WI volume: isotropic voxels of 1 mm, acquired in the sagittal plane (1-mm-thick, no gap, flip angle ⫽ 8°, TR ⫽ 7.0 ms,
TE ⫽ 3.2 ms, matrix ⫽ 240 ⫻ 240, FOV ⫽ 240 ⫻ 240).
T2WI volume: isotropic voxels of 1.5 mm, acquired in the
sagittal plane (no gap, TR ⫽ 1800 ms, TE ⫽ 340 ms, matrix ⫽
140 ⫻ 140, FOV ⫽ 230 ⫻ 230, TSE factor ⫽ 120; flip angle ⫽ 90°;
geometry-corrected).
MR imaging sequences were corrected for gradient nonlinearity during the reconstruction step in the scanner.
As a first step, MRI was visually analyzed by 2 epilepsy imaging
experts (A.C.C. and F.C.) and the images were classified as having
normal findings or signs of HS. Classic signs of HS were as follows:
reduction of volume and abnormal shape observed on T1 images
and increased signal observed in T2 and FLAIR images. Images
were carefully examined by the investigators in light of the clinical
and electroencephalography (EEG) data of each patient because this
routine of MR imaging evaluation for the investigation of focal epilepsies is used in most epilepsy centers. Special attention was given to
rule out subtle signs of focal cortical dysplasia, such as sulcal morphology abnormalities, focal increase of cortical thickness, FLAIR
focal signal hyperintensities, or small transmantle signs.

Hippocampal Volumetry

This was a prospective study of patients followed at the Epilepsy
Clinic of University of Campinas with a clinical and electroencephalographic diagnosis of MTLE according to International
League Against Epilepsy criteria,18 who consecutively underwent
3T MRI between August 2009 and April 2012. An informed consent form approved by the Ethics Committee of Universidade
Estadual de Campinas was signed by all patients before acquisition of MR imaging. Patients with symptomatic MTLE due to
lesions other that HS (tumor, vascular malformations, gliosis, focal cortical dysplasia) were excluded.

As the second step, quantification of hippocampal volume and
signal was performed. A group of 79 healthy controls (with similar
age and sex distribution) was used for comparison (60% female;
median age, 42 years; range, 21–70 years). Automatic volumetric
analysis was performed with FreeSurfer software (Version 5.1.0;
http://surfer.nmr.mgh.harvard.edu) by using T1WI volume.
Hippocampal volumes were corrected for individual brain (supratentorial) volumes, and corrected hippocampal volumes
smaller than 2 SDs (absolute value and/or asymmetry index, defined by the ratio of the smaller over the larger hippocampus of
each individual) from the mean of controls were considered as
having atrophy.

MR Imaging Epilepsy Protocol and Visual Analysis

Hippocampal Signal Quantiﬁcation

All patients underwent an MR imaging epilepsy protocol with a
3T Intera Achieva scanner (Philips Healthcare, Best, the Netherlands), which included the following:
Coronal images perpendicular to the long axis of the hippocampus, defined at the sagittal image: 1) T2WI multiecho (3mm-thick, no gap, voxel size ⫽ 0.89 ⫻ 1 ⫻ 3 mm, TR ⫽ 3300 ms,
TE ⫽ 30/60/90/120/150 ms, matrix ⫽ 200 ⫻ 180, FOV ⫽ 180 ⫻
180, TSE factor ⫽ 5; EPI factor ⫽ 5, flip angle ⫽ 90°); 2) T1WI
inversion recovery (3-mm-thick, no gap, voxel size ⫽ 0.75 ⫻
0.75 ⫻ 3 mm, TR ⫽ 3550 ms, TE ⫽ 15 ms, TI ⫽ 400 ms, matrix ⫽
240 ⫻ 229, FOV ⫽ 180 ⫻ 180, TSE factor ⫽ 7), 3) FLAIR (fatsuppressed ⫽ spectral-attenuated inversion recovery, fat-suppressed power ⫽ 1, four-mm-thick, section gap ⫽ 1 mm, voxel

For signal quantification, we used relaxometry analysis of T2 multiecho images (3-mm sections, TR ⫽ 3300, TE ⫽ 30/60/90/120/
150 ms, matrix ⫽ 200 ⫻ 176, FOV ⫽ 1802 ⫻ 180) with Aftervoxel, a medical image visualization tool written by Felipe Bergo
(http://www.liv.ic.unicamp.br/⬃bergo/aftervoxel). For this analysis, a region of interest was manually defined in 3 different MR
imaging sections, including the hippocampus of each individual (1 in
the head, 1 in the body, and 1 in the tail of the hippocampus) by an
investigator blinded to the results of the MR imaging visual evaluation (B.K.). To make the ROI placement more consistent among
patients, we defined the section of the hippocampus head as the first
in which it was possible to see the temporal horn of the lateral ventricle and therefore to appropriately separate the hippocampal for-

MATERIALS AND METHODS
Patients
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FIG 1. T2 relaxometry in Aftervoxel software. Example of regions of interest manually deﬁned in the head (A), body (B), and tail (C) of the
hippocampus of a patient with MTLE.

FIG 2. MR imaging signs of HS detected by quantiﬁcation analysis. Examples of 2 patients with normal MR imaging ﬁndings by visual analysis and
HS signs detected by quantiﬁcation techniques. A, A 67-year-old male patient, with MTLE and left EEG seizure focus. His seizures started at 5
years of age and were characterized by an aura described as jamais vu followed by a hipometer complex partial seizure. MR imaging volumetry
detected signiﬁcant left reduced hippocampal volume. A1, T1WI in which both hippocampi were considered normal by visual analysis. A2,
FreeSurfer volumetry images in which the hippocampi are shown in yellow. Corrected volume of the left hippocampus: 3.50 cm3 (z score ⫽
⫺2.20 SDs). B, A 28-year-old male patient with MTLE and left seizure focus. His seizures started at 11 years of age and were characterized by an
aura described as fear and an epigastric sensation followed by loss of consciousness and manual automatisms. MR imaging T2 relaxometry
detected signiﬁcant left increased hippocampal signal. Left hippocampus T2 signal: 111.40 (z score ⫽ 3.52 SDs).

mation from the amygdala. The body of the hippocampus was defined in the fourth coronal section after the region of interest of the
hippocampus head, and the tail was defined in the third coronal
section after the hippocampus body, in which it was also possible to
visualize the quadrigeminal plate. The ROIs were manually drawn to
include the larger area of the hippocampus in that section but also to
carefully avoid contamination of the hippocampal signal with CSF
signal (Fig 1). The mean T2 signal from the 3 sections of each hippocampus was used as the final measurement. Hippocampal signal

values higher than 2 SDs from the mean of the control group composed of the same individuals in the volumetry analysis (absolute
value and/or asymmetry index, defined by the ratio of higher and
lower hippocampal signals of each individual) were considered hyperintense signal.

RESULTS
Two hundred seventeen patients fulfilled the inclusion criteria.
However, after detailed MR imaging visual analysis, 14 patients
AJNR Am J Neuroradiol 35:77– 83
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3T MRI signs of HS detected by visual or quantiﬁcation analysisa
MRI Visual Analysis
Volumetry
MTLE-HS (125/203; 62%)
119/125 (95%)
MTLE-NL (78/203; 38%)
10/78 (13%)
Concordance with EEG laterality
95% had concordant
EEG* and 5% discordant

Relaxometry
103/125 (82%)
15/78 (19%)
94% had concordant
EEG** and 6% discordant

Volumetry + Relaxometry
124/125 (99%)
22/78 (28%)

Note:—NL, indicates normal MRI.
a
First column shows the frequency of HS signs detected by visual analysis. The other columns show the percentages of HS signs detected by quantiﬁcation of hippocampal
volume (“Volumetry”) and T2 MRI signal (“Relaxometry”) alone (second and third columns, respectively) or when considered together (fourth column). In the last line, for each
technique the concordance with the laterality of the seizure focus is described as deﬁned by ictal and interictal scalp EEG.
* Excluding the 9 patients and ** the 12 patients with bilateral non-lateralizing EEG.

were thought to have subtle signs of focal cortical dysplasia and
were excluded. The final group was then composed of 203 patients
(129 female, 74 male; median age, 46 years; range, 17–74 years).
There was no difference in sex or age distribution between patients and controls (Sex, 2, P ⫽ .527; age, t test, P ⫽ .072). According to ictal and interictal scalp EEG, 184 patients had unilateral temporal epileptic focus (117 left MTLE and 67 right MTLE)
and 19 had bitemporal epileptic focus.
In this group, 176 (87%) patients had drug-resistant seizures,
while 27 (13%) had been free of seizures for at least 2 years.

MR Imaging Visual Analysis
MR imaging visual analysis detected 125 (62%) patients with
signs of HS (62 left, 54 right, 6 bilateral with left-sided predominance, 3 bilateral with right-sided predominance). For the remaining 78 (38%) patients, MRI had normal findings by visual
analyses. Although the qualitative analysis detected signs of hippocampal sclerosis in 62% of patients, one cannot say in how
many it failed to detect HS because the remaining 38% of patients
may or may not have had HS in their histology, even though they
all had MTLE.

Concordance of MR Imaging Visual Analysis and the EEG
Epileptic Focus
From the 125 patients with MTLE with HS signs detected by visual
analysis, 117 had unilateral epileptic focus (defined by ictal and
interictal EEG); in 88% (103/117), the side of signs with HS was
concordant with the epileptic focus, and it was contralateral in
7.5% (9/117). In the remaining 4% (5/117), the MR imaging signs
of HS were bilateral and symmetric.

FIG 3. Z score distribution of the hippocampal asymmetry index for
volumetry and T2 relaxometry analyses. On the left side is the boxplot graphic of z scores of the volumetry asymmetry index (gray) and
T2 relaxometry asymmetry index (black) of controls. On the right side
is the boxplot graphic of z scores of the volumetry asymmetry index
(gray) and T2 relaxometry asymmetry index (black) of patients with
MTLE.

MR Imaging Quantiﬁcation Analysis

bilateral hippocampal abnormalities detected by the quantifications methods, there was marked asymmetry.
The laterality of the hippocampal abnormality detected by
both absolute values and the asymmetry index in volumetry and
T2 relaxometry analysis was concordant in all cases. The asymmetry index had a higher sensitivity to detect the hippocampal volume
reduction (76% [98 patients] had significant hippocampal volume
reduction detected by the absolute volume and 98% [126 patients]
were detected by asymmetry index) and a lower sensitivity to detect
T2 hyperintense signal (92% [109 patients] with significant hippocampal T2 hyperintense signal detected by the absolute volume
and 70% [82 patients] detected by asymmetry index). The distribution of the hippocampal asymmetry index for volumetry and T2 relaxometry in patients and controls is shown in Fig 3.
Figure 4 demonstrates the z score distribution of hippocampal
volumes and T2 signal in controls (right and left hippocampus)
and patients (hippocampi ipsi- and contralateral to the epileptic
focus).

Automatic volumetry analysis detected hippocampal atrophy in
119 (95%) patients with visual signs of HS and in 10 (13%) patients with visually normal MR imaging findings. Relaxometry
detected hyperintense T2 signal in 103 (82%) patients with visual
signs of HS and in 15 (19%) patients with visually normal MR
imaging findings (Fig 2). Considered together, volumetry plus
relaxometry detected signs of HS in all except 1 (124; 99%) patient
with visual signs of HS and in 22 (28%) patients with visually
normal MR imaging findings (Table). Therefore, the use of combined hippocampal volumetry and T2 relaxometry increased the
sensitivity to detect MR imaging signs of HS in 28% compared
with visual analysis.
Volumetry detected bilateral hippocampal atrophy in 9 patients (8 with visual signs of HS and 1 with visually normal MR
imaging findings). Relaxometry detected bilateral hippocampal
hyperintense signal in 22 patients (20 with visual signs of HS and
2 with visually normal MR imaging findings). In patients who had
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of visual signs of HS or hippocampal
hyperintense signal detected by relaxometry with the side of the epileptic
focus (88% of concordance by visual
analyses and 94% of concordance by
relaxometry analysis, 2, P ⫽ .099).
The small additional gain of the quantification analyses was secondary to
better discrimination of the bilateral
hippocampal abnormalities.

FIG 4. Z score distribution of hippocampal volumes and T2 signal in patients with MTLE and
controls. A, Boxplot graphic shows z scores of hippocampal volumetry for controls and patients
with MTLE. On the left side of the graphic are shown the hippocampal volumes of controls (white
circles ⫽ right hippocampi; mean volume, 4.28 ⫾ 0.35 cm3; black triangles ⫽ left hippocampi;
mean volume, 4.21 ⫾ 0.32 cm3). On the right side of the graphic are shown the hippocampal
volumes of patients (white circles ⫽ hippocampi ipsilateral to the epileptic focus; mean volume,
3.78 ⫾ 0.51 cm3; black triangles ⫽ hippocampi contralateral to the epileptic focus; mean volume,
4.28 3⫾ 0.56 cm). B, Boxplot graphic shows z scores of hippocampal T2 relaxometry for controls
and patients with MTLE. On the left side of the graphic is the hippocampal T2 signal of controls
(white circles ⫽ right hippocampi; mean signal, 96.77 ⫾ 4.05; black triangles ⫽ left hippocampi;
mean signal, 96.98 ⫾ 4.10). On the right side of the graphic is the hippocampal T2 signal of patients
(white circles ⫽ hippocampi ipsilateral to the epileptic focus; mean signal, 105.49 ⫾ 7.88; black
triangles ⫽ hippocampi contralateral to the epileptic focus; mean signal, 99.10 ⫾ 5.01).

Concordance of MR Imaging Visual and Quantiﬁcation
Analysis
The side of the HS detected by MR imaging visual and volumetry
analysis was concordant in all except 1 case (118/119, 99%). The
patient with discordant volumetry and MR imaging visual analysis had a subtle hippocampal atrophy and clear hyperintense T2
signal on the left hippocampus by visual analysis, which was concordant with the T2 relaxometry.
The side of the abnormal hippocampal signal detected by relaxometry was concordant with the visual analysis in 96% (99/
103). In the remaining 4 patients, 2 had bilateral asymmetric hippocampal abnormalities on visual analyses and the relaxometry
lateralized to the side with less hippocampal atrophy by both visual and automatic volumetry, and the other 2 patients had unilateral hippocampal atrophy (concordant by visual and automatic
volumetry) and the relaxometry lateralized to the side contralateral to the atrophy and hyperintense T2 signal defined by visual
analysis.

Concordance of MR Imaging Quantiﬁcation Analysis and
the EEG Epileptic Focus
From the 129 patients with MTLE with hippocampal atrophy detected by volumetry, 120 had unilateral epileptic focus (defined by
ictal and interictal EEG) and in 95% (114/120) the side of epileptic
focus was correctly lateralized by volumetry. From the 118 patients with MTLE with hippocampal T2 signal hyperintensity detected by relaxometry, 106 had unilateral epileptic focus and in
94% (100/106) the side of epileptic focus was correctly lateralized
by volumetry.
There was no significant difference in the frequency of concordance of signs of HS or hippocampal atrophy detected by visual
analysis with the side of the epileptic focus (88% of concordance
by visual analyses and 95% of concordance by volumetry analysis,
2, P ⫽ .054) and no difference in the frequency of concordance

Concordance of Histopathology
and MR Imaging Visual and
Quantiﬁcation Analyses

Nineteen patients (10%) underwent
surgical treatment (anterior temporal
lobectomy or selective amygdalohippocampectomy) due to refractory seizures. Of those, all except 1 individual
had confirmed histopathology of HS. In
patients with a histopathology of HS, visual analysis and volumetry detected abnormal hippocampi in all cases and relaxometry detected hyperintense signal
in 15/18 (83%) patients. The patient with a normal hippocampus
on histology had no signs of HS detected by either visual or quantitative methods.

DISCUSSION
The detection of MR imaging signs of HS can help to define seizure etiology and to indicate surgical treatment for patients with
drug-resistant MTLE. We demonstrated here that even in 3T MRI
analyzed in tertiary centers by epilepsy experts, hippocampal volume and signal quantification can significantly improve the detection of signs of HS in patients with otherwise normal MRI
findings by using an epilepsy protocol.
MR imaging has significantly improved the detection of pathologies related to epilepsy.19 It is safe, noninvasive, and widely
available in epilepsy centers. However, a variable but significant
number of patients with focal epilepsies have normal MRI findings and unknown seizure etiology.20-24
From the beginning of MR imaging use in epilepsy, special
attention has been given to HS because it is the main pathologic
feature associated with the most common epilepsy in adults.1
Hippocampal volume and signal have been used for research purposes but also in epilepsy clinics to help in the evaluation of drugresistant focal epilepsies. Quantification of hippocampal volume
and signal in MRI cannot only detect signs of HS but can consistently help to lateralize the seizure focus in patients with MTLE
who are surgical candidates.8 For these individuals, the prognosis
of surgical resection of the temporal lobe ipsilateral to HS detected
by MRI is excellent.21 Today, most of the tertiary epilepsy centers
have 3T MRI available and visual signs of HS have been more
easily detected.14 In this context, the contribution of MR imaging
quantification methods to detect HS in 3T MRI has not been
previously evaluated. Here we demonstrated that with 3T MRI,
adequate epilepsy protocols, and expert visual evaluation, quanAJNR Am J Neuroradiol 35:77– 83
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tification analysis can still improve the detection of subtle signs of
HS in 28% of patients.
The detection of more subtle MR imaging abnormalities in
patients with focal epilepsies depends on both the quality of MR
imaging acquisition protocol and the experience of the examiner
in reading MRIs of patients with epilepsy. A previous study 20
showed that “nonexperts” reported 61% of standard MR imaging
as having normal findings or as showing no focal abnormality,
while epilepsy “expert” examiner reassessments of the same standard MRIs classified 28% of these scans as technically inadequate
and considered only 22% of these standard MR imaging scans as
having normal findings. More important, by using a dedicated
epilepsy MR imaging protocol, the same group of “experts” described focal MR imaging abnormalities in 91% of the same group
of patients (they did not include hippocampal volumetry or T2
relaxometry).20 Also, in this context, MRIs are always evaluated in
the light of clinical, neuropsychological, and EEG data. In this
article, we reproduced this optimal visual evaluation of MRI in
patients with MTLE: Two epileptologists with expertise in MR
imaging evaluation of patients with focal epilepsies reviewed the
images of all patients (acquired with an extensive epilepsy protocol) in the context of clinical and EEG data. Even in this most
favorable circumstance, quantification of hippocampal volume
and signal significantly increased the detection of signs of HS.
In our series, only 1 patient with visual signs of HS had normal
volumetry and signal quantification. In this patient, by visual
analysis, we observed normal hippocampal volume and a localized hyperintense signal in the body of the hippocampus, contralateral to the epileptic focus determined by EEG. This pattern
of subtle and localized hippocampal abnormality (restricted to
the hippocampal body) is not commonly seen. We believe that
this discordance could be overcome if more sections of the coronal MR imaging sequence were added to the relaxometry analysis.
However, this addition would add time to the procedure and
would probably result in limited improvement in the detection
rate (⬍1%).
The increase of patients with detectable MR imaging abnormalities compatible with the site of the seizure-onset origin is
significantly important for drug-resistant focal epilepsies. With
quantitative analysis of 1.5T MRI, a group of patients with MTLE
remains with no detectable structural abnormalities even when
HS is confirmed after surgical removal of the mesial temporal
structures.22 For patients with drug-resistant MTLE and normal
MR imaging findings, invasive procedures, which have high cost
and morbidity, are often necessary to evaluate the potential target
for surgical intervention,23 and yet for these individuals, the rate
of seizure freedom is lower than that for those with MRI signs of
HS.24,25 Histopathology of HS is only found in a limited number
of patients with MTLE with normal MR imaging findings undergoing surgery, but those with positive hippocampal pathology are
the ones with better surgical outcomes.24,26 It is necessary to improve noninvasive techniques that could more efficiently select
the individuals with MTLE with subtle HS to better select surgical
patients and improve outcomes. In this context, we believe that
the use of hippocampal quantification measures in 3T MRI, as we
showed in this article, can help in the recognition of these individuals with hippocampal sclerosis not detected by visual analysis
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who could benefit from surgical procedures for control of drugresistant seizures. The complete benefit of the use of hippocampal
quantification measurements in 3T MRI in the presurgical evaluation of patients with drug-resistant MTLE could be assessed with
follow-up and surgical outcome data of these patients.
In this study, we were not able to satisfactorily determine the
specificity of the quantification procedures in the detection of HS.
To achieve this goal, a correlation of these findings with the criterion standard, histopathology, would be necessary. We were only
able to evaluate the histopathologic findings in 10% (19 patients)
of our group. In the sample of our patients undergoing surgery,
the specificity of hippocampal volumetry and T2 signal quantification was 100% (all patients with abnormal hippocampal volume or T2 signal had confirmed histopathology of HS, and the
only patient with a normal hippocampus by these quantification
techniques had normal histopathology). However, this specificity
is biased because all patients who underwent surgery in our group
had similar findings in both visual and quantification analysis,
and the visual analysis was used in the selection of the patients for
the surgical procedure. However, a good correlation of volume
and signal abnormalities detected by quantification analysis and
histopathology of HS has been previously demonstrated.27 Also,
in our group of patients, the laterality of abnormal hippocampal
volume and signal was highly concordant with the laterality of the
epileptic focus defined by EEG recordings.
Currently, most studies of hippocampal volumetry apply
manual hippocampal delimitation, and whether manual28 or automatic analysis has higher sensitivity and specificity is still debatable.12,13 Despite this controversy, in the clinical context, the
quantification of hippocampal abnormalities must be as fast and
practical as possible. In this article, we used automated volumetry
and a simple manual signal quantification in which it is necessary
only to define a small region of interest in 3 sections of the T2 scan
of each patient, without the need to define precisely the borders of
the hippocampus. We think that this optimized hippocampal
quantification protocol can be easily applied to all patients with
drug-resistant focal epilepsies as a parallel and additional analysis
for the routine evaluation of MRI in specialized epilepsy centers.
Although FreeSurfer software is not approved for clinical use by
the US Food and Drug Administration, as far as we know, there is
at least 1 software approved for automated volumetric analyses of
brain MRI.27 However, this has only been evaluated for the detection of hippocampal abnormalities on 1.5T scanners.13
In 1.5T MRI, a good correlation of volume and signal abnormalities detected by quantification analysis and histopathology of HS has been demonstrated.29 More recently, histologic studies have proposed that different patterns of neuronal
loss in the hippocampus might be associated with different
seizure outcome after surgical removal of the temporal lobe.30
Also, it has been shown that quantitative measures in 3T MRI
can demonstrate ultrastructural details of HS pathology not
detectable with lower field scanners.17,31 These in vivo quantitative measurements of this detailed HS pathology on 3T MR
imaging scanners might contribute, in the future, to the better
selection of patients with drug-resistant MTLE who will benefit from surgical procedures.

CONCLUSIONS
In MRI performed with a 3T scanner and visually inspected by
imaging experts, quantification of hippocampal volume and T2
signal can increase the detection of signs of HS in approximately
28% of patients with MTLE. Today, these MR imaging quantification methods are easily available and not very time-consuming,
and they could be used as routine diagnostic tools for patients
with drug-resistant focal epilepsies and visually normal MRI findings after further validation for clinical use.
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MRI Findings in Autoimmune Voltage-Gated Potassium
Channel Complex Encephalitis with Seizures:
One Potential Etiology for Mesial Temporal Sclerosis
A.L. Kotsenas, R.E. Watson, S.J. Pittock, J.W. Britton, S.L. Hoye, A.M.L. Quek, C. Shin, and C.J. Klein

ABSTRACT
BACKGROUND AND PURPOSE: Autoimmune voltage-gated potassium channel complex encephalitis is a common form of autoimmune
encephalitis. Patients with seizures due to this form of encephalitis commonly have medically intractable epilepsy and may require
immunotherapy to control seizures. It is important that radiologists recognize imaging characteristics of this type of autoimmune
encephalitis and suggest it in the differential diagnosis because this seizure etiology is likely under-recognized. Our purpose was to
characterize MR imaging ﬁndings in this patient population.
MATERIALS AND METHODS: MR imaging in 42 retrospectively identiﬁed patients (22 males; median age, 56 years; age range, 8 –79 years)
with seizures and voltage-gated potassium channel complex autoantibody seropositivity was evaluated for mesial and extratemporal
swelling and/or atrophy, T2 hyperintensity, restricted diffusion, and enhancement. Statistical analysis was performed.
RESULTS: Thirty-three of 42 patients (78.6%) demonstrated enlargement and T2 hyperintensity of mesial temporal lobe structures at
some time point. Mesial temporal sclerosis was commonly identiﬁed (16/33, 48.5%) at follow-up imaging. Six of 9 patients (66.7%, P ⫽ .11)
initially demonstrating hippocampal enhancement and 8/13 (61.5%, P ⫽ .013) showing hippocampal restricted diffusion progressed to mesial
temporal sclerosis. Conversely, in 6 of 33 patients, abnormal imaging ﬁndings resolved.
CONCLUSIONS: Autoimmune voltage-gated potassium channel complex encephalitis is frequently manifested as enlargement, T2 hyperintensity, enhancement, and restricted diffusion of the mesial temporal lobe structures in the acute phase. Recognition of these typical
imaging ﬁndings may help prompt serologic diagnosis, preventing unnecessary invasive procedures and facilitating early institution of
immunotherapy. Serial MR imaging may demonstrate resolution or progression of radiologic changes, including development of changes
involving the contralateral side and frequent development of mesial temporal sclerosis.
ABBREVIATIONS: Ab ⫽ autoantibody; CASPR2 ⫽ contactin-associated protein-like 2; LGI1 ⫽ leucine-rich glioma-inactivated protein 1; MTS ⫽ mesial temporal
sclerosis; VGKC ⫽ voltage-gated potassium channel complex

L

imbic encephalitis, typically characterized clinically by the
subacute onset of partial and secondary generalized seizures,
memory loss, and neuropsychiatric changes can be of either infectious or autoimmune etiology. Herpes simplex encephalitis is
the most common infectious agent that targets the limbic region.
Autoimmune limbic encephalitis may occur as a paraneoplastic
phenomenon associated with certain tumors or may occur in the
absence of a neoplasm.1-3 Autoimmune voltage-gated potassium
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channel complex (VGKC) encephalitis is one of the most common forms of autoimmune encephalitis. It is frequently found in
the absence of associated tumor.4,5 VGKC autoantibodies (Abs)
have been reported in 6% of patients with long-standing seizures6
and in up to 11% when both acute and chronic presentations are
considered.7 Furthermore, autoimmune VGKC encephalitis may
be more common than paraneoplastic autoimmune encephalitis.8 Because the hippocampus and associated limbic structures
contain attenuated concentrations of potassium channels and due
to the inherent epileptogenic potential of these structures, it is not
surprising that alteration of the neuronal electrochemical function by this class of Ab would predispose to seizure activity. Comprehensive information is lacking as to whether VGKC autoimmunity leads to longitudinal loss of neurons in the mesial
temporal regions or whether this ion channel Ab disorder is without significant long-term radiologic or histopathologic sequelae.
Autoimmune VGKC encephalitis can be diagnosed by serologic test-

ing and is potentially treatable with immunotherapy.5,6,8-11 However, it is suspected that this condition is greatly underdiagnosed and
undertreated.9,12 Because the long-term consequences of limbic encephalitis and seizures are frequently significant and the immune
aspect of this disease is potentially treatable, it is important that neuroradiologists recognize the existence of this newly identified entity
and its imaging characteristics to raise the possibility in the differential diagnosis when appropriate. In this study, we characterize MR
imaging findings in autoimmune VGKC encephalitis.

MATERIALS AND METHODS
Institutional review board approval was obtained, and informed
consent was waived for this retrospective review. Patients were
identified by the following 2 mechanisms: 1) A search of the Mayo
Clinic Life Sciences System (a clinical data repository containing
patient demographics, diagnoses, hospital and clinical notes, laboratory results, and pathology data obtained from multiple clinical and hospital source systems) by using the keywords “voltagegated potassium channel” or “VGKC” and “seizures,” “epilepsy,”
“encephalitis” or “encephalopathy” identified 11 patients presenting between January 1, 2001, and June 1, 2008, seropositive
for VGKC Ab with associated seizures; 2) From June 1, 2008, to
June 30, 2010, comprehensive serologic evaluation of patients
with unexplained neurologic symptoms was performed at our
institution, identifying 1992 patients who were seropositive for
VGKC Ab.13 A search of this data base identified 33 additional
patients with associated seizures.
Chart reviews were performed on these 44 patients. All available
imaging was reviewed by 2 neuroradiologists with 13 and 12 years of
experience, consensus was reached at the time of interpretation, and
results were tabulated. Initial MR imaging was evaluated for the presence of T2 signal hyperintensity in the mesial temporal lobes and
extratemporal regions, hippocampal and amygdala swelling, restricted diffusion, and abnormal enhancement. All available follow-up imaging, including short-term (ⱕ1 year) and later studies,
was assessed for progression or regression of these findings and for
the presence of T2 hyperintensity or atrophy indicative of mesial
temporal sclerosis (MTS). When MTS was present, the time to its
development from the time of first imaging abnormality was
recorded.

Statistical Analysis
Statistical analysis was performed by using the JMP software
package (Version 9.0; SAS Institute, Cary, North Carolina). 2
analysis was used to determine the association between the development of MTS and patient age. The Fisher exact test was used to
determine the association between the development of MTS and
each of the following: sex, enhancement, restricted diffusion, and
leucine-rich glioma-inactivated protein 1 (LGI1) or contactinassociated protein-like 2 (CASPR2) subunit status. Only 2-tailed
tests were used. A P value of ⬍ .05 was considered significant.

RESULTS
Clinical Findings
Clinical results are summarized in the Table. Forty-four VGKC
Ab–positive patients with seizures were identified. Two were excluded because their imaging was no longer available for review. MR
imaging and clinical findings of the remaining 42 patients (22 males;

Clinical ﬁndings in autoimmune VGKC encephalitis with seizures
Characteristic
Data (No.)
Patients seropositive for VGKC with
seizure with MR imaging
No.
42
Age (yr) (mean)
8–79 (53.5)
Sex
22 Males (52.4%)
Associated tumor (9) (21.4%)
Prostate adenocarcinoma
3
Multiple myeloma
2
Colon carcinoma
2
NHL
1
Thymoma
1
Seizure type
Partial/partial complex
27 (62.3%)
With secondary generalization
3
Tonic-clonic
8 (19%)
With status epilepticus
1
Focal motor
5 (11.9%)
Subclinical/EEG evidence only
2 (5.8%)
Additional neurologic symptoms
Cognitive decline/confusion
16
Memory deﬁcits
13
Dizziness
5
Sensory changes/paresthesias
4
Personality changes
3
Visual aura/hallucinations
3
Nausea/vomiting
3
Headache
2
Treatment
Immunotherapy
32 (76.2%)
IVMP alone
18 (56.3%)
IVIG
5 (15.6%)
IVMP/plasmapheresis
3 (9.4%)
IVMP/IVIG
2 (6.3%)
Oral prednisone
2 (6.3%)
IVIG/plasmapheresis
1 (3.1%)
IV dexamethasone (Decadron)
1 (3.1%)
None
10 (23.8%)
Note:—EEG indicates electroencephalography; NHL, Non-Hodgkin lymphoma; IVIG, IV
immunoglobulin; IVMP, IV methylprednisolone.

median age, 56 years; age range, 8 –79 years) were reviewed. The
clinical aspects of 18 patients in this cohort have previously been
published, but that prior report did not include detailed analysis of
MR imaging findings.5 Nine patients (21.4%) had malignancies. One
(patient 10, with a thymoma) also had concurrent CRMP5 and
GAD65 Abs. Thirty-three patients lacked a tumor diagnosis after a
median clinical follow-up of 18 months (range, 1 month to 8.5
years). Two patients, both female, presented in the pediatric age
range (8 and 16 years of age), and neither had malignancy.
All 42 patients had seizures. Thirty-five had seizures at presentation. The other 7 developed seizures 1– 6 months after initial
neurologic symptom onset. Partial seizures were most common,
occurring in 27. Only 1 patient, a 46-year-old woman with alcoholism, developed status epilepticus. In 11 patients, seizure was
the only neurologic symptom. Additional neurologic symptoms
in the other 31 patients are listed in the Table.
Quantitative VGKC Ab levels were available for 33 patients,
and autoantibody subtyping was available in 32. Twenty-two
(68.8%) were positive for the LGI1 subtype, 3 (9.4%) were positive for the CASPR2 subtype, and 7 (21.9%) were negative for
both subtypes. No patients were positive for both LGI1 and
CASPR2 subtypes.
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FIG 1. A 66-year-old man with autoimmune VGKC epilepsy. Coronal FLAIR at presentation (A), 7-month follow-up (B), and 46-month follow-up
(C) demonstrate progression from unilateral increased signal intensity and enlargement of the left hippocampus (A) to left MTS (arrow, B) and
ﬁnally progression to bilateral MTS (arrows, C).

imaging was performed at outside institutions. This resulted in variability
in the specific sequences obtained,
particularly in the availability of diffusion-weighted and contrast-enhanced
images. All patients had T2 and/or
FLAIR sequences available for review.
Thirteen patients had normal MR imaging findings at presentation. In the
29 (69%) cases with abnormal MR imaging findings at presentation, imaging findings revealed enlargement of
the amygdala and/or hippocampus
with associated signal hyperintensity
on T2-weighted images. Of these,
findings were unilateral in 15 patients
(35.7%; 9 left-sided; Fig 1A). Findings
were bilateral in 14 (33.3%; Fig 2A,
-B). In 10 patients post-contrast-enhanced T1-weighted imaging was not
performed. In those that had postcontrast-enhanced T1-weighted imaging, 9/32 cases (28.1%) demonstrated
mild, ill-defined enhancement in areas
of T2 hyperintensity (Fig 2C). In 12
patients, DWI was not performed. In
the 30 patients in whom DWI was performed, 13/30 cases (43%) showed asFIG 2. A 25-year-old man with autoimmune VGKC epilepsy. Imaging at presentation demonstrates enlargement and increased signal intensity in the bilateral hippocampi (A) and bilateral sociated restricted diffusion in areas of
amygdalae (B) on coronal FLAIR, with faint ill-deﬁned enhancement (arrowheads) of the hip- T2 hyperintensity (Fig 3A, -B). Twenpocampi (C) on coronal contrast-enhanced T1. Follow-up coronal FLAIR imaging (D) at 4 years ty-four patients had both DWI and
demonstrates progression to bilateral MTS (arrows).
post-contrast-enhanced T1-weighted
imaging; 5 (20.8%) of these patients had both restricted diffuThirty-two patients (76.2%) were treated with immunothersion and abnormal enhancement. No case showed findings of
apy as outlined in the Table. Initiation of treatment ranged from 1
hemorrhage.
week to 3 years after symptom onset, which varied depending on
Only 2 patients demonstrated nonmesial temporal findseizure frequency, clinical response, and clinical course.
ings; in 1, there was T2 hyperintensity and restricted diffusion
in the left perisylvian cortex and right caudate nucleus in adInitial MR Imaging Findings
dition to involvement of the left hippocampus. This patient
There was variability in the imaging protocol performed durwas previously reported in a case series of VGKC Ab encephaing the 10-year span of this study, and in some cases, initial
86

Kotsenas

Jan 2014

www.ajnr.org

FIG 3. A 60-year-old man with autoimmune VGKC epilepsy. Initial imaging ﬁndings (not shown) were normal. At 1-month follow-up, axial
diffusion-weighted imaging demonstrates restricted diffusion in the left hippocampus (A), left perisylvian cortex (arrowheads), and right
caudate nucleus (arrow, B). Axial FLAIR (C) shows enlargement and increased signal intensity of the left hippocampus, and axial contrastenhanced T1-weighted image (D) shows faint ill-deﬁned enhancement (arrowheads) in the left hippocampus. Coronal FLAIR (E) 3 years after
presentation shows progression to left MTS (arrow).

litis mimicking Creutzfeldt-Jakob disease.14 The second case
demonstrated T2 hyperintensity and restricted diffusion in the
left insula in addition to the left hippocampus. There were no
changes in the inferior frontal lobes or cingulate gyrus in any
case.
In 1 patient referred to our institution, imaging findings of right
hippocampal and amygdala enlargement and T2 hyperintensity had
been interpreted as a glioma, leading to temporal lobectomy at the
outside institution. Pathology demonstrated moderate-to-marked
gliosis with scant chronic perivascular inflammatory T-lymphocyte
infiltrates and no evidence of neoplasm.

Follow-Up MR Imaging Findings
Subsequent short-term follow-up studies (⬍1 year) showed progression to bilateral abnormalities in 28.6% with initially negative
(n ⫽ 3) or unilateral (n ⫽ 5) presentations (Fig 1C). In total, 33
patients (78.6%) demonstrated medial temporal abnormalities at
some point during the disease course.
Hippocampal atrophy and T2 hyperintensity consistent with
MTS were identified in 16 of 33 patients (48.5%) at follow-up imaging, ranging from 2 to 39 months (median 7 months; 75% quartile 13
months; 25% quartile 3 months) (Fig 4); bilateral in 6 (Fig 1B, -C
and Fig 3C) and unilateral in 10. The patients who developed MTS
were older (60.25 ⫾ 17.9 years versus 48.9 ⫾ 12.4 years, P ⫽ .02) and
more likely to be male (n ⫽ 12/16, 75%; P ⫽ .03). Nine (40.9%, P ⫽

FIG 4. Time to development of MTS from initial MR imaging
abnormality.

.43) patients positive for LGI1 and none positive for CASPR2 developed MTS.
In patients with initial associated enhancement, 6/9 (66.7%,
P ⫽ .11) developed MTS, and in patients with initial restricted
diffusion, 8/13 (61.5%, P ⫽ .03) developed MTS. In all 5 patients
who showed both restricted diffusion and abnormal enhancement, there was progression to MTS.
Conversely, in 5 of 33 patients (15.2%), abnormal findings
resolved on follow-up imaging with immunotherapy treatment
(1– 49 months; mean, 19 months; Fig 5). In 1 additional patient,
AJNR Am J Neuroradiol 35:84 – 89

Jan 2014

www.ajnr.org

87

development of MTS seen in nearly half
of our cohort at long-term follow-up.
This also implicates VGKC autoimmunity as one potential etiology for “cryptogenic” MTS. Radiologic features of
MTS are without a specific pathologic
cause, and investigation for VGKC autoimmunity has not been reported in idiopathic MTS.20 Our findings would argue
for the need to consider VGKC autoimmunity as a pathologic mechanism of
MTS among such patients. In our cohort, patients who developed MTS were
significantly more likely to be male and
FIG 5. A 74-year-old man with autoimmune VGKC epilepsy. Coronal FSE T2 image (A) shows mild older than those who were responsive to
enlargement and increased signal in the right hippocampus. Follow-up coronal FSE T2 (B) at 1 year immunotherapy. Most who developed
shows resolution of hyperintense signal and enlargement of the right hippocampus.
MTS did so within a year of initial imaging abnormality.
findings resolved without specific treatment. None of the immuWhile diffusion-weighted imaging was not included on all ininotherapy-responsive patients demonstrated enhancement or retial MR imaging examinations, a statistically significant number
stricted diffusion at any time point. Nine patients did not have
of patients with initial imaging findings of T2 hyperintensity and
long-term imaging follow-up at our institution, including 4 with
swelling of the mesial temporal lobe structures and associated
initially negative imaging findings.
restricted diffusion progressed to MTS. Restricted diffusion can
be seen with recent seizure activity or status epilepticus.21,22 Only
DISCUSSION
1 of our patients with restricted diffusion had status epilepticus.
Our study demonstrates that initial MR imaging findings asUnfortunately, this patient did not have long-term follow-up imsociated with autoimmune VGKC encephalitis included uniaging at our institution. Restricted diffusion is more commonly
or bilateral amygdala and/or hippocampal enlargement and T2
seen in ischemia/infarction and is reflective of cytotoxic edema,
hyperintensity in 78.6% of patients at some time point during
typically indicative of irreversible cell damage. Perhaps patients
the disease course. Nearly half of our patients also demonwith autoimmune VGKC encephalitis who present with restricted
strated restricted diffusion; a quarter showed associated mild
diffusion should be targeted for more prompt or aggressive imill-defined contrast enhancement, and a minority demonmunotherapy in an effort to prevent progression to MTS.
strated extratemporal findings. These findings are nonspecific
Similarly, there was a trend to develop MTS in two-thirds of
and are similar to those associated with infectious limbic enpatients whose scans demonstrated mild ill-defined enhancement
cephalitis15 and diverse paraneoplastic limbic encephalitiin the hippocampus. This suggests that enhancement and its predes2,16 and to those demonstrated in several smaller series of
sumed association with breakdown of the blood-brain barrier
autoimmune VGKC encephalitis.1,8-10,17,18 Our study emphamay be a marker for more severe or irreversible damage to the
sizes the need to include autoimmune VGKC encephalitis in
hippocampus. This was not statistically significant, likely secondthe differential diagnosis of patients presenting with these MR
ary to the small number of patients with enhancement and folimaging findings.
low-up imaging available for review at our institution. Potential
Many VGKC Ab–positive patients can present with seizures
association of contrast enhancement and ultimate development
and epilepsy as the primary clinical feature in the absence of memof MTS should be confirmed with prospective studies involving
ory loss and neuropsychiatric symptoms that are frequently preslarger numbers of patients. All 5 patients who had both contrastent in the full clinical spectrum of limbic encephalitis.5 Furtherenhancement and restricted diffusion went on to develop MTS.
more, while some authors have indicated that autoimmune
Therefore, we suggest that patients imaged for suspected autoimVGKC encephalitis may present as a monophasic illness, others
mune limbic encephalitis should have diffusion-weighed imaging
have reported progression, with patients shown to develop bilatand receive contrast as part of the imaging work-up when issues
eral temporal lobe involvement with time.18,19 Our imaging study
such as impaired renal function or pregnancy do not preclude its
would support the finding that radiologic progression is common
use.
because greater than a quarter (28.6%) of our patients with iniT2 hyperintensity and enlargement were confined to the hiptially negative study findings or only unilateral findings propocampus and/or amygdala in all except 2 cases in this series,
gressed to bilateral involvement. Whether these changes represent
findings that would be atypical for other etiologies of limbic enpathology due to persistent CNS inflammation, reflect damage
cephalitis. Nevertheless, the imaging findings of our VGKC Ab–
done secondarily by recurrent seizures, or both remains unclear,
positive patients were not entirely specific for limbic encephalitis
and prospective longitudinal follow-up will be required to answer
in all cases. Consideration for glioma, herpes simplex encephalithis question.
tis, infarction, and Creutzfeldt-Jakob disease delayed diagnosis in
Patients with autoimmune VGKC encephalitis tend to have an
unusually high seizure burden5; this may account, in part, for the
some. One of our patients had temporal lobectomy performed at
88

Kotsenas

Jan 2014

www.ajnr.org

an outside institution for suspicion of glioma, further supporting
the value of assessing for VGKC Ab. Only 1 patient demonstrated
extratemporal findings of restricted diffusion in a distribution
similar to that of Creutzfeldt-Jakob disease.14 There was no evidence of hemorrhage in any case in our series as may be seen in
herpes encephalitis.
Interpretation of longitudinal imaging findings in this study
was complicated by several factors. First is the long time span
during which imaging was obtained, from January 2001 to June
2010. During this decade-long period, the imaging equipment
and quality of imaging changed, potentially casting doubts on the
consistency of the imaging evaluations. This difference may have
underestimated the detection of findings on poorer quality examinations performed at earlier time points. Furthermore, imaging
findings are presumed to be reflecting a dynamic pathologic process, likely reflecting not only the primary pathologic autoimmune inflammatory process but also findings associated with engendered seizure activity and those of a superimposed response to
immunotherapy and antiepileptic drug treatments. Due to the
retrospective nature of our study, we did not specifically assess
differences in seizure burden in patients who developed MTS versus those who did not. We propose that future prospective studies
may be helpful in addressing this question. Finally, due to the
retrospective nature of our study, in some cases, it was difficult to
temporally relate treatment regimens with specific imaging findings. However, imaging findings resolved in 14.7% of our patients
with some form of immunotherapy treatment. Future prospective studies are anticipated to permit more discrete analysis of the
various contributors to the evolution of imaging findings.

CONCLUSIONS
The most common initial findings in autoimmune VGKC encephalitis with seizures are T2 hyperintensity and swelling of the
limbic structures, though extratemporal involvement does not
preclude a diagnosis of this condition. Recognition of these imaging findings and inclusion of autoimmune VGKC encephalitis in
the differential diagnosis with other forms of limbic encephalitis
may prompt appropriate serologic evaluation to confirm the diagnosis, which may in turn facilitate early institution of immunotherapy and prevent unnecessary invasive procedures. This study
also demonstrates that serial MRI should be considered in patients with suspected autoimmune VGKC epilepsy, to demonstrate the following: delayed development of radiologic changes in
patients who previously had normal MR imaging findings; evolution of changes involving the contralateral side, suggesting ongoing inflammatory activity radiologically; and progression to MTS.
Future prospective work should be performed to answer the important question of how commonly otherwise “cryptogenic”
MTS relates to a remote effect of VGKC autoimmunity.
Disclosures: Sean J. Pittock—UNRELATED: Consultancy: Alexian Pharmaceuticals,*
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Intracranial Arteries in Individuals with the Elastin Gene
Hemideletion of Williams Syndrome
D.P. Wint, J.A. Butman, J.C. Masdeu, A. Meyer-Lindenberg, C.B. Mervis, D. Sarpal, C.A. Morris, and K.F. Berman

ABSTRACT
BACKGROUND AND PURPOSE: Williams syndrome, a rare genetic disorder with a striking neurobehavioral proﬁle characterized by
extreme sociability and impaired visuospatial construction abilities, is caused by a hemideletion that includes the elastin gene, resulting in
frequent supravavular aortic stenosis and other stenotic arterial lesions. Strokes have been reported in Williams syndrome. Although the
extracranial carotid artery has been studied in a sample of patients with Williams syndrome, proximal intracranial arteries have not.
MATERIALS AND METHODS: Using MRA, we studied the intracranial vessels in 27 participants: 14 patients with Williams syndrome (age
range, 18 – 44 years; mean age, 27.3 ⫾ 9.1; 43% women) and 13 healthy control participants with similar age and sex distribution (age range,
22–52 years; mean age, 33.4 ⫾ 7.6; 46% women). All participants with Williams syndrome had hemideletions of the elastin gene. Blinded to
group allocation or to any other clinical data, a neuroradiologist determined the presence of intracranial vascular changes in the 2 groups.
RESULTS: The Williams syndrome group and the healthy control group had similar patency of the proximal intracranial arteries, including
the internal carotid and vertebral arteries; basilar artery; and stem and proximal branches of the anterior cerebral artery, MCA, and
posterior cerebral arteries. The postcommunicating segment of the anterior cerebral artery was longer in the Williams syndrome group.
CONCLUSIONS: Despite the elastin haploinsufﬁciency, the proximal intracranial arteries in Williams syndrome preserve normal patency.
ABBREVIATIONS: ACA ⫽ anterior cerebral artery; SVAS ⫽ supravalvular aortic stenosis; SVPS ⫽ supravalvular pulmonic stenosis

W

illiams syndrome (On-line Mendelian Inheritance in Man
number, 194050) is a multisystem disorder characterized
neurologically by remarkable hypersociability along with a distinct deficit in visuospatial construction abilities.1-3 Intellectual
ability ranges from average for the general population to severe
disability, with most people performing in the borderline to mod-
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erate range.2 With an estimated prevalence of 1 in 7500 live
births,4 Williams syndrome results from a hemizygous contiguous microdeletion on chromosome 7. The missing band, an approximately 1.6-megabase span at 7q11.23, codes for more than
20 proteins, including elastin.5
As a major component of distensible tissues such as the skin,
lungs, and vascular walls, elastin plays an important role in normal
physiologic functioning.6 Elastin deficiency results in fibroblast proliferation in arterial walls,7,8 leading to altered mural elasticity and
macrostructural deformities, best described for the great arteries and
heart.9,10 The reported prevalence of cardiovascular structural abnormalities in Williams syndrome hovers at approximately 75%
(70%– 82%).11-13 Supravavular aortic stenosis (SVAS) and peripheral pulmonary artery stenosis are the most common cardiovascular
deformities.11,14 Arterial narrowing may be isolated or may occur
simultaneously in numerous locations, including the aortic arch; the
descending aorta; and the pulmonary, coronary, renal, and mesenteric arteries.3 Aneurysmal dilation may occur after stent placement
or other procedures to correct the stenotic lesions,15 or may rarely
manifest spontaneously, particularly in adults.16
A widespread misunderstanding, derived from the distribution of arterial involvement in giant-cell arteritis,17 holds that the

intracranial arteries do not have elastic layers in their walls. In
reality, although the external elastic lamina, between the media
and adventitia, is lost a few millimeters after the large arteries
perforate the dura to enter the cranial cavity, the internal elastic
lamina, in the media, is present. Therefore, the elastin gene hemideletion in Williams syndrome could be associated with arterial
stenosis or dilation and compromised hemodynamic function.17,18 However, only a few case reports have documented cerebrovascular disease in Williams syndrome. They include spontaneous dissection of the internal carotid artery, leading to an MCA
infarction, in an adult19; 3 patients with striatocapsular infarctions: an adult20 and a child21 with clean cerebral vessels on angiography, and a child with stenosis of the supraclinoid carotid
and M1 segment of the MCA22; and narrowing of proximal intracranial arteries in 3 children and a young adult with multiple
cerebral infarcts.23-25 In addition, an adult had a cardiogenic
stroke after a myocardial infarction.26 Finally, intracerebral hemorrhages, possibly resulting from aneurysmal arteriolar thinning,
have been documented in 2 cases.27,28 The extracranial carotid
arteries have been studied in Williams syndrome with sonography
and have been found to lack stenotic or aneurysmatic lesions but
have been found to have increased media thickness.29 However,
although the potential for intracranial cerebral arterial abnormalities in Williams syndrome would constitute a substantial clinical
risk factor, the proximal intracranial arterial tree has not been
studied systematically in this disorder by use of a prospective design in a population without acute symptoms. To address this gap
in knowledge, we used MRA to determine the prevalence of
anomalies of the proximal intracranial arterial tree in adults with
Williams syndrome.

MATERIALS AND METHODS

went physical and neurologic examination on entry into the
study.

Image Acquisition
MR imaging was performed on a Signa 1.5T scanner (GE Healthcare, Milwaukee, Wisconsin) at the National Institutes of Health
Nuclear Magnetic Resonance Research Center, by use of a standard head coil. Six T1WIs (TR, 12 ms; TE, 5.2 ms; FOV, 24 mm;
resolution, 0.94 ⫻ 0.94 ⫻ 1.2 mm) were registered and averaged
to create a high-resolution structural image for each participant.
The major intracranial arteries were imaged by 3D time-of-flight
MRA, with the following parameters: field of view, 22 cm; TR, 35
ms; TE, 3.4 ms; flip angle, 20°; section thickness, 1.4 mm; and
acquisition time, 6 minutes.

Image Analysis
Images were processed from DICOM format on an Advantage
Workstation (AW 4.1; GE Healthcare). Brain MR images were
reformatted into double-oblique views to permit analysis of the
cerebral midline. Vessels in the circle of Willis were partitioned
from the rest of the MRA to increase signal-to-noise ratio. The
arteries evaluated included the intracranial portion of the internal
carotid and vertebral arteries; basilar artery; and stem and proximal branches of the anterior cerebral, middle cerebral, and posterior cerebral arteries. A neuroradiologist (J.A.B.) with expertise
in the interpretation of high-resolution MR imaging and MRA
performed qualitative analyses of the images, by using maximumintensity projection reconstructions. He was blinded to the name,
sex, genetic/diagnostic status, physical appearance, and cognitive
performance of the participants. Any vascular abnormalities, including stenosis and vasospasm, as well as vascular variants were
recorded.

Participant Selection and Genetic Testing
Study procedures were approved by the CNS Institutional Review
Board of the National Institutes of Health. Participants gave written consent after being informed of the nature and purposes of the
study. Fourteen normal-IQ white adults with Williams syndrome
gave written consent to participate after being informed of the
nature and purposes of the research and were enrolled in the
study. All of the participants in this group exhibited the physical
features and cognitive profile typical of Williams syndrome, were
in good physical health, and did not take any psychotropic medication. Genetic testing had been performed by use of fluorescent
in situ hybridization according to standard procedures.30 Thirteen of these participants had the classic 1.6-megabase hemideletion in 7q11.23,1 and 1 participant had a shorter hemideletion
that included the gene coding for elastin. The MR imaging data
from 13 healthy control participants, who were not receiving
medications, were used for comparison. The control participants
were recruited by advertisement and were matched for sex, age,
and IQ to the group with Williams syndrome. All study participants were right-handed.

History and Examination
The participants and their parents provided histories of medical
and psychiatric diagnoses and treatments, which were supplemented with medical record review. Each participant also under-

Statistical Analyses
We did not make any assumptions as to the direction of the
findings and therefore used 2-tailed statistics. Nominal data
were analyzed with the Fisher exact test; age was analyzed with
the Student t test. Correlations were explored with the nonparametric Spearman correlation.

RESULTS
Demographics
Age and sex of the participants were similar in the Williams
syndrome and control groups. The average age of the 14 participants with Williams syndrome was 27.3 ⫾ 9.1 years, compared with 33.4 ⫾ 7.6 years for the 13 participants in the control group (P ⫽ .11). Each group included 6 women (P ⫽ .58).

Medical Histories
Medical findings in participants with Williams syndrome are detailed in Table 1. A total of 12 (86%) had a history of at least 1
cardiovascular illness. SVAS was present in 9 (64%) and supravavular pulmonic stenosis (SVPS) in 3 (21%). Mitral valve abnormalities were recorded in 3 (21%). Four participants (29%)
had histories of hypertension. Gastrointestinal tract difficulties, present in 11 (79%) participants with Williams syndrome,
included hernias, constipation, diverticular disease, and rectal
AJNR Am J Neuroradiol 35:90 –94
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Table 1: Medical ﬁndings in participants with Williams syndrome
Blood Pressure
(mm Hg)
Age Pulse
Participant
1
2
3

(y)
18
18
18

(bpm)
84

4
5

19
22

64
64

6

22

7

23

64

120

60

8

24

80

130

80

9
10
11
12
13

29
30
33
37
44

72
76
68
100
62

120
120
165
110
120

92
70
100
70
91

14

45

96

130

85

72

Systolic Diastolic
130
90
Not available
90
70
110
130

80
80

Not available

Medical History
Inguinal hernia
Hypercalcemia, joint limitation
Chronic otitis media, hip subluxation,
kyphosis, constipation
Constipation
Chronic otitis media, scoliosis, rectal
prolapse, constipation
Left conductive hearing loss, chronic
otitis media, joint limitation
Inguinal hernia, umbilical hernia, joint
impairment
Chronic otitis media, inguinal hernia,
joint impairment
Hypercalcemia
Inguinal hernia
Constipation, inguinal hernia
Diverticulitis, constipation
Hypercalcemia, kyphosis, chronic
abdominal pain, constipation
Diverticulitis

Cardiovascular History
Hypertension
SVAS
Ventricular septal defect, SVPS, prolonged
Q-T interval
Negative
Mitral valve prolapse, hypertension
SVAS, mitral valve prolapse
SVAS, SVPS, mitral valve prolapse
SVAS, peripheral pulmonary stenosis,
hypertension
SVAS
SVAS, SVPS
SVAS, hypertension, renal artery stenosis
SVAS, carotid bruit
SVAS
No history of hypertension

FIGURE. Anterior cerebral artery conﬁguration in Williams syndrome. MRA from a normally developing person (A) and a participant with
Williams syndrome (B) showing elongation of the postcommunicating segment of the anterior cerebral artery in the participant with Williams
syndrome.

prolapse. Other than the cognitive changes reported elsewhere,1,31 the most common neurologic abnormalities were
clumsy or uncoordinated gait (79%) and poor cerebellar function (71%).

Imaging Findings
MR imaging and MRA findings are listed in the On-line Table.

Structural MR Images
There was a tendency toward a higher prevalence of atypical gross
structural findings in the brains of the Williams syndrome group.
Eight participants with Williams syndrome vs 4 control participants had at least 1 morphologic anomaly (P ⫽ .252). The most
frequently noted neuroanatomic finding was a small or unusually shaped corpus callosum, which was present in 6 members
of the Williams syndrome group and in 2 of the control particpants (P ⫽ .209). In 5 of the participants with Williams
syndrome who had callosal anomalies, the irregularity was in
the anterior portion (rostrum or genu) of the corpus callosum.
Other findings in the Williams syndrome group were descended cerebellar tonsils and a thickened calvarium. Two
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control participants were thought to have small-appearing cerebellar hemispheres.

MRA
Most importantly, there were no stenoses or other hemodynamically significant lesions in either group. Enlarged collaterals were
not noted. However, incidental anomalies on MRA were significantly more frequent in the Williams syndrome group. The Figure
depicts a specific variation in the course of the anterior cerebral
artery (ACA) that was noted only in members of the Williams
syndrome group. Typically, the A2 postcommunicating segment
of the ACA courses horizontally and then ascends along the genu
of the corpus callosum before dividing into the callosomarginal
and pericallosal arteries. In 6 of the participants with Williams
syndrome, but in none of the matched control participants (P ⫽
.016), A2 deviated inferiorly before turning toward the callosal
genu. No correlation was observed between this ACA variant and
the presence of either hypertension or SVAS-SVPS. The other
MRA findings in participants with Williams syndrome and in the
control group are listed in the On-line Table.

Williams syndrome population with no
presenting neurologic complaints.
Careful qualitative analysis of MRA
Wint et ala (n = 14) AAPb (n = 315) Cherniske et alc (n = 20)
for
each participant revealed no lesions of
Medical Condition
n
%
%
%
hemodynamic
significance in the large inCardiovascular
12
86
80
70
tracranial arteries, an important negative
SVAS
9
64
75
65
SVPS
3
21
25
15
finding in a population that, by virtue of
Peripheral pulmonary stenosis
1
7
50
–
cardiovascular anomalies and hypertenMitral valve prolapse
3
21
⫺
15
sion, could be at elevated risk for stroke.
Other
1
7
⫺
35
Although only approximately 12 cases of
Hypertension
4
29
50
60
stroke in patients with Williams synGastrointestinal
11
79
⫺
75
Inguinal hernia
5
36
40
⫺
drome have been reported in the literaConstipation
7
50
40
25
ture, the true incidence of stroke in this
Diverticular disease
3
21
30
40
population is unknown.34 Our findings
Rectal prolapse
1
7
15
⫺
suggest that most large-artery strokes in
Neurologic
Williams syndrome may be related to
Hyperreﬂexia
7
50
75
65
Gait disturbance
11
79
60
70
mechanisms other than significant intraAtaxia
10
71
⫺
⫺
cranial arterial involvement. A subset of
Skeletal
6
43
50
⫺
recorded strokes may be attributable to
Spinal
3
21
60
60
cardiac or aortic risk factors, which are
Peripheral
5
36
50
55
present in a high proportion of people
Chronic otitis
4
29
50
⫺
with Williams syndrome and were docuNote:—This is a comparison of the prevalence of medical problems in this study’s participants with those reported
in 2 large studies of Williams syndrome. The number of participants with each condition is listed in the leftmost
mented in some instances of stroke in this
column.
syndrome.26 The association with exa
Present study.
b
tracranial disorder is likely to occur in
American Academy of Pediatrics, 2001.32
c
Cherniske et al, 2004.33
cases where no cerebrovascular abnormalities were detected by angiograDISCUSSION
phy.20,21 Even in the few stroke cases in which stenotic lesions
In this first systematic study of cerebral vasculature in patients
were documented in the major intracranial vessels,22-24 the poswith Williams syndrome, we have documented that, except for a
sibility of embolism with recanalization cannot be completely
minor difference in the anatomic configuration of the ACA, the
ruled out. In some patients, stroke onset was clearly timed to
major intracranial arteries in Williams syndrome were similar to
surgical procedures for the correction of aortic disease.25 Furtherthose of matched healthy control participants. Because the resomore, the presence of small distal microinfarcts in the brain of a
lution of MRA does not allow analysis of submillimeter arterial
person with Williams syndrome studied at autopsy suggests that
vessels, such as those that penetrate the cerebral cortex, a possicardioarterial disease in this population may predispose to embility still remains that elastin deficiency could affect the patency
bolic infarction.35
of those arteries. A strength of our study was that it included
Although by using MRA we did not detect hemodynamically
adults with Williams syndrome, rather than children, allowing us
significant lesions in our participants with Williams syndrome,
to explore the end result of possible developmental changes durwe encountered an atypical ACA morphologic feature that was
ing childhood and adolescence. However, it is important to stress
common and specific to Williams syndrome. The usual course of
that our study was cross-sectional; it did not allow us to predict
the subgenual ACA was altered in 6 members of the Williams
arterial changes in later adulthood. It could be argued that our
syndrome group by an inferiorly directed “loop” of A2 just proxsample was skewed, because it included only adults with a normal
imal to the upward turn of the ACA (Figure). The unusual morIQ. However, the cardiovascular findings in our sample (Table 1)
phologic pattern of A2 may be a result of the same mechanism
are essentially indistinguishable from those of the general Wilthat is thought to cause SVAS and SVPS, namely, focal overproliams syndrome population (Table 2).11-13 The relatively small
liferation of the arterial laminar cells. In the case of the ACA,
incidence of peripheral pulmonary stenosis in our sample of adult
excessive growth would necessarily impel a downward extension.
patients with Williams syndrome reflects that peripheral pulmoIt is also possible that the ACA develops normally, but A2 is disnary artery stenosis is often present in infancy and usually implaced inferiorly because the ACA is “too long” for the unusually
proves with time.32 Therefore, peripheral pulmonary artery steshort and flat cerebrum and callosum that have been observed in
nosis is less frequent in our sample of adults than in the much
this and other studies of Williams syndrome.36
younger sample from the American Academy of Pediatrics (Table
Table 2: Prevalence of medical conditions in patients with Williams syndrome
Study

2). Furthermore, the prevalence of various medical illnesses in our
participants is comparable to the corresponding prevalence reported in previous studies of children and adults with Williams
syndrome that included the full range of intellectual ability associated with this syndrome (Table 2),32,33 suggesting that the cerebrovascular findings in our study may be generalized to the wider

CONCLUSIONS
In summary, by using MRA we did not detect stenoses or other
hemodynamically significant lesions of the proximal intracranial
arteries in Williams syndrome, attended by elastin deficiency and
stenotic lesions in other arteries. However, most of the particiAJNR Am J Neuroradiol 35:90 –94
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pants with Williams syndrome and, therefore, elastin haploinsufficiency had unusual cerebrovascular morphologic features. Most
of the characteristics involved an elongation of the postcommissural segment of the ACA.
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Evaluation of Diffusivity in the Anterior Lobe of the Pituitary
Gland: 3D Turbo Field Echo with Diffusion-Sensitized
Driven-Equilibrium Preparation
A. Hiwatashi, T. Yoshiura, O. Togao, K. Yamashita, K. Kikuchi, K. Kobayashi, M. Ohga, S. Sonoda, H. Honda, and M. Obara

ABSTRACT
BACKGROUND AND PURPOSE: 3D turbo ﬁeld echo with diffusion-sensitized driven-equilibrium preparation is a non– echo-planar technique for DWI, which enables high-resolution DWI without ﬁeld inhomogeneity–related image distortion. The purpose of this study was to
evaluate the feasibility of diffusion-sensitized driven-equilibrium turbo ﬁeld echo in evaluating diffusivity in the normal pituitary gland.
MATERIALS AND METHODS: First, validation of diffusion-sensitized driven-equilibrium turbo ﬁeld echo was attempted by comparing it
with echo-planar DWI. Five healthy volunteers were imaged by using diffusion-sensitized driven-equilibrium turbo ﬁeld echo and echoplanar DWI. The imaging voxel size was 1.5 ⫻ 1.5 ⫻ 1.5 mm3 for diffusion-sensitized driven-equilibrium turbo ﬁeld echo and 1.5 ⫻ 1.9 ⫻ 3.0
mm3 for echo-planar DWI. ADCs measured by the 2 methods in 15 regions of interests (6 in gray matter and 9 in white matter) were
compared by using the Pearson correlation coefﬁcient. The ADC in the pituitary anterior lobe was then measured in 10 volunteers by using
diffusion-sensitized driven-equilibrium turbo ﬁeld echo, and the results were compared with those in the pons and vermis by using a paired
t test.
RESULTS: The ADCs from the 2 methods showed a strong correlation (r ⫽ 0.79; P ⬍ .0001), conﬁrming the accuracy of the ADC
measurement with the diffusion-sensitized driven-equilibrium sequence. The ADCs in the normal pituitary gland were 1.37 ⫾ 0.13 ⫻ 10⫺3
mm2/s, which were signiﬁcantly higher than those in the pons (1.01 ⫾ 0.24 ⫻ 10⫺3 mm2/s) and the vermis (0.89 ⫾ 0.25 ⫻ 10⫺3 mm2/s, P ⬍
.01).
CONCLUSIONS: We demonstrated that diffusion-sensitized driven-equilibrium turbo ﬁeld echo is feasible in assessing ADC in the
pituitary gland.
ABBREVIATIONS: DSDE ⫽ diffusion-sensitized driven-equilibrium; EP ⫽ echo-planar; TFE ⫽ turbo ﬁeld echo

D

WI is widely used to diagnose cerebrovascular diseases, intracranial tumors, and inflammation.1-10 However, it is difficult to evaluate skull base structures by the most common imaging technique used with echo-planar (EP)-DWI. Previous
studies have revealed the efficacy of DWI for skull base tumors
such as pituitary adenoma; however, they are mostly limited to
macroadenomas large enough to calculate the ADC by using EP
sequences.3-7 Compared with EP-DWI, 3D diffusion-sensitized

driven-equilibrium turbo field echo (DSDE-TFE) obtained DWI
has higher spatial resolution and fewer susceptibility artifacts.11
To our knowledge, to date, the diffusivity of the normal pituitary
gland has not been fully evaluated, especially in those glands surrounded by aerated sphenoid sinuses. Therefore, the purpose of
this study was to evaluate the feasibility of DSDE-TFE in evaluating diffusivity in the normal pituitary gland.

MATERIALS AND METHODS
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The study was conducted with approval of the involved institutional review boards. Written informed consent was obtained
from each participant. First, we validated DSDE-TFE and compared it with EP-DWI. Then, ADC measurement in the anterior
lobe of the pituitary gland was performed.

Imaging Technique
All participants underwent MR imaging with a 3T system (Achieva
Quasar Dual; Philips, Best, the Netherlands) with an 8-channel head
coil. Figure 1 shows a diagram of our DSDE preparation sequence.
AJNR Am J Neuroradiol 35:95–98
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FIG 1. Diagram of DSDE sequences used in this study. Asterisk indicates prepulse gradients for
eddy current compensation.

FIG 2. ROI placement. Fifteen ROIs were placed at the bilateral caudate head, putamen, thalamus, anterior limb of the internal capsule, posterior limb of the internal capsule, frontal white
matter, temporal white matter, and the genu of the corpus callosum on a b0 map (DSDE-TFE, A;
EP-DWI, B) and then were copied to the ADC map derived from DSDE-TFE (C) and EP-DWI (D).

The DSDE-TFE has 2 distinct components: first, the DSDE preparation and, second, the segmented 3D TFE data acquisition.11 The
DSDE preparation is an extension of the motion-sensitized drivenequilibrium preparation, which has been used for black-blood imaging of large vessels.12,13 Motion-sensitized driven-equilibrium preparation has also been applied to brain imaging for the detection of
metastatic tumors.14 Compared with motion-sensitized drivenequilibrium preparation, the DSDE-prepared sequence has stronger
motion-sensitizing gradients, which enable diffusion-weighting in
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the anteroposterior direction. DSDE
preparation was originally developed to
reduce distortion in the imaging of peripheral nerves,11 and it was then optimized for skull base imaging in the present
study. Adiabatic refocusing pulses and additional gradients inserted in front of the
sequence were used to reduce B0 and B1
inhomogeneity and eddy current effects.11,15 Data acquisition by using TFE
was performed immediately after the
DSDE preparation. To eliminate T1 effects in the acquired signal by TFE, we
used a phase-cycling scheme.16,17
The imaging parameters for the
DSDE-TFE were as follows: TR/TE ⫽
6.2/3 ms, flip angle ⫽ 10°, echo-train
length ⫽ 75, b factors ⫽ 0, 500 s/mm2,
sensitivity-encoding factor ⫽ 2, FOV ⫽
240 mm, voxel size ⫽ 1.5 ⫻ 1.5 ⫻ 1.5
mm3, number of signal averages ⫽ 2, and
acquisition time ⫽ 5 minutes 22 seconds.
The imaging parameters for the EP-DWI
were as follows: TR/TE ⫽ 3000/62 ms, b
factors ⫽ 0, 500 s/mm2 (anteroposterior
direction), sensitivity encoding factor ⫽
2.5, FOV ⫽ 240 mm, matrix ⫽ 160 ⫻ 128,
section thickness/gap ⫽ 3/0 mm, voxel
size ⫽ 1.5 ⫻ 1.9 ⫻ 3 mm3, number of signal averages ⫽ 2, and acquisition time ⫽
48 seconds. Because coverage of DSDETFE was limited by 36-mm thickness, acquisition of EP-DWI coincided with that
of DSDE-TFE. Sagittal T1-weighted images were also obtained to separate the anterior and the posterior lobes of the pituitary gland. The imaging parameters for
T1-weighted images were as follows: TR/
TE ⫽ 450/13 ms, FOV ⫽ 150 mm, matrix ⫽ 224 ⫻ 180, section thickness/gap ⫽
3/0 mm, voxel size ⫽ 0.7 ⫻ 0.8 ⫻ 3 mm3,
number of signal averages ⫽ 2, and acquisition time ⫽ 2 minutes 44 seconds.

Analysis

Validation Study. The DSDE-TFE dataset was originally imaged in the axial
plane. The data were reformatted to the
axial plane (3-mm-thick). Both the DSDE-TFE and EP-DWI datasets were saved in the DICOM format. ADC maps were calculated on a personal computer by using ImageJ, Version 1.44p, for
Windows software (National Institutes of Health, Bethesda,
Maryland). Fifteen ROIs were placed on b0 images and then were
copied to ADC maps. They were located at the bilateral caudate head,
putamen, thalamus, anterior limb of the internal capsule, posterior
limb of the internal capsule, frontal white matter, temporal white
matter, and the genu of the corpus callosum by a neuroradiologist

On DSDE-TFE, the ADCs of the 15
ROIs ranged from 0.32 ⫻ 10⫺3 mm2/s to
2.13 ⫻ 10⫺3 mm2/s (mean, 1.07 ⫾ 0.41
⫻ 10⫺3 mm2/s). On EP-DWI, the ADCs
ranged from 0.26 ⫻ 10⫺3 mm2/s to 2.19
⫻ 10⫺3 mm2/s (mean, 0.86 ⫾ 0.38 ⫻
10⫺3 mm2/s). There was a significant
correlation in the ADC measurement
between DSDE-TFE and EP-DWI (r ⫽
0.79, P ⬍ .0001; Fig 4).
FIG 3. Sagittal reformatted DWI (A) and ADC map derived from DSDE-TFE (B). The normal anterior
lobe of the pituitary gland is clearly visualized without image degradation (arrowhead, A). Three ROIs
are placed at the anterior lobe of the pituitary gland, pons, and vermis (circles, B).

ADC Measurement in the Pituitary
Gland

ADC measurement in the pituitary
gland included 10 healthy volunteers (6 men and 4 women; age
range, 25– 46 years; median age, 33 years).
DSDE-TFE provided images of the pituitary gland without
distortion in all 10 subjects. The ADCs in the anterior lobe of the
pituitary gland ranged from 1.16 ⫻ 10⫺3 mm2/s to 1.54 ⫻ 10⫺3
mm2/s. In the pons, the ADCs ranged from 0.68 ⫻ 10⫺3 mm2/s to
1.38 ⫻ 10⫺3 mm2/s, and in the vermis, the ADCs ranged from
0.63 ⫻ 10⫺3 mm2/s to 1.35 ⫻ 10⫺3 mm2/s. The ADCs in the
anterior lobe of the pituitary gland (mean, 1.37 ⫾ 0.13 ⫻ 10⫺3
mm2/s) were significantly higher than those in the pons (1.01 ⫾
0.24 ⫻ 10⫺3 mm2/s) and vermis (0.89 ⫾ 0.25 ⫻ 10⫺3 mm2/s, P ⬍
.01, Fig 5).

DISCUSSION

FIG 4. Graph shows the relationship of ADC between DSDE-TFE and
EP-DWI (⫻10⫺3 mm2/s). There is a signiﬁcant correlation in ADC measurements between DSDE-TFE and EP-DWI (r ⫽ 0.79, P ⬍ .0001).
ADCDSDE-TFE ⫽ ADCEP-DWI ⫻ 0.849 ⫹ 0.340.

(A.H., with 15 years’ experience in neuroradiology, Fig 2). Statistical
analysis was performed by the same author by using the statistical
software JMP, Version 9.0.2 (SAS Institute, Cary, North Carolina).
The Pearson correlation coefficient was used for analysis. P values ⬍
.05 were considered significant.
ADC Measurement in the Pituitary Gland. The DSDE-TFE data
were reformatted to the sagittal plane (3-mm-thick). Both the
DSDE-TFE and EP-DWI datasets were saved in the DICOM format.
ADC maps were calculated in the same manner. Three ROIs were
placed at the anterior lobe of the pituitary gland, pons, and vermis on
the midsaggital plane by the same rater (Fig 3). The posterior lobe of
the pituitary gland was excluded by sagittal T1-weighted images for
comparison. The statistical analysis was performed with a paired t test
in the same manner as that used for the validation study above. P
values ⬍ .05 were considered significant.

RESULTS
Validation Study
The validation study included 5 healthy volunteers (5 men; age
range, 30-46 years; median age, 36 years).

To our knowledge, this is the first report to evaluate the diffusivity
of the normal pituitary gland. We revealed a strong correlation in
ADC measurements between DSDE-TFE and EP-DWI (r ⫽ 0.79,
P ⬍ .0001) in several brain structures in healthy subjects. The
DSDE-TFE technique was originally reported as one of the nerve
sheath imaging techniques.11 Obara et al11 reported a qualitative
evaluation of DSDE-TFE, but there has been no quantitative evaluation. The present study is thus also the first to validate ADC
calculations by using this technique.
We observed that the ADCs of brain structures obtained by
using DSDE-TFE (1.07 ⫾ 0.41 ⫻ 10⫺3 mm2/s) were higher than
those obtained by using EP-DWI (0.86 ⫾ 0.38 ⫻ 10⫺3 mm2/s).
For DSDE-TFE, adiabatic refocusing pulses and additional gradients inserted in front of the sequence were used to reduce B0 and
B1 inhomogeneity and eddy current effects.11,15 However, further
development is required to achieve less variation in measurement.
In this study, DSDE-TFE provided visualization of the pituitary gland without distortion of the images in all 7 subjects. Due
to the severe susceptibility artifacts, it is impossible to evaluate the
normal pituitary gland with EP-DWI. Therefore, previous studies
by using EP-DWI were mainly limited to pituitary macroadenoma, apoplexy, abscess, or other parasellar lesions.3-7 Other
researchers applied non-EP-DWI such as single-shot fast spinecho,8 line scan,9 and periodically rotated overlapping parallel
lines with enhanced reconstruction10 DWI for sellar and parasellar lesions to overcome image degradation. In the present
study, we used DSDE-TFE, which enabled us to obtain a 3D dataset and high spatial resolution (1.5 ⫻ 1.5 ⫻ 1.5 mm3). We may
apply this technique to other skull base and head and neck structures in the future.
AJNR Am J Neuroradiol 35:95–98
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FIG 5. Graph of ADCs in the anterior lobe of the pituitary gland, pons,
and vermis (⫻10⫺3 mm2/s). The ADCs in the anterior lobe of the
pituitary gland (1.37 ⫾ 0.13 ⫻ 10⫺3 mm2/s) are signiﬁcantly higher than
those in the pons (1.01 ⫾ 0.24 ⫻ 10⫺3 mm2/s) and vermis (0.89 ⫾ 0.25
⫻ 10⫺3 mm2/s, P ⬍ .01).

We observed that the ADCs in the anterior lobe of the pituitary
gland (1.37 ⫾ 0.13 ⫻ 10⫺3 mm2/s) were significantly higher than
those in the pons (1.01 ⫾ 0.24 ⫻ 10⫺3 mm2/s) and vermis (0.89 ⫾
0.25 ⫻ 10⫺3 mm2/s). Even in the previous reports that used nonEP-DWI, there was no mention of the diffusivity of the normal
pituitary gland. We suspect that the lack of myelination and hypervascularity in the normal pituitary gland may contribute to the
increased diffusivity compared with the pons and vermis.18,19
Further studies are needed to investigate this possibility.
Limitations of this study included the low b-values and 1 direction of the diffusion-weighting. We were able to obtain DWI
with DSDE-TFE at b-values higher than 500 s/mm2, but it was
sometimes difficult to obtain ADC maps, probably due to insufficient eddy current compensations. We are trying to apply DWI
in ⬎3 directions, but further technical developments are required. We also tried to evaluate the diffusivity of the posterior
lobe, but it was difficult, despite the high spatial resolution of our
images (1.5 ⫻ 1.5 ⫻ 1.5 mm3). Limited coverage (36 mm) and the
longer acquisition time (5 minutes 22 seconds) of DSDE-TFE (36
mm) compared with EP-DWI are other disadvantages. We could
not compare the pituitary gland, vermis, and pons on the sagittal
plane consistently. The absence of a criterion standard for pituitary ADC is also a limitation. We did not have a normal pituitary
gland on postmortem examination or in surgical specimens in
this study. Histopathologic correlation is required in the future.

CONCLUSIONS
By using DSDE-TFE, it was possible to obtain ADC maps with
high resolution and fewer susceptibility artifacts compared with
EP-DWI. The 3D DSDE-TFE technique enabled us to evaluate the
diffusivity in the normal pituitary gland, which was higher than
that in the pons and vermis.
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COMMENTARY

Diffusion-Weighted Imaging of the Pituitary Gland

I

n this issue of the American Journal of Neuroradiology, you will find
the article “Evaluation of Diffusivity in the Anterior Lobe of the
Pituitary Gland: 3D Turbo Field Echo with Diffusion-Sensitized
Driven-Equilibrium Preparation” by Hiwatashi et al.1 I enjoyed
reading this article and found it to be a nice “proof of principle”
regarding the use of “diffusion-sensitized driven-equilibrium turbo
field echo” to image the anterior pituitary gland.1 In my clinical practice, I have found diffusion-weighted imaging to have particular utility in neuroimaging…well beyond the classic assessment for acute
brain ischemia or infarction or pyogenic abscess formation. I like the
idea of “squeezing out” as much information as possible from each of
our MR images to help identify and characterize neuropathology. It is
also helpful, I think, to approach each neuroimaging examination
and sequence in terms of its physiologic basis and known or presumed “added value.” For example, in terms of DWI, I like to think
about its physiologic basis as the diffusion of water. As we consider
new technical variants and/or adding sequences to our brain MR
imaging, I propose that we need to critically appraise “the literature”
and developments communicated at meetings of “organized radiology.” In this context, I would like to comment on this article.
There have been quite a few recent publications regarding pituitary gland/sellar/parasellar imaging and a few of these are listed here:
“Imaging of the Pituitary: Recent Advances” by Chaudhary and
Bano,2 “Rathke’s Cleft Cysts: Differentiation from Other Cystic Lesions in the Pituitary Fossa by Use of Single-Shot Fast Spin-Echo
Diffusion-Weighted Imaging” by Kunii et al,3 “A Pituitary Abscess
Showing High Signal Intensity on Diffusion-Weighted Imaging” by
Takayasu et al,4 “Role of PROPELLER Diffusion Weighted Imaging
and Apparent Diffusion Coefficient in the Evaluation of Pituitary
Adenomas” by Mahmoud et al,5 and “Role of PROPELLER Diffusion Weighted Imaging and Apparent Diffusion Coefficient in the
Diagnosis of Sellar and Parasellar Lesions” by Mahmoud et al.6 I
thought that the authors of the “Evaluation of Diffusivity in the Anterior Lobe of the Pituitary Gland: 3D Turbo Field Echo with Diffusion-Sensitized Driven-Equilibrium Preparation” did a good job at
not only sharing their results but also conveying the relative advantages and disadvantages of this technique for this use, at least currently.1 According to these authors, they were able to image the an-

terior lobe of the pituitary gland with diffusivity and without
distortion, make measurements, and compare these values with internal controls.1 The “scientist in me” appreciates the approach of
assessing what “normal range” is before we proceed to measuring
pathologic values. This is also in keeping, I think, with the “modern”
notions of quantitative imaging and personalized medicine. To the
best of my reading, it would appear that the authors were able to
acquire volumetric data and with high spatial resolution (please see
the article for details)1; this was especially enticing to me and it is
pleasant to think of a future sella/pituitary protocol MR readout with
capabilities like these! Some challenges shared by the authors include
that the sequence has “limited coverage,” “longer acquisition time,” a
single direction, “difficulty” assessing the posterior lobe of the pituitary gland and “absence of a ‘criterion standard’ for pituitary ADC.”1
I think that the specific values for ADC presented in this article are of
limited utility, but as a “proof of concept,” I found it quite appealing.
I hope that you will, too.
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Brain MR Findings in Patients with Systemic Lupus
Erythematosus with and without Antiphospholipid
Antibody Syndrome
Y. Kaichi, S. Kakeda, J. Moriya, N. Ohnari, K. Saito, Y. Tanaka, F. Tatsugami, S. Date, K. Awai, and Y. Korogi

ABSTRACT
BACKGROUND AND PURPOSE: Antiphospholipid syndrome may affect the incidence and pathogenesis of cerebrovascular diseases in
patients with systemic lupus erythematosus. We compared the spectrum of MR ﬁndings in patients with systemic lupus erythematosus
with and without antiphospholipid syndrome.
MATERIALS AND METHODS: We identiﬁed 256 patients with systemic lupus erythematosus (45 with, 211 without antiphospholipid
syndrome) who underwent MR studies; in 145 (57%), we detected abnormalities. These were categorized as large territorial, lacunar,
localized cortical, and borderzone infarctions and as microembolisms, basal ganglia lesions, callosal lesions, hemorrhages, and white matter
hyperintensity on T2-weighted and/or FLAIR images, and as stenotic arterial lesions on MR angiograms. Logistic regression analysis was
performed to compare the MR ﬁndings in patients with systemic lupus erythematosus with and without antiphospholipid syndrome, with
patient age and antiphospholipid syndrome as the covariates.
RESULTS: Abnormal MR ﬁndings were more common in patients with systemic lupus erythematosus with antiphospholipid syndrome
(73% versus 53%). Large territorial (P ⫽ .01), lacunar (P ⫽ .01), localized cortical (P ⬍ .01), borderzone infarcts (P ⬍ .01), basal ganglia lesions
(P ⫽ .03), stenotic arterial lesions (P ⫽ .04), and the rate of positive ﬁndings on MR imaging (P ⫽ .01) were signiﬁcantly associated with
antiphospholipid syndrome. Irrespective of age, signiﬁcantly more patients with antiphospholipid syndrome manifested lacunar infarcts in
the deep white matter (P ⬍ .01), localized cortical infarcts in the territory of the MCA (P ⬍ .01), bilateral borderzone infarcts (P ⬍ .01), and
anterior basal ganglia lesions (P ⫽ .01).
CONCLUSIONS: Abnormal MR ﬁndings were more common in patients with systemic lupus erythematosus with than in those without
antiphospholipid syndrome. Large territorial infarctions, lacunar infarctions in the deep white matter, localized cortical infarctions in the
MCA territory, bilateral borderzone infarctions, anterior basal ganglia lesions, and stenotic arterial lesions are common MR ﬁndings in
patients with systemic lupus erythematosus with antiphospholipid syndrome.
ABBREVIATIONS: aPL ⫽ antiphospholipid antibodies; APS ⫽ antiphospholipid syndrome; GRE ⫽ gradient echo; SLE ⫽ systemic lupus erythematosus; WMH ⫽
white matter hyperintensity

S

ystemic lupus erythematosus (SLE) is an autoimmune disease
that frequently manifests with involvement of the central
nervous system.1,2 A previous autopsy study of neuropsychiatric SLE revealed various types of brain lesions including global
ischemic changes, parenchymal edema, microhemorrhages, glial
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hyperplasia, diffuse neuronal/axonal loss, resolved infarction,
microthromboemboli, blood vessel remodeling, acute infarction,
acute macrohemorrhages, and resolved intracranial hemorrhages.3 A wide spectrum of MR findings in patients with SLE has
also been reported.3 SLE is a heterogeneous disease characterized
by multisystem autoimmunity, leading to an array of clinical presentations. In addition, there is also a small subset of patients with
SLE who show persistently negative antinuclear antibody tests
despite having the typical clinical features of SLE. These variabilities can add to the difficulty of timely diagnosis and intervention.4
Understanding the wide spectrum of brain pathologic conditions in
patients with SLE may help to render an appropriate diagnosis.
Antiphospholipid syndrome (APS) is characterized by antiphospholipid antibodies (aPL) and specific thromboembolic
phenomena, including deep venous thrombosis and spontaneous

abortions.5 However, both events are relatively common in the
general population and in subjects with autoimmune diseases.
Moreover, in patients with thrombosis or spontaneous abortion
in whom APS is strongly suspected, conventional aPL are repeatedly negative.6 This condition has been called “seronegative
APS.”7 Therefore, the correct identification of patients with APS
can be a complex task. The diagnosis of APS affects treatment
options; an antiplatelet and/or anticoagulation therapy is recommended for neuropsychiatric SLE related to aPL, especially for
thrombotic cerebrovascular disease.8 Therefore, it is important to
investigate MR findings in patients with SLE with APS and those
without APS. The association of aPL/APS with neurologic involvement has been established,9,10 but there has been limited
reporting of differences in MR findings in patients with SLE with
APS and those without APS.11 That study concluded that infarcMRI ﬁndings in patients with SLE
Patients With
SLE, No. (%)
MRI ﬁndings
(n ⫽ 256) (%)
Infarction/infarction-like lesions
69
(27)
Large territorial infarctions
23
(9)
Lacunar infarctions
23
(9)
Localized cortical infarctions
19
(7)
Borderzone infarctions
11
(4)
Basal ganglia lesions
11
(4)
Callosal lesions
3
(1)
Acute microemboli
4
(2)
Other lesions
118
(46)
Hemorrhages
6
(2)
WMH
108
(42)
Stenotic arterial lesions
9
(4)
Abnormal ﬁndings
145
(57)

Occlusions or Stenotic
Lesions of Arteries,
No. (%)
(%)
8
(12)
6
(26)
2
(9)
2
(11)
2
(18)
0
0
1
(33)
0
0

tions and infarcts with white matter hyperintensity (WMH)
were more common in patients with SLE with APS, but the
study population was relatively small and the specific nature of
the MR findings was not described in detail. We characterize
the spectrum of MR findings in a large series of patients with
SLE and compare our findings in patients with SLE with APS
and those without APS.

MATERIALS AND METHODS
Patients
This retrospective study was approved by our institutional review
board; informed consent was waived. We reviewed the data base
of patient charts entered between May 2004 and June 2011 and
selected 261 patients diagnosed with SLE on the basis of American
Rheumatism Association criteria for the classification of SLE.12 At
our institution, a screening brain MR imaging has been routinely
performed for the assessment of patients with SLE.
Exclusion criteria included unsatisfactory images because of
artifacts and a history of other neurologic disease. Thus, on the
basis of these exclusion criteria, we eliminated 2 patients whose
image quality was inadequate and 3 because they had a brain
tumor, osmotic myelinolysis, or multiple sclerosis. Consequently,
256 patients with SLE who underwent brain MR study were included. Of these, 211 (82.4%) did not and 45 (17.6%) did have
APS diagnosed according to Sapporo criteria.10,13
We reviewed patient demographic data for vascular risk factors (diabetes mellitus, defined as a random glucose level ⬎11.1
mmol/L, a fasting blood glucose level ⬎7.0 mmol/L, HbA1c
⬎6.5%, or current use of antidiabetic drugs), hypertension
(blood pressure ⬎140/90 mm Hg, or current treatment with antihypertensive drugs), past and current
smoking, dyslipidemia (LDL cholesterol
⬎3.64 mmol/L, HDL cholesterol ⬍0.91
mmol/L, triglyceride ⬎1.7 mmol/L, or
receiving treatment), obesity (body
mass index ⬎26 kg/m2), duration of SLE
(interval between diagnosis and brain
MR study), and previous treatments
(corticosteroids and immunomodulatory drugs).

MR Imaging

FIG 1. A 34-year-old woman with SLE with APS. A, Axial FLAIR image shows right borderzone
infarction (arrows). B, MR imaging study performed 3 days after symptom onset shows evidence
of marked narrowing of the bilateral internal carotid artery and the M1 segment of the bilateral
MCA (arrows). C, Follow-up MRA study performed 60 days after symptom onset shows recovery
of the arterial stenosis.

All studies were performed on a 1.5T or
3T MR system (Signa Excite, GE Healthcare, Milwaukee, Wisconsin) by use of a
dedicated 8-channel phased-array coil
(USA Instruments, Aurora, Ohio). The
imaging parameters were 4000/85/1/
13.4/1 minute, 50 seconds (repetition
time msec/echo time msec/NEX/echo
spacing/imaging time), with an echotrain length of 14 at 1.5T, and 4500/85/
1/10.9/2 minutes, 10 seconds, with an
echo-train length of 16 at 3T for T2weighted FSE imaging. They were 8000/
115/2000/2/8.0/2 minutes, 40 seconds
(repetition time msec/echo time msec/
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inversion time/NEX/echo spacing/imaging time), with an echotrain length of 30 at 1.5T, and 12,000/140/2600/2/9.1/3 minutes,
20 seconds, with an echo-train length of 30 at 3T for FLAIR imaging. At both field strengths, T2-weighted and FLAIR images
were acquired at a section thickness of 5 mm, an intersection gap
of 2.5 mm, an FOV of 22 cm, and a matrix of 256 ⫻ 192. In
addition, all patients underwent our standard brain MR imaging
protocol including T1WI, DWI, and 3D TOF intracranial MRA.
The following imaging parameters at 3T were used: 2500/10/90/
320 ⫻ 224/22 ⫻ 22/1 minute, 30 seconds (TR msec/TE msec/flip
angle/section thickness/matrix/FOV/imaging time), for T1WI
and 6000/minimum/not available/5/128 ⫻ 256/22 ⫻ 22/30 seconds for DWI. The imaging parameters for 3D TOF MRA were 30
msec/6.3 msec/20°/1 mm/18 cm/256 ⫻ 256/4 minutes, 32 seconds
(repetition time msec/echo time msec/flip angle/section thickness/FOV/matrix/imaging time), at 1.5T; they were 30 msec/3.3
msec/20°/1 mm/18 cm/384 ⫻ 224/4 minutes, 37 seconds, at 3T. In
29 of 256 patients with SLE (11%), gradient echo (GRE) T2WI
scans were obtained on 1.5T or 3T systems.

between WMH and perivascular space on the basis of the MR
findings in a previous report21; the perivascular space was visualized as hyperintense regions on T2WI and as hypointense regions
on T1WI and formed punctuate or tubular structures of usually
⬍3 mm in diameter, and usually located in conformity with the
path of perforating brain vessels, which run perpendicular to the
brain surface. Micro- and macrohemorrhages were defined as
hemorrhages ⱕ5 mm and ⬎5 mm in diameter on the basis of
T2WI findings, because only 29 of the 256 patients (11%) underwent GRE T2WI.22 Stenotic arterial lesions were recorded when
there was either complete occlusion or stenosis of ⬎50% on MRA
images. Because of the limited FOV and spatial resolution of MRA
images, the assessed intracranial vessels included segments of the
internal carotid artery, the middle cerebral artery (M1 [the sphenoidal segment], M2 [the insular segment], M3 [the opercular
segment]), and the anterior cerebral artery (A1 [the segment from
the origin of the anterior cerebral artery to the anterior communicating artery] and A2 [the infracallosal segment]).

MR Imaging Analysis

We compared the differences in the baseline characteristics of
patients with SLE with and without APS by use of logistic regression analysis. To compare MR findings in patients with SLE with
and without APS, logistic regression was also applied to correct
for confounding age and APS, resulting in an adjusted odds ratio.
Differences of P ⬍ .05 were considered statistically significant.

Two neuroradiologists (S.K. and Y. Kaichi) reviewed the MR images and categorized their findings as normal (grade 1), as infarction or infarction-like lesions (large territorial, lacunar, localized
cortical, or bilateral or unilateral borderzone infarctions; acute
multiple or single micro-embolisms; basal ganglia; or callosal lesions; grade 2), and as other lesions (WMH, macro- or microhemorrhages, stenotic arterial lesions on MRA; grade 3). We found
various kinds of destructive brain lesions in this study, for some of
which we could not identify the specific MR findings suggesting
cerebral infarctions according to the previous observations.
Therefore, we defined them as infarction-like lesions.
Large territorial infarction14 was defined as an infarct that involved all or a large part of the territory of the anterior cerebral
artery, MCA, or posterior cerebral artery; the cerebellum; or the
brain stem in a characteristic pattern of a large vessel occlusion.
The readers defined acute multiple or single microemboli as small
hyperintense foci ⬍3 mm in the cortex and/or subcortical white
matter on DWI. Localized cortical infarction15 was recorded
when there were single or multifocal ischemic lesions in the cortex. Therefore, this category included chronic small cortical infarcts suggestive of microembolism and acute cortical lesions ⬎3
mm.16
Borderzone infarction was defined according to the templates
of Bogousslavsky and Regli17 and the atlas of Damasio.18 Lacunar
infarction, defined as a CSF-filled cavity with increased peripheral
signal on FLAIR ⬍15 mm in diameter,19 was subclassified into
basal ganglia, deep white matter, or brain stem infarction. Lesions
larger than lacunar infarcts were recorded as basal ganglia lesions;
their location was divided into anterior, middle, and posterior.
Callosal lesions were defined as abnormally hyperintense areas in
any part of the corpus callosum on DWI, T2WI, or FLAIR scans.
WMH was identified as ill-defined hyperintensity ⱖ5 mm on
both T2-weighted FSE and FLAIR images, and WHM was rated
according to the scale of Fazekas et al,20 in which grade 1 ⫽ punctate foci, grade 2 ⫽ incipient confluence of foci, and grade 3 ⫽
large confluent areas. In the present study, we made a distinction
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Statistical Analysis

RESULTS
Whereas the demographic and clinical characteristics were not
significantly different between patients with and without APS, the
median disease duration was longer in those with APS (P ⫽ .05)
(On-line Table 1).
Our MR findings on all patients with SLE are summarized in
the Table. The most common finding was WMH. Infarcts and
infarct-like lesions were seen in 69 of the 256 patients (27%); only
8 of the 69 (12%) harbored stenotic lesions on major intracranial
arteries. On MRA images, the relevant artery manifested stenotic
lesions in 6 (26%) of 23 patients with large territorial, 2 (9%) of 23
with lacunar, and 2 (18%) of 11 with borderzone infarcts. In 1
patient with borderzone infarction, the initial MRA scan showed
marked narrowing of the bilateral internal carotid artery and the
M1 segment of the bilateral MCA; follow-up MRA revealed resolution of the arterial stenoses. In this patient, we considered vasculitis or arterial vasospasm a likely diagnosis (Fig 1). No stenotic
lesion on the relevant artery was seen in patients with basal ganglia
lesions and acute micro-embolism in the cortex and/or subcortical white matter.
On-line Table 2 is a comparison of the MR imaging findings in
patients with SLE with and without APS. More patients with than
without APS demonstrated abnormal findings (73% versus 53%).
The incidence of large territorial, lacunar, localized cortical, and
borderzone infarcts; acute microemboli; basal ganglia lesions; callosal lesions; and stenotic arterial lesions was higher in patients
with APS than in those without APS.
We performed logistic regression analysis to compare MR
findings in patients with SLE with and without APS, with patient
age and APS as the covariates. Large territorial, localized cortical

higher in patients with SLE with APS
than in those without APS, regardless of
their age.

Large Territorial Infarcts
Arterial thrombosis rather than arterial
sclerosis has been proposed as a major
cause of territorial infarction in patients
with APS.4,23 Our patients with and
without APS manifested infarcts/infarct-like lesions in the absence of stenotic lesions in the cerebral arteries. This
suggests thromboembolism as the main
mechanism leading to lesions associated
with cerebrovascular disease in patients
with SLE with and without APS, though
the presence of APS may further promote their development.

Localized Cortical Infarcts

FIG 2. A, Sixteen-year-old boy with SLE with APS. Axial FLAIR image shows localized cortical
infarction (arrow). B and C, Thirty-nine–year-old woman with SLE with APS. Axial T2WI (B) and
coronal FLAIR image (C) show bilateral borderzone infarction (arrows). MRA revealed no abnormality (image not shown). D, Forty-ﬁve–year-old woman with SLE with APS. Axial DWI image
shows a lesion in the left anterior basal ganglia (arrow).

The small arterial anastomoses between
gyri of the cerebral cortex may help to prevent the development of cortical infarction.24 In patients with SLE, thromboembolism or small-vessel thrombosis
promoted by the association of APS may
result in the occlusion of small cortical arteries and the eventual development of localized infarcts.

Bilateral Borderzone Infarcts

(Fig 2A), and borderzone infarctions (Fig 2B, -C); basal ganglia
lesions (Fig 2D); lacunar infarcts; stenotic arterial lesions; and the
total number of patients with abnormal findings were significantly associated with APS (On-line Table 3). The incidence of
large territorial infarctions in the cerebellum was significantly
higher in patients with APS than in those without APS (P ⫽ .02).
Localized cortical infarctions in the MCA area were significantly
associated with APS (P ⬍ .01). Bilateral but not unilateral borderzone infarcts were associated with APS (P ⬍ .01). All basal ganglia
lesions were in the anterior zone (7/7). Stenotic arterial lesions
were seen in the ICA and MCA. WHM, lacunar infarcts, and the
total number of patients with abnormal findings were significantly associated with age. Although acute microembolism in the
cortex and/or subcortical white matter was associated with age
(P ⫽ .03), the association was not significant because the number
of patients was small. We found that abnormal findings and lacunar infarcts were associated with patient age and APS status.

Borderzone infarcts occur at characteristic locations at the junction between
the external (cortical) and internal (subcortical) territory. Internal borderzone infarcts are thought to be
attributable to hemodynamic compromise,25 whereas external
borderzone infarcts have been attributed to embolism not necessarily associated with hypoperfusion.26,27 We observed both internal and external borderzone infarcts in patients with SLE without stenotic lesions on the relevant artery. Therefore, besides
thromboembolism, different etiologies such as small-vessel injury
may play a role in the development of borderzone infarcts. According to Atsumi et al,28 the induction of endothelin-1 by aPL
may contribute to an increase in the arterial tone and ultimately
lead to vasospasm and the occlusion of small vessels. In 1 of our
patients with borderzone infarction who presented with marked
narrowing of the bilateral internal carotid arteries and the M1
segment of the bilateral MCA, vasculitis or arterial vasospasm was
suspected. This suggests that hemodynamic compromise secondary to vasculitis or arterial vasospasm may represent a possible
mechanism resulting in borderzone infarctions.

DISCUSSION

Anterior Basal Ganglia Lesions

We compared brain MR findings in a large number of patients
with SLE on the basis of their APS status. Our logistic regression
analysis demonstrated that the incidence of large territorial infarcts, lacunar infarcts in the deep white matter, localized cortical
infarcts in the MCA area, bilateral borderzone infarcts, anterior
basal ganglia lesions, and stenotic arterial lesions was significantly

Significantly more patients with SLE with APS than those without APS presented with anterior basal ganglia lesions. None of
the patients with such lesions manifested stenotic lesions on
the relevant MCA, suggesting that APS induces substantial
neuronal injury caused by small-vessel injury. A clot of the M1
segment of the MCA often leads to caudate and/or putaminal
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infarction. Therefore, another explanation for basal ganglia
lesions might be the infarction caused by the clot of the M1
segment after recanalization. Other factors, for example, demyelination,29 metabolic abnormalities,30 and vasculitis or vasospasm,28 must be considered as etiologic factors in the
development of basal ganglia lesions. However, the mechanism(s) responsible for the high incidence of lesions in the
anterior part remains to be identified.

Stenotic Arterial Lesions
We found that significantly more patients with SLE with APS than
those without APS presented with stenotic arterial lesions, and
these lesions were not associated with age. Moreover, in 1 of our
patients, follow-up MRA study revealed resolution of the arterial
stenosis. This suggests that the main cause of arterial stenosis is
not associated with arteriosclerosis but with aPL/APS-related
vasculitis or arterial vasospasm.

White Matter Hyperintensity
Compared with healthy individuals, WMH was a more common
finding in patients with SLE and those with primary APS.31 Although the specific mechanism, SLE per se or APS, resulting in the
manifestation of WMH remains unknown, various pathologic
conditions, not only small-vessel occlusion but also demyelination, may play a contributory role. The incidence of WMH was
higher in our patients with SLE than in asymptomatic volunteers
studied by others,29 but there was no significant difference among
our patients with SLE with APS and those without APS. Moreover, WMH was significantly associated with age. The WMHs seen
in patients with SLE are therefore not necessarily related to thromboembolism or small-vessel injury promoted by the presence
of aPL.

Miscellaneous Lesions
The reported incidence of lacunar infarction in patients with aPL
is 9%.32 Our observation that this rate was higher in patients with
SLE with APS than in those without APS (20% versus 7%) suggests that thromboembolism or small-vessel injury promoted by
the presence of aPL may produce lacunar infarcts in patients with
SLE with APS. Because lacunar infarcts were significantly associated with patient age and APS, however, they are not a characteristic finding in patients with SLE with APS. Whereas up to 42% of
patients with SLE with uremia, thrombocytopenia, and hypertension have cerebral hemorrhages,33,34 their incidence in our patients with SLE with APS and those without APS was not different.
The presence of multiple microemboli implies that they arose at
the same time, suggesting that their source is a proximal rather than a
more distal independent microvascular occlusive event. Because the
number of patients with cerebral hemorrhage and acute microemboli in the cortex and/or subcortical white matter was small in our
study, we cannot comment on the difference in their incidence rate in
patients with SLE with APS and those without APS.
Our retrospective study has some limitations. First, we evaluated patients with different phases of the disease as a single group,
and we did not differentiate between acute and chronic infarctions. Moreover, we could not take neurologic symptoms into
consideration because in most patients it was not possible to evaluate the association between their symptoms and MR findings.
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Second, because many patients received therapy with antiplatelet,
antihypertensive, and antilipemic drugs before undergoing MR
imaging, we cannot rule out the possibility that these treatments
affected our findings. Nonetheless, we posit that drug treatments
did not play a major role because the clinical characteristics were
not significantly different between patients with SLE with APS
and those without APS. Third, because our study included neither
healthy age-matched control subjects nor patients with primary
APS, we did not assess the difference in the incidence of cerebral
lesions in patients with SLE and control subjects. Fourth, we could
not evaluate hemorrhagic lesions exactly because few of our patients underwent GRE T2WI. Last, we did not determine the incidence of large territorial infarcts, lacunar infarcts in the deep
white matter, localized cortical infarcts in the territory of the
MCA, bilateral borderzone infarcts, anterior basal ganglia lesions,
and stenotic arterial lesions in patients with primary APS.

CONCLUSIONS
Our study of a large series of patients with SLE shows that APS is
a significant risk factor for cerebral lesions. Our characterization
of the spectrum of MR findings suggests that large territorial infarcts, lacunar infarcts in the deep white matter, localized cortical
infarcts in the territory of the MCA, bilateral borderzone infarcts,
anterior basal ganglia lesions, and stenotic arterial lesions are particularly common MR findings in patients with SLE with APS.
Disclosures: Kazuo Awai—UNRELATED: Consultancy: Daiichi-Sankyo Ltd; Employment: Toshiba Medical Systems,* Bayer Pharmaceutical,* Daiichi-Sankyo Ltd,* Eizai
Ltd* (*money paid to institution).
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Prevalence of Radiologically Isolated Syndrome and White
Matter Signal Abnormalities in Healthy Relatives of Patients
with Multiple Sclerosis
T. Gabelic, D.P. Ramasamy, B. Weinstock-Guttman, J. Hagemeier, C. Kennedy, R. Melia, D. Hojnacki, M. Ramanathan, and R. Zivadinov

ABSTRACT
BACKGROUND AND PURPOSE: The exact prevalence of WM signal abnormalities in healthy relatives of MS patients and their impact on
disease development has not been fully elucidated. The purpose of this study was to compare WM signal abnormality characteristics and
the prevalence of radiologically isolated syndrome in healthy control subjects selected randomly from the population with the healthy
relatives of patients with MS.
MATERIALS AND METHODS: Healthy control subjects (n ⫽ 150) underwent physical and 3T MR imaging examinations. Healthy control
subjects were classiﬁed as non-familial healthy control subjects (n ⫽ 82) if they had no family history of MS or as healthy relatives of
patients with MS (n ⫽ 68) if they had ⱖ1 relative affected with MS. The presence of radiologically isolated syndrome was evaluated
according to the Okuda criteria; dissemination in space on MR imaging and fulﬁllment of radiologically isolated syndrome criteria were also
evaluated according to Swanton criteria.
RESULTS: There was a signiﬁcantly higher total volume of WM signal abnormality in the healthy relatives of patients with MS compared with the
non-familial healthy control subjects (P ⫽ .024 for signal abnormality ⱖ3 mm in size and P ⫽ .025 for all sizes). Periventricular localization and the
number of lesions in all groups (P ⫽ .034 and P ⫽ .043) were signiﬁcantly higher in the healthy relatives of patients with MS; 8.8% of the healthy
relatives of patients with MS and 4.9% of non-familial healthy control subjects showed ⱖ9 WM signal abnormalities; 2.9% of subjects in the
healthy relatives of patients with MS group and 2.4% of non-familial healthy control subjects fulﬁlled radiologically isolated syndrome according
to the Okuda criteria, whereas 10.3% and 3.7% of subjects fulﬁlled radiologically isolated syndrome according to the Swanton criteria. In the
healthy relatives of patients with MS, smoking was associated with the presence of WM signal abnormalities, whereas obesity was related to the
presence of ⱖ9 WM signal abnormalities and to fulﬁllment of radiologically isolated syndrome according to the Swanton criteria.
CONCLUSIONS: The frequency of WM signal abnormalities and radiologically isolated syndrome is higher in the healthy relatives of
patients with multiple sclerosis patients compared with non-familial healthy control subjects.
ABBREVIATIONS: DAWM ⫽ dirty-appearing white matter; DIS ⫽ dissemination in space; HC ⫽ healthy control subject; non-fHC ⫽ non-familial healthy control
subject; PD ⫽ proton attenuation; RIS ⫽ radiologically isolated syndrome; SAV ⫽ signal abnormality volume

M

ultiple sclerosis is an inflammatory autoimmune demyelinating disorder of the CNS.1 Although MS is predominantly a sporadic disease, a genetic predisposition to developing
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familial MS is well accepted.2 Although the exact definition of
familial MS is not yet established, familial patients with MS are
considered to be those with ⱖ1 first-degree relative affected with
MS,2 although some authors use a definition that is based on the
presence of 2 first-degree relatives.3 In a recent meta-analysis, the
risk of development of MS was 18.2% for monozygotic twins of
patients with MS, 4.6% for dizygotic twins, and 2.7% for siblings.4
The risk of development of MS in a first-degree relative of the
affected patient is 30- to 50-fold higher than in the general population,5 whereas second- and third-degree relatives also showed
an increased risk for development of MS.6
Whether familial or non-familial MS are different forms of the
disease is not fully elucidated yet.7 Differences in disease progression in familial MS were observed in several studies demonstrating earlier age of onset and increased probability of a progressive

clinical course.8 However, other studies did not show clinical differences among familial and non-familial healthy control subject
(non-fMS) forms.2,9 Nevertheless, MR imaging studies by use of
nonconventional techniques showed MR imaging differences between familial and non-familial MS.10-12
In 2009, Okuda et al13 introduced the term “radiologically isolated syndrome” (RIS) to describe subjects who show incidental
brain MR imaging WM lesions suggestive of MS and who fulfill Barkhof criteria for dissemination in space (DIS)14 but have no signs or
symptoms of the disease. Overall, the prevalence of RIS is, according
to postmortem studies, in a range of 0.06 – 0.7%, with an age range of
16 –70.13,15 However, the McDonald 2010 criteria for DIS16 substituted Barkhof criteria14 with the Swanton criteria for DIS.17 Swanton
DIS criteria require the presence of ⱖ1 WM lesion in ⱖ2 of the brain
regions (juxtracortical, periventricular, or infratentorial) or in the
spinal cord.17 The value of the Swanton criteria for DIS17 was not
evaluated with respect to the diagnosis of RIS.
Previous MR imaging studies showed that asymptomatic relatives of patients with MS display significant magnetization transfer ratio changes in CNS WM signal abnormality, indicative of MS
pathology,3,18 though some other studies showed no differences
in the magnetization transfer ratio of WM in the siblings of patients with MS.19 Studies with the use of conventional brain MR
imaging showed WM signal abnormalities consistent with MS in
the healthy relatives of patients with MS,20-22 with 4% of nonfamilial healthy control subjects (non-fHC) and 10% of healthy
control subjects with familial MS (HC) fulfilling Barkhof criteria14 for DIS.20 However, these studies had several limitations
including the number of enrolled subjects, strength of the MR
imaging field, and use of more conservative criteria for RIS.13 As a
result, the exact prevalence of RIS and the WM signal abnormalities in asymptomatic MS relatives is not yet fully defined.
The aim of this pilot study was to compare WM signal abnormality characteristics in a large cohort of non-fHCs and healthy relatives
of patients with MS by use of 3T MR imaging. We also determined
the prevalence of RIS in HC groups, according to both the Barkhof14
and Swanton17 MR imaging criteria for DIS and investigated association between the presence of vascular risk factors and RIS.

MATERIALS AND METHODS
Subjects
This was a pilot study in which HCs without known CNS pathology or neurologic complaints were recruited from the following
volunteer sources: hospital personnel, respondents to a local newspaper advertisement, and relatives of the patients with MS who are
followed in our center. The inclusion criteria were: fulfilling the
health screen questionnaire requirements containing information
regarding medical history (illnesses, surgeries, vascular and environmental risk factors, medications, family history of MS, etc), fulfilling
the health screen requirements on physical examination, having ⱖ1
relative with MS followed in our center (for the healthy relatives of
patients with MS), and being able to undergo MR imaging scanning.
Exclusion criteria included preexisting medical conditions
known to be associated with CNS pathology (eg, neurodegenerative disorder, cerebrovascular disease, cognitive impairment, history of psychiatric disorders, seizures, and trauma,
etc). All subjects underwent physical, neurologic, and MR imaging examinations and were assessed with a structured ques-

tionnaire administered in person by a trained interviewer unaware of the subjects’ healthy control status.23 Race/ethnicity
was determined according to the US Census Bureau.
Subjects with unknown relatives affected by MS were classified
as non-fHC and familial HCs were classified according to the
number of family members affected by clinically definitive MS16
by use of previously proposed definitions.2,3 In particular, sporadic HCs had to have at least 1 affected relative (first-, second-, or
third-degree), whereas familial HCs had to have ⱖ1 affected firstdegree relative plus ⱖ1 affected first-, second-, or third-degree
relative. Family members were classified into first-, second-, and
third-degree relatives as described previously.10 There were 47
subjects in sporadic and 21 subjects in familial HC subgroups.
Both subgroups were merged into 1 group composed of healthy
relatives of patients with MS.
Subjects were evaluated for diagnostic criteria of RIS, proposed by Okuda et al (Table 1 and Fig 1).13 If the subjects
fulfilled DIS on MR imaging according to Barkhof criteria14
and satisfied Okuda diagnostic criteria for RIS,13 they were
classified as having RIS-Okuda. We also applied modified
Okuda criteria13 in which the DIS on MR imaging (section A2
of the Okuda criteria) was evaluated according to DIS Swanton
criteria (Table 1 and Fig 1).17 If the subjects fulfilled these
modified RIS criteria, they were classified as having RIS-Swanton. As required in the Okuda criteria, only lesions ⱖ3 mm
were considered in RIS analysis.13
The study was approved by our local Health Sciences Institutional Review Board, and written informed consent was obtained
from all subjects.

MR Imaging Acquisition
All subjects were examined on a 3T Signa Excite HD 12.0 Twin
Speed 8-channel scanner (GE Healthcare, Milwaukee, Wisconsin). MR imaging sequences included multi-planar dual fast spinecho proton attenuation (PD) and T2WI as well as FLAIR. Pulse
sequence characteristics for 3T MR imaging 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
PD/T2: 3-mm-thick sections with no gap, TE1/TE2/TR ⫽ 12/95/
3000 ms, echo-train length ⫽ 14, and for the FLAIR scans, 3-mmthick sections with no gap, TE/TI/TR ⫽ 120/2100/8500 ms.

MR Imaging Analysis
The MR imaging analyses were blinded to the subject demographic and clinical characteristics.
To facilitate combined analysis, each subject’s relevant T2/PD
images were co-registered to the FLAIR by use of a rigid body (6
df) registration.24 The FLAIR image was used to outline WM signal abnormalities, whereas the co-registered T2/PD images were
used to confirm the presence of WM signal abnormalities. Additionally, the T2/PD images were used to check for infratentorial
WM signal abnormalities because FLAIR imaging is known to be
insensitive in this area. The WM signal abnormality number and
volume (WM-SAV) were outlined by means of a semi-automated
edge detection contouring/thresholding technique as described
previously.25 All WM signal abnormalities were divided into inAJNR Am J Neuroradiol 35:106 –12
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Table 1: Proposed diagnostic criteria for radiologically isolated syndrome
Okuda RIS criteria13
1) MRI criteria
a) Ovoid, well-circumscribed, and homogeneous foci with or without involvement of corpus callosum.
b) T2 hyperintensities measuring ⬎3 mm in size fulﬁlling at least 3 of 4 Barkhof criteria14 for DIS, which are: 1) ⱖ9 lesions or ⱖ1
gadolinium-enhancing lesion, 2) ⱖ3 periventricular lesions, 3) ⱖ1 juxtacortical lesion, and 4) ⱖ1 infratentorial lesion.
c) CNS white matter anomalies are not consistent with a vascular pattern.
2) No historical accounts of remitting clinical symptoms consistent with neurologic dysfunction.
3) The MRI anomalies do not account for clinically apparent impairments in social, occupational, or generalized areas of functioning.
4) The MRI anomalies are not due to the direct physiologic effects of substances (eg, drug abuse, toxic exposure) or a medical
condition.
5) Exclusion of individuals with MRI phenotypes suggestive of leukoaraiosis or extensive white matter pathology lacking involvement of
the corpus callosum.
6) The MRI anomalies are not better accounted for by another disease process.
Swanton RIS criteria17
1) MRI criteria
a) DIS deﬁned as presence of ⱖ1 T2 lesion in ⱖ2 of the following brain regions (periventricular, juxtacortical, and infratentorial) or in
the spinal cord.
2) No historical accounts of remitting clinical symptoms consistent with neurologic dysfunction.
3) The MRI anomalies do not account for clinically apparent impairments in social, occupational, or generalized areas of functioning.
4) The MRI anomalies are not due to the direct physiologic effects of substances (eg, drug abuse, toxic exposure) or a medical
condition.
5) Exclusion of individuals with MRI phenotypes suggestive of leukoaraiosis or extensive white matter pathology lacking involvement of
the corpus callosum.
6) The MRI anomalies are not better accounted for by another disease process.

FIG 1. Representative images of the healthy relatives of patients with MS fulﬁlling Okuda criteria13 for radiologically isolated syndrome (RIS) (A)
fulﬁlling modiﬁed Okuda criteria13 for RIS in which the dissemination in space on MR imaging was evaluated by use of Swanton criteria
(RIS-Swanton),17 (B) or presenting with dirty-appearing white matter (C).

dividual ROIs ⱖ3 mm in size (equivalent to ⱖ14.1 mm3) and
ROIs of all sizes (including those ⬍3 mm in size). The regional
localization of WM signal abnormalities was determined on the
basis of their presence in the juxtacortical, periventricular, infratentorial, and deep WM regions.
In addition, we outlined areas of dirty-appearing white matter
(DAWM). The DAWM was defined as a uniform, nonfocal area of
signal increase on the FLAIR/T2/PD-weighted sequence at 3T,
with a subtly increased signal intensity compared with the contralateral signal intensity of normal-appearing WM but less than
that of WM signal abnormalities, as previously proposed.26 The
DAWM measurement was not based on a size, as shown in Fig 1.
The DAWM showed a border of areas that were not sharply defined compared with focal WM lesions and was tapered off toward the normal-appearing WM.
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Statistical Analysis
Statistical analyses were performed with the Statistical Package
for the Social Sciences, version 16.0 (IBM, Armonk, New
York). Demographic, clinical, and MR imaging differences
were tested between non-fHCs and the healthy relatives of patients with MS as well as between sporadic and familial HC
subgroups. There were no significant differences between sporadic and familial HC subgroups in any of the exploited variables. Therefore, to decrease the number of multiple comparisons, all analyses were performed between non-fHCs and the
healthy relatives of patients with MS. For statistics between the
groups, the t test, 2 test, and Mann-Whitney rank sum U test
were used as appropriate.
To explore whether there was a relationship between the presence of WM signal abnormalities, ⱖ9 WM signal abnormalities,

Table 2: Demographic and clinical characteristics of non-familial healthy control subjects
and the healthy relatives of patients with multiple sclerosis
Healthy Relatives
Non-Familial HCs
of Patients with
(n = 82)
MS (n = 68)
P Value
Age, y, mean (SD) median
39.8 (14.3) 43
39.5 (16.6) 43
.917
Sex, female n (%)
57 (69.5)
45 (66.2)
.663
Race/ethnicity, n (%)
.180
White
64 (78.1)
62 (91.2)
Black
12 (14.6)
4 (5.9)
Other
6 (7.3)
2 (2.9)
Vascular risk factors, n (%)
Heart disease
8 (9.8)
13 (19.1)
.085
Smoking
22 (27.5)
19 (27.9)
.979
Hypertension
17 (20.7)
15 (22.1)
.442
.582
Obesity n (%)a
BMI ⬍18.5
2 (2.4)
2 (2.9)
BMI 18.5–24.9
34 (41.5)
25 (36.8)
BMI 25–29.9
26 (31.7)
17 (25.0)
BMI ⬎30
13 (15.8)
18 (26.5)
Autoimmune diseases, n (%)
Systemic lupus erythematosus
0
0
NA
Rheumatoid disorder
1 (1.2)
2 (2.9)
.474
Psoriasis
0
1 (1.5)
.279
Diabetes mellitus type 1
1 (1.2)
0
.352
Migraine, n (%)
10 (12.2)
13 (19.1)
.282
Note:—BMI indicates body mass index.
BMI ⬍18.5 represents underweight, BMI 18.5–24.9 represents normal weight, BMI 25–29.9 represents overweight, and BMI
⬎30 represents obesity. The differences between the groups were compared by means of the Student t test or the 2 test.
a
Data missing for 13 subjects.

and the healthy relatives of patients with
MS. All P values were calculated by
means of a 2-tailed test. Given the pilot
nature of the study, a P value of ⬍.05 was
considered statistically significant, and a
P value of ⬍.1 was considered a trend.

RESULTS
Subject Characteristics
A total of 150 subjects divided into the 2
groups according to their familial characteristics (non-fHCs ⫽ 82, healthy relatives of patients with MS ⫽ 68) were
enrolled in this study.
The demographic and clinical characteristics of the subjects are listed in Table 2. There were no age, sex, or race differences between the study groups.
There were also no significant differences between the groups in respect to
the presence of vascular risk factors, autoimmune diseases, or migraine.

WM Signal Abnormality
Characteristics of the Groups

MR imaging characteristics of WM signal abnormalities and their regional localization are presented in Tables 3 and
4. WM signal abnormalities were divided into 2 groups: those with size ⱖ3
mm (Table 3) and those with all sizes
(Table 4). There was significantly higher
WM-SAV ⫹ DAWM-SAV in the
healthy relatives of patients with MS as
compared with non-fHCs (1.10 mL versus 0.84 mL, P ⫽ .024 for those ⱖ 3 mm
in size, and 1.13 mL versus 0.87 mL, P ⫽
.025 for all sizes). A trend was observed
in the healthy relatives of patients with
MS group compared with non-fHCs for
DAWM-SAV (866.2 mm3 versus 675.3
mm3, P ⫽ .054 for signal abnormality
⬎3 mm and all lesion size groups).
Note:—SAs indicates signal abnormalities; SAN, signal abnormality number; JC, juxtacortical, PVL, periventricular; IT,
In all lesion size groups, more
infratentorial; DWM, deep white matter; SAV, signal abnormality volume.
healthy relatives of patients with MS
Differences between the groups were compared by means of the 2 test or Mann-Whitney U test.
The SAV is expressed in millimeters cubed (mm3).
presented with WM signal abnormalia
DAWM calculation was not related to the size of the hyperintensities.
ties located in the periventricular WM
(20.6% versus 8.5%, P ⫽ .034) and their
number was higher (0.57 versus 0.41,
the fulfillment of RIS-Okuda and RIS-Swanton criteria, and the
P ⫽ 0.43) compared with non-fHCs. In the ⱖ3 mm lesion group,
presence of vascular risk factors (hypertension, heart disease,
a trend was observed in the healthy relatives of patients with MS
smoking, obesity, and diabetes mellitus type 1) as well as mifor the periventricular signal abnormality localization and numgraine, we used a multivariate logistic regression model in which
ber compared with non-fHC (19.1% versus 8.5%, P ⫽ .058 and
age and sex were used as covariates and the vascular risk factors
0.40 versus 0.32, P ⫽ .061, respectively).
were used as independent variables. The dependent variables were
In total, 29.4% of the healthy relatives of patients with MS showed
the presence of WM signal abnormalities, ⱖ9 WM signal abnorWM signal abnormalities versus 25.6% in non-fHCs for signal abmalities, and the fulfillment of RIS-Okuda as well as RIS-Swanton
normality ⱖ3 mm in size (Table 3). The corresponding percentages
criteria. The analyses were separately performed for non-fHCs
Table 3: MRI white matter signal abnormality (>3 mm in size) characteristics of nonfamilial healthy control subjects and the healthy relatives of patients with multiple
sclerosis
Healthy Relatives
Non-Familial HCs of Patients With
(n = 82)
MS (n = 68)
P Value
Subjects with WM SAs, n (%)
21 (25.6)
20 (29.4)
.603
Subjects with WM JC SAs, n (%)
4 (4.9)
7 (10.3)
.205
Subjects with WM PVL SAs, n (%)
7 (8.5)
13 (19.1)
.058
Subjects with WM IT SAs, n (%)
0 (0)
1 (1.5)
.271
Subjects with DWM SAs, n (%)
20 (24.4)
17 (25.0)
.931
Subjects with ⱖ9 WM SAs, n (%)
4 (4.9)
6 (8.8)
.335
WM-SAN, mean (SD), median
1.5 (4.7) 0
2.1 (5.1) 0
.527
WM JC SAN, mean (SD), median
0.06 (0.3) 0
0.19 (0.7) 0
.198
WM PVL SAN, mean (SD), median
0.32 (1.8) 0
0.40 (1.2) 0
.061
WM IT SAN mean (SD) median
0.0 (0) 0
0.01 (0.1) 0
.272
WM DWM SAN, mean (SD), median
1.1 (3.0) 0
1.5 (3.9) 0
.838
WM-SAV, mean (SD), median
166.1 (892.0)
230.4 (736.8)
.480
675.3 (554.7)
866.2 (669.3)
.054
DAWM-SAV,a mean (SD), median
WM-SAV ⫹ DAWM-SAV, mean (SD), median
842.3 (1079.7)
1096.5 (1026.6)
.024
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of WM signal abnormalities of all sizes were 41.2% in the healthy
relatives of patients with MS group and 35.4% in the non-fHC group.

Classiﬁcation of Subjects According to Criteria for DIS
and RIS
Six (8.8%) subjects in the healthy relatives of patients with MS
group and 4 (4.9%) in non-fHCs showed ⱖ9 WM signal abnormalities (ⱖ3 mm size, Table 3). Of these, all subjects had lesions in
2 location categories in the healthy relatives of patients with MS
group, whereas there were 3 of 4 in non-fHCs. The percentages of
ⱖ9 WM signal abnormality of all sizes were 11.8% and 6.1% in
the healthy relatives of patients with MS group and the non-fHC
group, respectively. These differences were not significant.
Two (2.9%) subjects in the healthy relatives of patients with
MS group and 2 (2.4%) non-fHCs fulfilled RIS-Okuda criteria
(Table 5). Ten subjects fulfilled the RIS-Swanton: 7 (10.3%) in the

healthy relatives of patients with MS and 3 (3.7%) non-fHCs.
These differences were not significant. Localization characteristics of WM signal abnormalities are listed in Table 5.

Relationship Between Vascular Risk Factors and RIS and
WM Signal Abnormality Findings

In multivariate regression analysis in which the presence of WM
signal abnormalities was used as a dependent variable, smoking
(B ⫽ 0.44, P ⫽ .024) was the only variable associated with the
healthy relatives of patients with MS.
In multivariate regression analysis in which ⱖ9 WM signal
abnormalities was used as a dependent variable, obesity (body
mass index ⬎30) was the only variable associated with the healthy
relatives of patients with MS (B ⫽ 0.56, P ⫽ .003).
In multivariate regression analysis in which RIS-Swanton was
used as a dependent variable, obesity (B ⫽ 0.29, P ⫽ .019) was the
only variable associated with the healthy
Table 4: MRI white matter signal abnormality (all sizes) characteristics of non-familial
relatives of patients with MS. No associhealthy control subjects and the healthy relatives of patients with multiple sclerosis
ation was found in non-fHCs for all 3
Healthy Relatives
dependent variables.
Non-Familial HCs of Patients with
(n = 82)
MS (n = 68)
P Value
No association between vascular risk
Subjects with WM SAs, n (%)
29 (35.4)
28 (41.2)
.465
factor variables and RIS-Okuda criteria
Subjects with WM JC SAs, n (%)
4 (4.9)
7 (10.3)
.205
was found in any HC group.
Subjects with WM PVL SAs, n (%)
Subjects with WM IT SAs, n (%)
Subjects with DWM SAs, n (%)
Subjects with ⱖ9 WM SAs, n (%)
WM-SAN, mean (SD) median
WM JC SAN, mean (SD) median
WM PVL SAN, mean (SD) median
WM IT SAN, mean (SD) median
WM DWM SAN, mean (SD) median
WM-SAV, mean (SD) median
DAWM-SAV,a mean (SD) median
WM-SAV ⫹ DAWM-SAV, mean (SD) median

7 (8.5)
1 (1.2)
28 (34.1)
5 (6.1)
2.5 (7.5) 0
0.07 (0.3) 0
0.41 (2.1) 0
0.01 (0.1) 0
1.9 (5.3) 0
198.2 (1085.2)
675.3 (554.7)
873.5 (1233.5)

14 (20.6)
1 (1.5) 0
26 (38.2)
8 (11.8)
3.8 (10) 0
0.19 (0.7) 0
0.57 (1.9) 0
0.01 (0.12) 0
3.1 (8.5) 0
259.7 (784.4)
866.2 (669.3)
1125.9 (1076.8)

.034
.894
.603
.219
.386
.207
.043
.894
.468
.338
.054
.025

Note:—SAs indicates signal abnormalities; SAN, signal abnormality number; JC, juxtacortical; PVL, periventricular; IT,
infratentorial; DWM, deep white matter; SAV, signal abnormality volume.
Differences between the groups were compared by means of the 2 test or Mann-Whitney U test.
The SAV is expressed in millimeters cubed (mm3).
a
DAWM calculation was not related to the size of the hyperintensities.

DISCUSSION
Subjects with WM signal abnormalities
suggestive for MS but without history of
MS symptoms or neurologic deficit may
be at an increased risk for development of
the disease. This pilot study included a
large cohort of 150 HCs with or without
familial history of MS that were collected
prospectively by use of 3T MR imaging.
We assessed the prevalence of WM signal
abnormalities and of RIS in the study
groups, also applying the Swanton MR

Table 5: Non-familial healthy control subjects and the healthy relatives of patients with multiple sclerosis fulﬁlling Okuda criteria for
RIS or fulﬁlling modiﬁed Okuda criteria for RIS in which the dissemination in space on MRI was evaluated by use of Swanton criteria
(RIS-Swanton)
Healthy Relatives
Non-Familial HCs (n = 82)
of Patients with MS (n = 68)
P Value
RIS-Okuda criteria13
Non-RIS
80
66
.849
RIS
2
2
Subject 1
⬎9 WM SA: 5 JC, 3 PVL, 13 DWM
⬎9 WM SA: 5 JC, 3 PVL, 13 DWM
Subject 2
⬎9 WM SA: 1 JC, 8 PVL, 11 DWM
⬎9 WM SA: 1 JC, 8 PVL, 11 DWM
Total
82
68
Modiﬁed Okuda criteria (RIS-Swanton13,17)
Non-RIS
79
61
.105
RIS
3
7
Subject 1
⬎9 WM SA: 2 JC, 5 PVL, 9 DWM
⬎9 WM SA: 5 JC, 3 PVL, 13 DWM
Subject 2
⬎9 WM SA: 1 JC, 15 PVL, 18 DWM
⬎9 WM SA: 1 JC, 8 PVL, 11 DWM
Subject 3
⬎9 WM SA: 1 JC, 1 PVL, 11 DWM
⬎9 WM SA: 2 JC, 1 PVL, 7 DWM
Subject 4
⬎9 WM SA: 1 JC, 1 PVL, 24 DWM
Subject 5
⬎9 WM SA: 1 JC, 1 PVL, 7 DWM
Subject 6
⬎9 WM SA: 1 JC, 1 PVL, 8 DWM
Subject 7
2 JC, 2 PVL 3 DWM
Total
82
68
Note:—SA indicates signal abnormality; JC, juxtacortical; PVL, periventricular; DWM, deep white matter.
Differences between the groups were compared by means of the 2 test. The regional localization data for subjects fulﬁlling RIS criteria are presented on individual subject level.
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imaging criteria for DIS.17 There was a significantly higher total volume of WM signal abnormalities (including WM-SAV ⫹ DAWMSAV) in subjects with familial MS history. In these subjects, significantly more WM signal abnormalities (only for all WM signal
abnormality sizes) were located in periventricular WM compared
with non-fHCs. No significant differences were observed between
the groups for presence, number, or localization of juxtacortical, infratentorial, and deep WM signal abnormalities. Although more subjects in the group with familial history of MS presented with RIS
according to Okuda et al13 or modified Okuda criteria (in which DIS
was evaluated according to the Swanton MR imaging criteria), the
differences were not significant. Interestingly, in the healthy relatives
of MS patients in multivariate regression models, smoking was associated with the presence of WM signal abnormalities, while obesity
was related to the presence of ⱖ9 WM signal abnormalities and fulfillment of RIS-Swanton criteria. This is in line with recently reported
data in pediatric patients with MS.27
Increasing diagnostic application of MR imaging, especially at
higher strength field, results in an increased number of abnormal
incidental findings with potential clinical significance.28,29 Several postmortem and MR imaging studies aimed to establish the
prevalence of demyelinating lesions, possibly indicative of
RIS.28-31 Disadvantages of postmortem studies are related to the
fact that they are usually performed at late stages of the disease
(autopsies) or in selected atypical early cases (biopsies), which
analyze the brain only in 1 anatomic part. In comparison with MR
imaging, pathologic assessment does not allow observation of the
evolution of pathologic changes over time. A recent MR imaging
meta-analysis included 15,559 healthy adults and found only 9
cases of definite demyelination (0.06%).28 This meta-analysis included studies performed on MR imaging magnets with field
strengths 1T or 1.5T. The most common reason for performing
MR imaging among patients later identified as having RIS is headache,15 which is also described as a presenting MS symptom in
some cases.32 Compared with these previous studies, the present
one evaluated asymptomatic HCs with no signs or symptoms of
MS. Despite this, the prevalence of RIS on the basis of RIS-Okuda
or RIS-Swanton criteria was higher in subjects with (2.9% and
10.3%, respectively) compared with those without (2.4% and
3.7%, respectively) family MS history.
Although the incidence of MS among relatives is increased in
affected families,1 there are only a few MR imaging studies that
evaluated the WM signal abnormalities of asymptomatic healthy
relatives of patients with MS.20-22 All were performed on 1T or
1.5T MR imaging. In the current study, we used 3T MR imaging,
which can substantially increase the detection of WM and
DAWM abnormalities.33,34 A previous 3T versus 1.5T comparison study in patients with MS and HCs showed regional predilection of WM signal abnormality detection in periventricular, pericallosal, cortical/juxtracortical, and infratentorial regions on 3T
MR imaging.33 The correlation of MR imaging findings with clinical status is also stronger at 3T compared with 1.5T MR imaging.35 The use of 3T may be one of the reasons why we found a
significantly higher total volume of WM signal abnormalities (including WM-SAV ⫹ DAWM-SAV) in patients with familial MS history as compared with those without history. Regional predilection
and number of WM signal abnormalities was detected only for the

periventricular area in the healthy relatives of patients with MS. No
regional predilection of WM signal abnormalities has been detected
between the study groups for both the presence and number of other
anatomic sites. Previous studies in asymptomatic healthy relatives of
patients with MS did not report WM signal abnormality number or
size.20-22 Our study showed no significant differences between the
HC groups in the presence or number of WM signal abnormalities
ⱖ3 mm in size or when all WM signal abnormalities, independent of
the size, were added to the total count.
WM signal abnormalities on MR imaging are more frequent in
older individuals and in subjects presenting with vascular risk factors36,37; therefore their presence in asymptomatic individuals
should be interpreted with caution. No differences between the HC
with or without familial MS history were found for demographic
characteristics, vascular risk factors, migraine, or the presence of autoimmune diseases considered in this study. However, in regression
analysis, we found that only the relatives of subjects with MS who
showed WM signal abnormalities or had ⱖ9 WM signal abnormalities and fulfilled RIS-Swanton criteria had elevated smoking and
obesity vascular risk factors. It could be hypothesized that these risk
factors may play a different role in formation of WM signal abnormalities in individuals genetically susceptible for MS, as are relatives
of patients with MS. A recent study suggested that primary lipid abnormality in DAWM may be involved in demyelination and axonal
degeneration of patients with MS,38 and obesity was recently suggested as linked with increased morbidity for MS.27
Persons with RIS are at an increased risk of development of
MS.39,40 During a follow-up period of 2–5 years, approximately
one-third of patients had clinical symptoms characteristic of
MS.39,40 Increased risk for clinical conversion was observed in
younger subjects, with a higher number of lesions, presence of
infratentorial lesions, pathologic evoked potentials, positive oligoclonal bands, and spinal cord lesions.40 The limitation of our
study was that it was a cross-sectional pilot study that did not
include spinal cord MR imaging, and no information is currently
available about longitudinal follow-up of the enrolled subjects.
This is the first study in which the Swanton MR imaging criteria
for DIS17 were integrated in the Okuda criteria for RIS.13 The prevalence of RIS-Swanton in the healthy relatives of patients with MS
was increased compared with those without, whereas no differences
were found when RIS-Okuda criteria13 were applied. Future longitudinal studies should determine whether asymptomatic HCs fulfilling RIS-Swanton criteria have an increased risk of development of
MS as compared with RIS-Okuda criteria.13 De Stefano et al20 reported that 7.1% of the relatives of patients with MS fulfilled Barkhof
criteria14 on MR imaging for DIS. Although 8.8% of the healthy
relatives of patients with MS showed ⱖ9 WM signal abnormalities,
only 2.9% presented with RIS-Okuda. However, 2.4% of HCs without MS family history also fulfilled RIS-Okuda criteria in the present
study, compared with none fulfilling Barkhof criteria for DIS14 in the
De Stefano et al20 study. The reasons for these differences are not
clear and should be further explored.
To establish the long-term value of RIS Okuda and Swanton
criteria on clinical and imaging follow-up of our study cohort, a
5-year follow-up is planned. Because the treatment of RIS is controversial, possible differences in the conversion rate of clinical and
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imaging characteristics between the RIS Okuda/Swanton criteria
may influence future treatment decisions at the stage of RIS.

18.

CONCLUSIONS
The healthy relatives of patients with MS show more frequent WM
signal abnormalities as compared with those without and are more
likely to present with RIS when Swanton criteria for DIS are applied.
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Right Insular Atrophy in Neurocardiogenic Syncope:
A Volumetric MRI Study
J.B. Kim, S.-i. Suh, W.-K. Seo, S.-B. Koh, and J.H. Kim

ABSTRACT
BACKGROUND AND PURPOSE: Alterations in the central autonomic network are hypothesized to play a role in the pathophysiologic
mechanism underlying neurocardiogenic syncope; however, few data are available regarding the structural changes of the brain in this
condition. We used voxel-based morphometry and regional volumetry to identify possible neuroanatomic correlates.
MATERIALS AND METHODS: We prospectively studied 32 patients with neurocardiogenic syncope with a positive response to the
head-up tilt test and 32 controls who had no history of syncope. We used voxel-based morphometry to compare GM volumes between
patients and controls. In addition, regional volumes of structures known to be included in the central autonomic network were measured
and compared between the groups. Correlation analyses were also performed between clinical variables and anatomic data.
RESULTS: Voxel-based morphometry showed a signiﬁcant GM volume reduction in the right insular cortex in patients with neurocardiogenic syncope compared with controls (corrected P ⫽ .033). Regional volumetry showed a signiﬁcant reduction of right insular volumes in
patients compared with controls (P ⫽ .002, MANCOVA). Smaller right insular volumes in patients with neurocardiogenic syncope were
related to larger drops in systolic (P ⫽ .020) and diastolic (P ⫽ .003) blood pressures during the head-up tilt test.
CONCLUSIONS: We observed a novel ﬁnding of right insular atrophy in patients with neurocardiogenic syncope with a positive response
to the head-up tilt test, implicating the role of right insular dysfunction in the pathophysiologic mechanism underlying neurocardiogenic
syncope. Our ﬁndings further support the hypothesis that right insular dysfunction may cause a decrease in sympathetic activity and a
reciprocal increase in parasympathetic activity, leading to syncope.
ABBREVIATIONS: BP ⫽ blood pressure; HR ⫽ heart rate; HUT ⫽ head-up tilt test; NCS ⫽ neurocardiogenic syncope; VBM ⫽ voxel-based morphometry

N

eurocardiogenic syncope (NCS) (simple fainting or vasovagal syncope) is the most frequent cause of syncope.1,2 It refers to a condition in which autonomic cardiovascular reflexes
become inappropriate in response to triggers, leading to transient
cerebral hypoperfusion and loss of consciousness with spontaneous recovery.3-5 Although the pathophysiologic mechanism of
NCS remains incompletely understood, paradoxic compensatory
reflex has been suggested as the most probable mechanism.3,6
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Reduction of cardiac ventricular volume activates baroreceptor-mediated sympathetic outflow, which causes vigorous contraction of an
empty cardiac ventricle. In turn, activation of mechanoreceptors in
the ventricular wall might trigger an inhibitory response through
increasing vagal tone, resulting in paradoxic bradycardia and hypotension.3,6 This widely accepted “ventricular theory ” basically includes increased parasympathetic activity caused by alteration of autonomic controls in the CNS.7 Therefore, the understanding of
CNS structures involved in the autonomic control system might be
crucial for elucidating fundamental mechanisms of NCS.
To our knowledge, there is 1 voxel-based morphometry (VBM)
study that investigated changes in brain structures in patients with
NCS.8 VBM is an objective and fully validated method, which can
detect regionally specific differences in GM structures on a voxelwise
comparison between groups.9 In the present study, we applied VBM
and regional volumetry to identify the structural GM changes associated with NCS. In addition, we investigated possible relationships
between the structural changes and clinical variables such as disease
duration, frequency of syncope attacks, and blood pressure (BP) and
heart rate (HR) changes during head-up tilt test (HUT).
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MATERIALS AND METHODS
Subjects
Consecutive patients with NCS were prospectively recruited from
the outpatient clinic at the Neurology Department, Korea University Guro Hospital, from January 2010 to April 2012. Inclusion
criteria were as follows: 1) unequivocal symptoms of syncope (defined as transient loss of consciousness and postural tone with
spontaneous recovery) and presyncope (defined as a state of lightheadedness, muscular weakness, and feeling faint without complete loss of consciousness); 2) orthostatic stress as the only trigger
of syncope and a positive response to HUT (as described below);
3) no history of syncope relevant to situational syncope or carotid
sinus hypersensitivity; 4) absence of any abnormal findings on
electroencephalography; 5) no history of epileptic seizure; 6) no evidence of developmental and neurologic abnormalities; 7) neither abnormal nor unusual findings on conventional MR imaging; 8) no
evidence of cardiogenic syncope based on electrocardiography and
echocardiography; 9) no history of diabetes, parkinsonism, and peripheral neuropathy; and 10) no history of significant head injury,
alcohol or psychotropic drug abuse, or neurologic and psychiatric
disorders. Demographic and clinical data such as age of onset, disease
duration, and the number of syncope and presyncope attacks were
obtained through interviews with the patients and their family members and reviews of medical records.
For group comparison, 32 right-handed healthy volunteers
matched for age and sex were recruited to serve as control subjects. All control subjects underwent neurologic examination and a
detailed interview to ensure that they did not have the following: 1) a
history of syncope and presyncope; 2) a history of headache disorders, significant head injury, neurologic, psychiatric, or systemic disorders; and 3) a history of alcohol or psychotropic drug abuse. The
local ethics committee approved the study protocol, and all participants gave written informed consent before study inclusion.

Head-Up Tilt Test
None of the patients were on any medications at the time of the
HUT examination. Orthostatic BP recording was performed with
a sphygmomanometer cuff over the brachial artery and a monitor
console displaying systolic and diastolic BP. Simultaneous HR
recording was performed as well. After a 20-minute rest in the
supine position and measurement of baseline BP and HR, each
subject was positioned at an angle of 70° from the supine position
for as long as 45 minutes or until syncope occurred on a standard
electrically driven tilt table with a footboard. Serial measurement
of BP and HR was performed every 2 minutes during HUT. Pharmacologic provocation was not performed.10 The response to
HUT was defined as positive when the development of symptoms
recognized by the patients was similar to those of spontaneous
syncope in association with hypotension, bradycardia, or
both.4,11,12 As soon as syncope occurred, the patient was rapidly
returned to the supine position. Changes in BP and HR were
measured from the baseline to the onset of the syncope attack.

MR Imaging Acquisition
MR images were acquired on a Trio 3T scanner (Siemens, Erlangen,
Germany) with a 12-channel phased array head coil. For volumetric
analysis, a high-resolution 3D MPRAGE sequence was acquired with
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the following parameters: TR ⫽ 1780 ms, TE ⫽ 2.34 ms, matrix ⫽
256 ⫻ 256, FOV ⫽ 256 ⫻ 256 mm, voxel dimension ⫽ 1 mm3. For
identification of structural abnormalities, the following conventional
MR images were acquired: axial T2-weighted and FLAIR images
(4-mm thickness), oblique coronal T2-weighted and FLAIR images
perpendicular to the long axis of the hippocampus (3-mm thickness), and gadolinium-enhanced axial T1-weighted images (5-mm
thickness). The MR images of all participants were reviewed by a
board-certified neuroradiologist (S.-i.S.) for any structural abnormalities, and findings were reported as normal.

Voxel-Based Morphometry
Data were processed and analyzed by using SPM8 (Wellcome
Department of Imaging Neuroscience, London, UK), where we
applied VBM implemented in the VBM8 toolbox (http://dbm.
neuro.uni-jena.de/vbm.html) with default parameters. Images
were bias-corrected, tissue-classified, and registered by using linear (12-parameter affine) and nonlinear transformations, within
a unified segmentation model.13 Subsequently, analyses were performed on the volumes of the GM segments, which were multiplied by nonlinear components derived from the normalization
matrix to compensate for possible volume changes during the
nonlinear spatial normalization procedure. These modulated GM
images were then smoothed with an 8-mm full width at half maximum isotropic Gaussian kernel. The analyses of modulated GM
images can detect regional differences in GM volume.
Regionally specific differences in GM volume between patients with NCS and control subjects were assessed by using
ANCOVA with total intracranial volume, age, and sex as nuisance
variables. An absolute GM threshold of 0.2 (of a maximum value
of 1) was used to avoid possible edge effects around the border
between GM and WM. Two contrasts were defined to examine
both increases and reductions in GM volume between the groups.
Statistical significance was set at a height threshold of P ⬍ .001
and an extent threshold of cluster-level P ⬍ .05, corrected for
multiple comparisons by using family-wise error.

Regional Volumetry
Cortical reconstruction and volumetric segmentation were performed by using FreeSurfer software (Version 5.1.0, http://surfer.
nmr.mgh.harvard.edu). The technical details of the procedures
are described elsewhere.14-17 Briefly, image preprocessing procedures included removal of nonbrain tissue,17 automated Talairach transformation, segmentation of the subcortical WM and
deep GM volumetric structures,15 intensity normalization, tessellation of the GM/WM boundary, automated topology correction,18
and surface deformation to detect GM/WM and GM/CSF boundaries. Subsequent to cortical reconstruction, the cortex was subdivided
into units on the basis of gyral and sulcal structures.19 This parcellation method was shown to be valid and reliable, with high intraclass
correlation coefficients between the manual and automated procedures for volume measurement of 34 cortical regions of interest.19 A
volume at each vertex was computed as the average area of the triangles around the vertex multiplied by the thickness at the vertex. The
volume of a parcellated cortex was then computed as the sum of the
volumes of the vertices in each parcellation.

Demographic data, clinical characteristics, and regional volumetry of patients with NCS
and controlsa
Patients with NCS
Controls
(n = 32)
(n = 32)
P Value
Clinical features
Age (yr)
24.1 ⫾ 6.9
24.8 ⫾ 5.2
.655
Male sex (No.) (%)
11 (34.4)
12 (37.5)
.794
Age of onset (yr)
20.8 ⫾ 7.1
Disease duration (yr)
4.3 ⫾ 4.7
No. of total syncope and presyncope attacks
38.4 ⫾ 74.4
Head-up tilt test ﬁndings
Baseline systolic BP (mm Hg)
109.5 ⫾ 12.2
Baseline diastolic BP (mm Hg)
62.0 ⫾ 9.6
Baseline mean HR (beats/min)
67.7 ⫾ 10.0
Change in systolic BP (mm Hg)
⫺40.5 ⫾ 15.3
Change in diastolic BP (mm Hg)
⫺18.3 ⫾ 10.1
Change in HR (beats/min)
⫺33.5 ⫾ 15.8
Volume of structure (mm3)
R rostral anterior cingulate
2288 ⫾ 416.3
2461 ⫾ 425.2
.137
R caudal anterior cingulate
2386 ⫾ 555.6
2488 ⫾ 639.3
.498
R insula
7323 ⫾ 689.1
8011 ⫾ 932.5
.002
R amygdala
1755 ⫾ 232.2
1829 ⫾ 184.9
.339
L rostral anterior cingulate
2791 ⫾ 484.6
3141 ⫾ 589.7
.014
L caudal anterior cingulate
1819 ⫾ 494.8
2142 ⫾ 711.5
.063
L insula
7234 ⫾ 649.5
7657 ⫾ 701.0
.018
L amygdala
1770 ⫾ 216.2
1816 ⫾ 229.1
.963

presyncope, and BP and HR changes
during HUT (Spearman correlation
analysis, P ⬍ .05). Statistical analyses
were performed by using the Statistical
Package for Social Sciences (Version 19.0;
IBM, Armonk, New York).

RESULTS
Clinical Characteristics

Thirty-two right-handed patients and
32 controls were enrolled in this study.
Clinical characteristics and the results of
HUT are summarized in the Table.
There were no differences in age and sex
between patients and controls. The
mean age of onset was 20.8 ⫾ 7.1 years
(range, 11–39 years), the mean duration
of NCS was 4.3 ⫾ 4.7 years (range, 1–22
years), and the mean number of total
syncope and presyncope attacks (mean
number of attacks per year ⫻ disease duration in years) was 38.4 ⫾ 74.4 (range,
2–300).
Note:—R indicates right; L, left.
All patients showed positive responses
a
The values are presented as means. An independent t test and 2 test were used to compare between-group
to
HUT.
Mean baseline systolic BP was
differences in age and sex, respectively. MANCOVA adjusting for age,sex, and estimated total intracranial volume was
performed to compare regional volumes of each structure between the groups.
109.5 ⫾ 12.2 mm Hg (range, 87–148 mm
Hg), mean baseline diastolic BP was
The automated procedures for volumetric measurements of
62.0 ⫾ 9.6 mm Hg (range, 47– 81 mm Hg), and mean baseline HR
the subcortical GM structures were described in detail previwas 67.7 ⫾ 10.0 beats/min (range, 52– 86 beats/min). During HUT,
ously.15 Briefly, this procedure automatically provided segments
mean change of systolic BP was ⫺40.5 ⫾ 15.3 mm Hg (range, ⫺16 to
and labels for up to 40 unique structures and assigned a neuro⫺81 mm Hg), mean change of diastolic BP was ⫺18.3 ⫾ 10.1 mm
anatomic label to each voxel in an MR imaging volume on the
Hg (range, 0 to ⫺36 mm Hg), and mean change of HR was ⫺33.5 ⫾
basis of probabilistic information estimated automatically from a
15.8 beats/min (range, ⫺5 to ⫺65 beats/min). According to the Vamanually labeled training set. A Bayesian segmentation procedure
sovagal Syncope International Study (VASIS) classification,23 31 of
was then performed, and the maximum a posteriori estimate of
32 patients had a type 1 mixed response and 1 patient had a type 3
the labeling was computed. The segmentation uses 3 pieces of
vasodepressor response.
information to disambiguate labels: 1) the prior probability of a
Voxel-Based Morphometry and Regional Volumetry
given tissue class occurring at a specific atlas location, 2) the likeVBM showed a significant GM volume reduction in the right
lihood of the image intensity given that tissue class, and 3) the
insular cortex in patients with NCS compared with control subprobability of the local spatial configuration of labels given the
jects (family-wise-error– corrected P ⫽ .033; cluster size ⫽ 1178
tissue class. This technique has previously been shown to be comvoxels [3976 mm3]; peak z score ⫽ 4.06; Montreal Neurological
parable in accuracy with manual labeling.15 All segmentations
Institute coordinates of local maxima ⫽ 42, 3, ⫺6; resolution
were visually inspected for accuracy before inclusion in the
element count ⫽ 1.5) (Fig 1). No region of a significant GM
analysis.
volume increase was found in patients compared with controls
Among the automatically segmented regions, we focused on 3
at the same threshold (family-wise-error– corrected P ⬍ .05).
cortical regions (rostral anterior cingulate, caudal anterior cinguRegional volumes of 8 GM structures are presented in the Talate, and insula) and 1 subcortical region (amygdala) in each
ble. Volumes of the right insular cortex were significantly reduced
hemisphere, which are known to be parts of the central autoin patients with NCS compared with controls (7323 ⫾ 689.1 vernomic network.20-22 Volumes of the 8 regions were automatically
sus 8011 ⫾ 932.5 mm3, P ⫽ .002) (Fig 2). Volumes of the left
measured and compared between patients and controls by using
rostral anterior cingulate cortex (P ⫽ .014) and left insular cortex
MANCOVA, adjusting for age, sex, and estimated total intracra(P ⫽ .018) were also reduced in patients compared with controls;
nial volume. Post hoc univariate tests with a Bonferroni correchowever, the statistical significance of these 2 structures did not
tion were performed to follow the significant main effects yielded
survive multiple comparisons by using a Bonferroni correction
by the MANCOVA. Statistical significance was set at P ⬍ .00625
(P ⬍ .00625).
(.05/8). Correlation analyses were performed between the norSmaller right insular volumes in patients with NCS were remalized volumes of 8 structures (each regional GM volume corlated to larger drops in systolic (r ⫽ ⫺.410, P ⫽ .020) and diastolic
rected for estimated total intracranial volume) and clinical parameters such as disease duration, total frequency of syncope and
(r ⫽ ⫺.507, P ⫽ .003) BP during HUT (Fig 3). There were no
AJNR Am J Neuroradiol 35:113–18
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VBM, we found that patients with NCS
had regional atrophy in the right insular
cortex. We also observed a significant
reduction of whole right insular volume
in patients with NCS compared with
controls, consistent with the VBM finding. Moreover, smaller right insular volumes in patients with NCS were related
to larger drops in both systolic and diastolic BP during HUT, suggesting an important involvement of the right insular
cortex in NCS.
Among the regions belonging to the
central autonomic network, the insular
cortex has been recognized as playing a
crucial role in cardiovascular modulation.20,21,24-26 An increase in nocturnal
BP and occurrence of QT prolongation
and cardiac arrhythmias were more frequently observed in patients with stroke
with involvement of the insular cortex
compared with those without insular
involvement.27,28 Damage to the right
insular cortex was associated with impairment in sympathovagal balance,
FIG 1. Statistical parametric maps showing regional differences in GM volume between 32 pa- supporting an important implication of
tients with NCS and 32 controls. Orthogonal images show a reduction of GM volume in the right the right insular cortex in autonomic
insula in patients with NCS compared with controls, superimposed on a standard template control of cardiovascular activity.29,30
(P ⬍ .05, cluster-level-corrected for multiple comparisons by using family-wise error). The color
Several lines of evidence indicate that
bar represents the T values. The left side of each image is the left side of brain.
there is a hemispheric lateralization of
cardiovascular autonomic control of the
insular cortex. A study investigating
heart rate variability changes during intracarotid amobarbital injection in patients with temporal lobe epilepsy
showed sympathetic activation with left
hemisphere injection and parasympathetic activation with right hemisphere
injection.31 An intraoperative study before temporal lobectomy in patients
with epilepsy demonstrated that BP and
HR decreased with left insular stimulation, whereas BP and HR increased with
right insular stimulation.24 These findFIG 2. An illustration of segmentation and volume measurement of the right insula in a control ings strongly support a critical role of the
subject (upper row, volume ⫽ 8119 mm3) and a patient (lower row, volume ⫽ 7247 mm3). The left insula in parasympathetic cardiovasautomatically segmented insular cortex is superimposed on axial (ﬁrst column) and coronal (sec- cular control and of the right insula in
ond column) GM images, and the third column illustrates a 3D reconstructed image of the right
sympathetic control.
insula. The left side of each image is the right side of brain.
There is a reciprocal interaction becorrelations between right insular volumes and other clinical varitween sympathetic and parasympathetic control of cardiac autoables including HR changes, disease duration, and number of tonomic functions.32,33 Damage confined to the left insular cortex
tal syncope and presyncope attacks (all P ⬎ .05). Volumes of the
by acute stroke could shift cardiovascular balance toward an inleft rostral anterior cingulate and left insular cortices were not
crease in basal sympathetic tone and a decrease in parasympacorrelated with any clinical variables (all P ⬎ .05).
thetic tone.34 Likewise, our finding could be interpreted as right
insular atrophy in NCS being associated with a decrease in symDISCUSSION
pathetic activity and a reciprocal increase in parasympathetic acThis study attempted to explore cerebral structural changes associated with pathophysiologic mechanisms underlying NCS. Using
tivity, resulting in a drop in BP and syncope. Our speculation
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FIG 3. The relationship between the volume of the whole right insular cortex and BP changes in
patients with NCS. Normalized right insular volume (raw volume/estimated total intracranial
volume [eTIV] ⫻ 100) was negatively correlated with the extent of drops in systolic BP (SBP) (left
panel, r ⫽ ⫺.410, P ⫽ .020) and diastolic BP (DBP) (right panel, r ⫽ ⫺.507, P ⫽ .003) during the
head-up tilt test (Spearman correlation, P ⬍ .05).

might be further supported by the findings of greater right insular
volume reductions in relation to larger drops in both systolic and
diastolic BP during HUT.
There are only a few studies evaluating hemodynamic and
structural changes of the brain in patients with NCS. Studies by
using SPECT showed decreases in regional cerebral blood flow in
multiple cortical regions, yielding inconsistent results across the
studies.35-37 The results of these SPECT studies might be interpreted as a consequence of cerebral hypoperfusion rather than a
specific cause of NCS. To our knowledge, there is only 1 exploratory VBM study that showed a reduction of GM volume in the
medulla in patients with NCS. The study suggested that NCS may
be associated with structural changes of the medulla, which predisposes the patient to abnormal cardiovascular homeostasis and
recurrent syncope.8 However, we did not observe any GM volume
changes in the brain stem, even by using a lenient threshold of
uncorrected P ⬍ .01. This difference could not be properly explained but might, in part, be ascribed to different sample sizes,
MR scanners, and patient characteristics. Because a substantial
number of conditions can mimic NCS,5 only patients with orthostatic stress and a positive response to HUT were included in our
study. In their study, only 2 of 18 patients had orthostatic stress as
a main trigger of syncope, and the remaining patients had variable
triggers such as emotional distress, blood phobia, instrumentation, or pain.8 Because NCS comprises a heterogeneous group of
conditions based on pathophysiologic classification of the principal triggers of syncope,4 the differences in the patient populations
included might account for the inconsistency between the studies.
There are several limitations to our study. First, the current
study is cross-sectional, and thus interpretation of our results with
respect to a causal relationship is limited. Given that GM atrophy
found in VBM could be a reflection of neuropathologic changes in
many brain disorders such as temporal lobe epilepsy, Alzheimer
disease, and schizophrenia,38 we hypothesized that right insular
atrophy may represent a primary underlying pathology and therefore act as the specific cause that promotes NCS. Conversely,
taken together with our finding of a trend toward significance for
regional volume reductions of the left insula and anterior cingulate cortex in patients with NCS, it seems possible that right insular atrophy might be a consequence of repeated attacks of cerebral
hypoperfusion. Further prospective study incorporating a longitudinal design would provide a hint of the causal relationship between

insular atrophy and disease progression.
Second, we did not measure heart rate
variability, a representative indicator of
autonomic cardiovascular functions that
can quantify both sympathetic and parasympathetic activities. Therefore, examination of HUT without heart rate variability measurement may be insufficient to
support our speculation that patients with
NCS have decreased sympathetic activity
and reciprocally increased parasympathetic activity.

CONCLUSIONS

We have observed a novel finding of
right insular atrophy in patients with
NCS with a positive response to HUT, implicating a role of right
insular dysfunction in the pathophysiologic mechanism underlying NCS. Together with previous investigations, our findings suggest that right insular atrophy may be associated with a decrease in
sympathetic activity and a reciprocal increase in parasympathetic
activity, resulting in cerebral hypoperfusion and syncope. Confirmation of our findings in larger, more homogeneous datasets of
patients with NCS is warranted.
Disclosures: Ji Hyun Kim—RELATED: Grant: This work was supported in part by the
National Research Foundation of Korea Grant funded by the Korean Government
(Grant No. 20100004827, 20110005418) and a Korea University Grant.
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Cerebral Abnormalities in Adults with Ataxia-Telangiectasia
D.D.M. Lin, P.B. Barker, H.M. Lederman, and T.O. Crawford

ABSTRACT
SUMMARY: Ataxia-telangiectasia, an autosomal recessive disorder caused by defect of the ataxia-telangiectasia mutated gene, is characterized by progressive neurologic impairment with cerebellar atrophy, ocular and cutaneous telangiectasia, immunodeﬁciency, heightened sensitivity to ionizing radiation and susceptibility to developing lymphoreticular malignancy. Supratentorial brain abnormalities have
been reported only rarely. In this study, brain MRI was performed in 10 adults with ataxia-telangiectasia having stable neurologic impairment. Intracerebral telangiectasia with multiple punctate hemosiderin deposits were identiﬁed in 60% of subjects. These lesions were
apparently asymptomatic. They are similar in appearance to radiation-induced telangiectasia and to cryptogenic vascular malformations.
Also noted, in the 2 oldest subjects, was extensive white matter T2 hyperintensity, and in 1 of these a space-occupying ﬂuid collection
consistent with transudative capillary leak and edema as evidenced by reduced levels of metabolites on MR spectroscopic imaging.
Asymptomatic supratentorial vascular abnormalities appear to be common in adults with ataxia-telangiectasia.
ABBREVIATIONS: A-T ⫽ ataxia-telangiectasia; AFP ⫽ alpha-fetoprotein; ATM ⫽ ataxia telangiectasia mutated; MRSI ⫽ MR spectroscopic imaging

A

taxia-telangiectasia (A-T) is an autosomal recessive neurodegenerative disorder associated with a single defective gene
localized to chromosome 11 (11q22–23)1 that is estimated to affect 1 in 40,000 –300,000 people.2,3 The causative gene, termed
ataxia telangiectasia mutated (ATM), is constitutively expressed in
all eukaryotic cells and encodes a serine-threonine kinase key to a
number of important cellular responses, including the DNA damage response and associated cell-cycle checkpoint regulation.4
The range of clinical features manifested by people with A-T is
similarly broad and dramatic, including telangiectatic vessels on
the bulbar conjunctivae and skin, humeral and cell-mediated immunodeficiency, and an array of cerebellar and other neurologic
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impairments.5 Affected persons also manifest both heightened
sensitivity to ionizing radiation and enhanced susceptibility to
malignant disease, chiefly lymphoreticular in nature.6-8
MR imaging is the favored technique of neuroimaging for patients suspected to have A-T because of its superior tissue contrast, as
well as the absence of ionizing radiation. Cerebellar atrophy is the
most consistent finding, though it is usually not present in the preschool years when most patients first seek neurologic consultation.9
The supratentorial brain is typically normal on MR imaging.10,11 A
few cases have been reported of patients with A-T, mostly adults
surviving into their second and third decades of life, in whom cerebral white matter abnormalities of 2 types have been described. One
pattern consists of multiple T1 and T2 hypointense foci suggestive of
hemosiderin, thought to be related to thrombosis and vascular leaks
from multiple capillary telangiectasias.12 The other pattern, described in a single child and in a few adult patients,11,13-15 is T2/
FLAIR hyperintensity on long TR sequences that simulates leukodystrophy. The purpose of this study was to analyze the MR imaging
features of the supratentorial brain in a small series of young adults
with A-T, all otherwise healthy and neurologically stable for years,
though they were manifesting substantial persistent neurologic
deficits.

Case Series
This study was approved by the local institutional review board
(NA_00014314 and NA_00012201). Ten adult participants with
A-T (4 men, 6 women; mean age, 23.4 ⫾ 4.5 years; age range,
AJNR Am J Neuroradiol 35:119 –23
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Characteristics of adults with ataxia-telangiectasia
Participant Age/Sex Age of Onseta AFPb (ng/mL) Chromatid Breaks/Cellc
1
21/F
1
498
2.02
2
21/F
1
123
NA
3
25/F
2
1
2.20
4
20/M
1
400
NA
5
22/M
3
240
NA
6
23/F
1.5
224
1.48
7
19/F
2
14
1.34
8
21/F
1.5
384
2.58
9
34/M
3
484
2.14
10
28/M
2
715
1.92

SWI Lesions WM T2 Hyperintensity
Multiple
None
1
None
None
None
Multiple
None
Multiple
None
Several
None
None
None
None
None
Innumerable
Present
Innumerable
Present

Additional MRI
Findings
⫺
⫺
⫺
⫺
⫺
⫺
⫺
⫺
⫺
Cystic mass

Note:—NA indicates not available.
a
Age (years) at ﬁrst inquiry to physician for neurologic concern.
b
Normal ⬍ 10 ng/mL.
c
Measured after in vitro exposure to x-irradiation (1.0 Gy); normal range, 0.06-0.34 (Thomas GH and Lederman HM, personal communication).

19 –34 years; Table) constitute the case series here reviewed. Eight
of these patients were enrolled in a research study16 to collect CSF,
and they underwent MR imaging scans as a safety measure before
lumbar puncture. The ninth participant was neurologically stable
but underwent clinical MR imaging to evaluate chronic headaches. The final participant underwent MR imaging for clinical
concerns but had experienced no new symptoms or signs in several years. The research brain MR imaging studies were performed at 3T and consisted of T1, T2, and SWI. For the 2 clinical
studies, in addition to conventional sequences, proton MR spectroscopic imaging (MRSI; TR, 1500 ms; TE, 280 ms) was acquired
at 1.5T.
All participants were followed in the Ataxia-Telangiectasia
Clinical Center at our institution and underwent MR imaging
between 2005 and 2008. At the time of MR imaging evaluation, all
participants had stable neurologic impairments of variable severity, including ataxia, dystonia, various forms of tremor, dysarthria, oculomotor abnormalities, distal diminished sensibility to
light touch and position, and decreased or absent distal tendon
reflexes. All used a wheelchair for mobility. The diagnosis of A-T
was by fulfillment of established clinical criteria,5,9 including
these and other characteristic clinical features, and laboratory
studies of elevated alpha-fetoprotein (AFP); increased lymphocyte chromosomal breaks after in vitro radiation exposure; and, in
some cases, demonstration of absent ATM protein on Western
blot analysis or demonstration of predicted protein-null homozygous mutations of ATM (Table).
On MR imaging, all participants had manifest cerebellar atrophy, whereas the supratentorial brain showed no sign of volume loss. In 6 participants, SWI showed few to innumerable
punctate signal voids, suggesting hemosiderin deposits, scattered throughout the cerebral white matter. Four of these 6
were in the research-acquired group, and in these 4 participants, the punctate lesions were inconspicuous on other pulse
sequences, including T2-weighted FSE images. In the 2 participants (participants 9 and 10) scanned for clinical concerns
(but, like the research-acquired group, absent of any recent
change in neurologic function) additional findings of white
matter T2 hyperintensity were present, surrounding and highlighting some of these lesions. No signal abnormalities were
evident in the cerebellum or brain stem.
In participant 9 (Fig 1), a 34-year-old man who was evalu120
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ated for chronic headache, innumerable punctate lesions were
best seen on SWI. Several clusters of these lesions were surrounded by T2/FLAIR hyperintensity in the white matter and
were associated with mild mass effect (Fig 1A). In these regions
of white matter hyperintense T2 signal abnormality—in contrast to the surrounding normal-appearing white matter—1HMRSI showed a diminution of all examined metabolites, suggesting reduced cellularity with edema, or perhaps gliosis (Fig
1B). No increase of choline was evident, arguing against an
active demyelinating process. No abnormal elevation of lactate
was found in any of the brain regions or in the CSF.
In participant 10 (Fig 2), a 28-year-old man who underwent
MR imaging simply because of concern for his advancing age,
there was an ovoid T2 hyperintense and T1 hypointense spaceoccupying lesion lined by hemosiderin deposits and surrounded
by vasogenic edema (Fig 2A). Some of the T2 dark lesions showed
contrast enhancement, suggesting telangiectatic vessels. Within
the surrounding white matter T2 hyperintensity, MRSI (Fig 2B)
again showed the decrease of all metabolites in a pattern similar to
that apparent in participant 9. The right frontal lesion was virtually devoid of any metabolites, consistent with a fluid collection.

DISCUSSION
This case series identifies a spectrum of supratentorial white
matter findings in adults with A-T. Combined with the experience of a few reported individual cases,12,17 it is apparent that
patients with A-T frequently manifest scattered small white
matter hypointensities that most likely represent tiny hemosiderin deposits related to telangiectatic vessels. These lesions
were most conspicuous on SWI. The presence of these asymptomatic lesions in 6 of 10 neurologically stable patients ⬎ 19
years old contrasts with their absence in a younger reported
cohort18 of 8 patients with A-T (mean age, 13 years; age range,
9 –19 years), as well as our general experience at the Johns
Hopkins Ataxia Telangiectasia Clinical Center reviewing several hundred initial diagnostic MR imaging scans. Although
age-related differences in sensitivity or other technical differences are possible confounders, the most plausible explanation
is that these are acquired lesions, passing over a threshold of
MR imaging detectability in early adult years.
Disabling mutation of the ATM gene responsible for A-T

FIG 1. MR imaging and MRSI in participant 9, a 34-year-old man with A-T who had experienced chronic headaches. A, Top: T2-weighted
images show multifocal conﬂuent hyperintensity in the frontal and parietal white matter bilaterally. A few punctate hypointense foci
suggestive of hemosiderin deposits can be identiﬁed in the left frontal white matter. Bottom: SWI shows innumerable foci of susceptibility consistent with hemosiderin deposits scattered throughout the bilateral cerebral white matter, some clustered within the conﬂuent T2 hyperintensity. B, MRSI metabolite maps (Cho ⫽ choline, Cr ⫽ creatine, NAA ⫽ N-acetylaspartate) and corresponding T1-weighted
MR imaging showing voxel locations for selected spectra in the left and right frontal and posterior white matter. Lower levels of Cho, Cr,
and NAA are seen, particularly in the right frontal region corresponding to T2 hyperintense white matter, compared with the spectra
obtained from the posterior centrum semiovale where more normal-appearing white matter was found. Note the broad peak (approximately 1.5 ppm) upﬁeld from NAA in all brain regions is related to scalp lipid contamination that results from head motion during the scan.

has pleotrophic cellular effects.4,19,20 Among the most prominent of these is disruption of the cell-cycle arrest and other
cellular responses to DNA damage. Identification of the specific impaired ATM-kinase pathway responsible for formation
of deep white matter telangiectasia is unknowable, though this
is an appropriate target for research. The ocular and cutaneous
telangiectasias that are part of the defining feature of A-T appear in light-exposed superficial regions. A similar vascular
pathologic pattern in ATM-deficient mice21 that arises in the
retina with diminished retinal vasculature attenuation is asso-

ciated with increased vascular endothelial growth factor expression (implicated in angiogenesis), decreased tight junction
protein occludin expression, and perturbed astrocytic interaction with endothelial cells, as well as increased vascular permeability with deposits of hemosiderin; however, this model differs from the deep brain lesions demonstrated in this case
series by its relationship to light exposure.22 Another plausible
explanation is offered by growing evidence that ATM mediates
vascular endothelial cell senescence.23,24
The imaging findings reported here in A-T are reminiscent
AJNR Am J Neuroradiol 35:119 –23
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FIG 2. A 28-year-old man with no recent changes in neurologic function underwent scanning because of concern for advancing age. A, A T1
hypointense, T2 hyperintense, mild rim-enhancing lesion in the right parietal white matter, with surrounding T2 hyperintensity suggestive of
vasogenic edema. The contrast enhancement corresponds to punctate T2 hypointense hemosiderin deposits that outline the ovoid lesion, in
addition to a few isolated foci, suggestive of telangiectasia. B, MRSI shows complete signal void in the right parietal ovoid lesion (ROI 3),
compatible with a ﬂuid collection. Within the surrounding white matter T2 hyperintensity, all metabolites are decreased (ROI 2), compared with
normal-appearing white matter regions (ROIs 1 and 4). Residual lipid signals upﬁeld from NAA are the result of head motion.

of those seen in radiation-induced vascular malformations and
white matter injuries. Vascular telangiectasias are reported
more frequently in patients after CNS irradiation.25-27 Parenchymal radiation-associated MR imaging changes typically
manifest as progressive, mild to moderate T2 prolongation in
the periventricular white matter,25 which may be the result of
vascular abnormalities leading to parenchymal ischemia and
white matter degeneration. It is not clear, however, whether
similar mechanisms cause the white matter changes seen in
older patients with A-T.
An unusual finding, identified in our 2 oldest participants
(ages 34 and 28 years), was that of white matter T2/FLAIR
hyperintensities. Similar hyperintensities have been the topic
of individual case reports,11,14,15 although we believe that these
differ from the single case report of a child with diffuse white
matter signal simulating leukodystrophy,13 a pattern we have
122
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not otherwise seen. Although MR spectroscopy and MRSI have
been previously reported in A-T,17,18 abnormalities (eg, reduced NAA) were found only in the atrophic cerebellum, and
MR spectroscopy abnormality has not previously been reported in the supratentorial compartment. In one of the reported cases,14 these white matter signal changes were thought
to represent demyelination, but the associated low level of all
metabolites found in our MRSI investigation of similar T2 appearance lesions suggests that these white matter signal abnormalities represent reduced cellularity rather than active demyelination or ischemia. The peculiar appearance of a discrete
fluid-filled cavity surrounded by the hemosiderin lesions in
participant 10 of our series can be best explained by a transudative or exudative process related to leaky capillary
telangiectasia.
A spectrum of supratentorial MR imaging abnormalities

seem to be common in adults with A-T. These are asymptomatic, or possibly their associated signs and symptoms are lost
amid the many otherwise stable neurologic impairments that
such patients endure. Six of 10 participants in our current
study manifested deep cerebral telangiectatic vessels best visualized on the SWI sequence, whereas the 2 oldest participants
also manifested parenchymal lesions and white matter signal
abnormalities. The vascular lesions have many similarities to
those seen in patients after therapeutic radiation. The pathogenesis of these lesions is unknown, but candidates include
impaired DNA damage response, oxidative damage, enhanced
senescence, or any combination of these 3 changes. The prognosis of these MR imaging changes is unclear and will require
longitudinal studies.
Disclosures: Howard Lederman—RELATED: Grant: A-T Children’s Project*; Support
for Travel to Meetings for the Study or Other Purposes: A-T Children’s Project.*
*Money paid to institution.
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Differences in the Angiographic Evaluation of Coiled Cerebral
Aneurysms between a Core Laboratory Reader and Operators:
Results of the Cerecyte Coil Trial
I. Rezek, R.K. Lingineni, M. Sneade, A.J. Molyneux, A.J. Fox, and D.F. Kallmes

ABSTRACT
BACKGROUND AND PURPOSE: Independent evaluation of angiographic images is becoming widely applied in the assessment of treatment outcomes of cerebral aneurysms. In the current study, we assessed the agreement between an independent core laboratory and the
operators regarding angiographic appearance in a recent randomized, controlled trial.
MATERIALS AND METHODS: Data were derived from the Cerecyte Coil Trial. Angiographic images of each coiled aneurysm, taken
immediately after embolization and at 5- to 7-month follow-up, were evaluated by the operator at the treating center and by an
independent neuroradiologist at the core laboratory. For the purpose of this study, images were interpreted on a 3-point scale to provide
uniformity for analysis; grade 1: complete occlusion, grade 2: neck remnant; and grade 3: sac ﬁlling. “Unfavorable angiographic appearance”
was deﬁned as grade 3 at follow-up or interval worsening of grade between the 2 time points.
RESULTS: The study included 434 aneurysms. Immediately after embolization, grade 3 was reported by operators in 39 (9%) compared
with 52 (12%) by the core laboratory (P ⫽ .159). On follow-up, grade 3 was reported by operators in 44 (10%) compared with 81 (19%) by the
core laboratory (P ⬍ .0001). Overall, operators noted unfavorable angiographic appearance in 78 (18%) compared with 134 (31%) by the core
laboratory (P ⬍ .0001). At every time point, agreement between the core laboratory and the operators was slight.
CONCLUSIONS: Unfavorable angiographic appearance was noted almost twice as frequently by an independent core laboratory as
compared with the operators. Planning of trials and interpretation of published studies should be done with careful attention to the mode
of angiographic appearance interpretation.

A

ngiographic imaging represents the principal metric for evaluating endovascular treatment of cerebral aneurysms and
comparing the efficacy of different coil types. The relationship
between complete or stable aneurysm occlusion and incomplete
occlusion and the risk of delayed aneurysm re-bleeding remains
uncertain. Angiographic results are also used to decide on
whether further treatment is considered. Treatment success and
indications for further management, including the possibility of
an additional intervention, are highly dependent on angiographic
appearance in the belief that patients with incomplete occlusion
are at risk of hemorrhage, though the size of this risk is unknown.
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Most previous literature included assessments of angiographic
appearance on the basis of readings performed in the treating
center(s).1-3 However, other investigators,4-11 especially in the
setting of randomized, controlled trials,9-11 have used an independent core laboratory for angiographic assessment. Independent core laboratories represent a centralized approach and can
provide a standard operating procedure for imaging review. In
this respect, they are used to provide a more objective assessment
within a trial setting than may be possible at treating centers. This
suggested objectivity may also result from the core laboratory
being blinded to treatment settings, using the same prespecified
systematic reviewing protocols, and usually consisting of more
experienced reviewers. On the other hand, operators, being aware
of the details of the patient status and the procedure, may have a
hands-on sense of “success” when considering the risk-benefit
ratio of adding more coils to the treated aneurysm. Also, there is
currently no study addressing the degree of objectivity of operators judging their own procedural results at the end of prolonged
risk procedures.
Reported angiographic appearance after endovascular treatment has varied widely in previous studies.12-15 Many factors are

Table 1: Deﬁnitions of the scales of assessment used
Angiographic Assessment
Scale in the
Operator Angiographic
Current Study
Assessment Scalea
Grade 1
Complete occlusion
Grade 2
Grade 3
a

Subtotal occlusion or neck
remnant
Incomplete occlusion/aneurysm
ﬁlling

Core Laboratory Angiographic
Assessment Scale Immediately
after Embolization
Apparently complete occlusion or
overlapping coils/neck
Neck remnant
Inﬂow/incomplete occlusion (body
ﬁlling)

Core Laboratory Angiographic
Assessment Scale at Follow-Up
Complete occlusion
Stable neck appearance/neck
remnant
Residual ﬁlling

Cases assessed as “failed embolization” by the operators were excluded from the analysis of this study.

known to influence angiographic appearance, including aneurysm size, neck diameter, initial rupture status, and follow-up
duration.10,16-18 However, the influence of core laboratory interpretation on outcomes for research purposes, compared with operator evaluations at the treating centers, remains poorly studied.19,20 In the current study, we assessed the agreement between
an independent core laboratory and the operators at the treating
centers regarding angiographic outcomes in a recent randomized,
controlled trial.

MATERIALS AND METHODS
All data were derived from the Cerecyte Coil Trial.9,21 The trial
compared patients with either a ruptured or unruptured aneurysm treated with bioactive Cerecyte coils (Micrus Endovascular,
San Jose, California) or bare platinum coils. Details about patient
enrollment and inclusion/exclusion criteria are described elsewhere.9,21 Briefly, patients with 1 aneurysm deemed suitable for
endovascular treatment were enrolled into the trial and randomly
assigned to either receiving Cerecyte or bare platinum coils. There
were 23 participating centers worldwide. Aneurysms were imaged
by DSA immediately after embolization and by either DSA or MR
angiography at 5–7 months of follow-up. Each imaging session
was evaluated by the operator and by an independent core laboratory. The core laboratory consisted of a single, experienced neuroradiologist who did not have access to the center evaluations
and was blinded to the type of coil used. In a similar fashion, the
operators at the treating centers were blinded to the core laboratory assessment. Images of the studied aneurysms were sent to the
core laboratory reader on compact discs for assessment without
further details about the procedure other than vessel location of
the target aneurysm. More details about the process of sending
images are described elsewhere.9
Angiographic appearance was evaluated at the core laboratory
and each of the treating centers by use of predefined scales that are
summarized in Table 1. Operators evaluated angiographic images
immediately after embolization and at follow-up by use of a 4-point
scale, including 1) complete occlusion; 2) subtotal occlusion or neck
remnant; 3) incomplete occlusion/aneurysm filling; and 4) failed
embolization. The core laboratory used a slightly modified 4-point
scale immediately after embolization and another one at follow-up.
The core laboratory scale immediately after embolization included 1)
apparently complete occlusion; 2) overlapping coils/neck; 3) neck
remnant; and 4) inflow/incomplete occlusion (body filling). The
core laboratory scale at follow-up included 0, no change compared
with immediate postembolization DSA; 1, complete occlusion; 2,
stable neck appearance/neck remnant; and 3, residual filling. For the
purposes of this study, and after confirming with the core laboratory

reader about the definitions of the scale points, we considered “complete occlusion” from operator readings to be equivalent to “apparently complete,” “overlapping coils/neck,” or “complete occlusion”
from core laboratory readings (grade 1 for the purposes of the current study); “subtotal occlusion or neck remnant” to be equivalent to
“neck remnant” or “stable neck appearance/neck remnant” (grade 2
for the purposes of the current study); and “incomplete occlusion/
aneurysm filling” to be equivalent to “inflow/incomplete (body filling)” or “residual filling” (grade 3 for the purposes of the current
study). When the core laboratory reported that there was “no
change” in the angiographic appearance on follow-up, the aneurysm was given the same grade of the core laboratory readings in the immediate postembolization assessment. “Failed
embolization” cases were excluded from all analysis as well as
cases with incomplete imaging data. Last, we defined “unfavorable angiographic appearance” as either grade 3 at follow-up or
interval worsening of grade between the immediate postembolization angiogram and the follow-up imaging.

Statistical Analysis
A simple  coefficient and a 95% CI were used to assess agreement
between the core laboratory reader and the operators in evaluating angiographic appearance. Kappa scores were interpreted as
follows22: ⬍0 as “less than chance agreement,” 0.01– 0.20 as
“slight agreement,” 0.21– 0.40 as “fair agreement,” 0.41– 0.60
as “moderate agreement,” 0.61– 0.80 as “substantial agreement,”
and 0.81– 0.99 as “almost perfect agreement.”
The McNemar test of symmetry was used to assess the marginal homogeneity of the proportion of grade 3 immediately after
embolization and at follow-up as well as the proportion of aneurysms identified as having had an “unfavorable appearance” for
both the operators and core laboratory readings. All statistical
analysis was performed with the use of SAS software (v9.3, SAS
Institute, Cary, North Carolina).

RESULTS
Patients (n ⫽ 497) with 1 confirmed aneurysm suitable for coil
embolization were enrolled in the trial. Of these 497 target aneurysms, 49 (9.9%) were excluded from the angiographic analysis
because of incomplete imaging data and 14 (2.8%) were also excluded as the operators deemed them as “failed embolizations.”
Thus, the current analysis included 434 aneurysms (87.3%) of 497
treated aneurysms that were reviewed immediately after embolization and at 5–7 months of follow-up by both the operators and
core laboratory reader.
Angiographic appearance of the treated aneurysms immediately after embolization is presented in Table 2. Of the 395 (91%)
AJNR Am J Neuroradiol 35:124 –27
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Table 2: Immediate postembolization angiographic appearance
on the 3-point scale
Operator Readings
Core Laboratory
Readings
Grade 1
Grade 2
Grade 3
Total
a

Grade 1,
n (%)a
108 (48)
97 (43)
21 (9)
226

Grade 2,
n (%)
41 (24)
100 (59)
28 (17)
169

Grade 3,
n (%)
18 (46)
18 (46)
3 (8)
39

Total
167
215
52
434

Percentages follow columnar order.

Table 3: Follow-up angiographic appearance on the 3-point scale
Operator Readings
Core Laboratory
Readings
Grade 1
Grade 2
Grade 3
Total
a

Grade 1,
n (%)a
105 (43)
124 (51)
14 (6)
243

Grade 2,
n (%)
24 (16)
80 (55)
43 (29)
147

Grade 3,
n (%)
1 (2)
19 (43)
24 (55)
44

Total
130
223
81
434

Percentages follow columnar order.

Table 4: Agreement between operators and the core laboratory
reader on different time point assessments
Simple  Coefﬁcient
(95% CI)
Interpretation
Immediately after embolization 0.138 (0.067–0.209) Slight agreement
on 3-point scale
Follow-up on 3-point scale
0.189 (0.121–0.258) Slight agreement
Favorable versus unfavorable
0.121 (0.042–0.199) Slight agreement
outcomes

of 434 aneurysms graded either 1 or 2 by the operators, 49 were
graded as 3 by the core laboratory reader. The overall number of
aneurysms graded as 3 by the operators was 39 (9%) of 434 aneurysms compared with 52 (12%) graded as 3 by the core laboratory
reader (P ⫽ .159).
Angiographic appearance of the treated aneurysms at follow-up is presented in Table 3. Of the 390 (90%) of 434 aneurysms that were graded as either 1 or 2 by the operators, 57 (16%)
were graded as 3 by the core laboratory reader. The overall number of aneurysms graded as 3 by the operators was 44 (10%) of 434
aneurysms compared with 81 (19%) graded by the core laboratory reader (P ⬍ .0001).
Of the 356 aneurysms that had “favorable angiographic appearance” according to the operators, 86 (24%) had “unfavorable angiographic appearance” according to the core laboratory reader. The
overall “unfavorable angiographic appearance” according to the operators was 78 (18%) of 434 aneurysms compared with 134 (31%)
according to the core laboratory reader (P ⬍ .0001).
Agreement between the core laboratory reader and the operators by use of the simple  coefficient is presented in Table 4. At
every time point, agreement between the core laboratory and the
operators was slight.

DISCUSSION
In the current study, we have shown that interpretation angiographic
appearance for the same treated aneurysms can significantly change
when reviewed by an independent core laboratory versus the treating
operators. At follow-up, the rates of both unfavorable angiographic
appearance, as well as those deemed as grade 3, were nearly twice as
high for the core laboratory compared with the operator assessments.
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Agreement between the core laboratory and operators was only
“slight” after embolization and at follow-up. This appears to be far
worse than the “good” agreement among readers in a single-center
study.23 These findings suggest not only that single-center studies with angiographic appearance assessed by operators are
fundamentally different from those assessed by independent
core laboratories but also that outcomes assessed at the treating centers are likely to be systematically more favorable than
those from core laboratories, even for the same angiograms.
The core laboratory recognized that some post-coiling angiograms appear complete but have coils overlapping aneurysm
necks due to the view needed to separate parent vessel from
coils not being available. An example is some anterior communicating aneurysms best viewed with a basal submental vertex
view, but not done at the time of coiling.
The impact of core laboratory evaluation of outcomes has previously been studied in cardiology and its superiority over operator
readings suggested.24-28 A recent systematic review and meta-analysis of the endovascular literature for cerebral aneurysms19 found
that studies that used an independent core laboratory reported
higher numbers of unfavorable angiographic outcomes as
compared with treating center evaluations, but the quality of
evidence was low for the heterogeneity of the literature studies.
The current study, which allowed direct comparison of individual cases from a randomized cohort instead of relying on
literature reviews, adds additional evidence for the impact of
core lab readings on reported outcomes. Another group of
investigators20 has shown that core laboratory evaluation of
immediate angiographic images resulted in doubling the number of incompletely occluded aneurysms when compared with
treating center evaluation, similar to our own findings.
The current study had some limitations. First, to achieve uniformity of the reviews as much as possible between core laboratory reader and operators at the treating centers, we had to exclude 13% of the aneurysms for the various reasons that were
listed earlier. We could not standardize the level of experience and
former training of the core laboratory reader with the individual
operators and also account for the variations between readers
from different centers. Also, the Cerecyte Coil Trial was not set up
to answer the specific question of comparing the core laboratory
and operator readings. One of the resulting challenges of the differently oriented design was the ambiguity of the boundaries between the grades of each scale that was used. The possible misperception of the scale definitions among readers can, in part, explain
some of the resulting differences. The core laboratory reader of
the Cerecyte Coil Trial included, for every case, a derivation of
“millimeter” measurements and measured neck remnant depth
establishing 2 mm as an attempted measured boundary between
grade 2 and grade 3 instead of distinguishing them in the eye of the
beholder. This strategy was not applied by the operators in the
treating centers. The core laboratory reader received a limited
amount of information about the individual cases on compact
discs, which may affect the overall understanding of the procedure’s details and possibly affect the subsequent judgment. Finally, this study assesses 1 core laboratory with a single reader,
which reduces the generalizability of the conclusions. A future

study would ideally recruit different core laboratory readers to
assess for interreader variability.

CONCLUSIONS
Unfavorable angiographic appearance was noted almost twice as frequently by an independent core laboratory as compared with the
operators at the treating centers for aneurysms treated with coil embolization. The planning of trials and interpretation of published
studies should be done with careful attention to the mode of angiographic appearance interpretation. More specific attention to the
consistent use of the categories of less-than-complete aneurysm
obliteration may reduce the discrepancies.
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Last-Recorded P2Y12 Reaction Units Value Is Strongly
Associated with Thromboembolic and Hemorrhagic
Complications Occurring Up to 6 Months after Treatment in
Patients with Cerebral Aneurysms Treated with the Pipeline
Embolization Device
J.E. Delgado Almandoz, B.M. Crandall, J.M. Scholz, J.L. Fease, R.E. Anderson, Y. Kadkhodayan, and D.E. Tubman

ABSTRACT
BACKGROUND AND PURPOSE: A recent study identiﬁed a preprocedural P2Y12 reaction units value of ⬍60 or ⬎240 as a strong
independent predictor of perioperative thromboembolic and hemorrhagic complications after treatment of cerebral aneurysms with the
Pipeline Embolization Device. This study aimed to determine whether a last-recorded P2Y12 reaction units value of ⬍60 or ⬎240 predicts
thromboembolic and hemorrhagic complications up to 6 months after treatment of cerebral aneurysms with the Pipeline Embolization
Device in the same patient cohort.
MATERIALS AND METHODS: We recorded patient and aneurysm characteristics, P2Y12 receptor antagonist administered, P2Y12 reaction
units value with VerifyNow, procedural variables, and thromboembolic and hemorrhagic complications up to 6 months after Pipeline
Embolization Device procedures at our institution during an 8-month period. Complications causing a permanent disabling neurologic
deﬁcit or death were considered major. Multivariate regression analysis was performed to identify independent predictors of thromboembolic and hemorrhagic complications.
RESULTS: Forty-four patients underwent 48 Pipeline Embolization Device procedures at our institution during the study period. There
were 11 thromboembolic and hemorrhagic complications up to 6 months after treatment in our cohort (22.9%), 5 of which were major
(10.4%). A last-recorded P2Y12 reaction units value of ⬍60 or ⬎240 was the only independent predictor of all (P ⫽ .002) and major (P ⫽ .03)
thromboembolic and hemorrhagic complications in our cohort. Most patients (71%) required, on average, 2 adjustments to the dose or
type of P2Y12 receptor antagonist to remain within the 60 –240 target P2Y12 reaction units range.
CONCLUSIONS: In our cohort, a last-recorded P2Y12 reaction units value of ⬍60 or ⬎240 was the only independent predictor of all and
major thromboembolic and hemorrhagic complications up to 6 months after Pipeline Embolization Device procedures.
ABBREVIATIONS: DAT ⫽ dual antiplatelet therapy; ICH ⫽ parenchymal intracerebral hemorrhage; PED ⫽ Pipeline Embolization Device; PRU ⫽ P2Y12 reaction units

E

ndovascular treatment of cerebral aneurysms with the Pipeline Embolization Device (PED; Covidien/ev3, Irvine, California) requires its deployment within the lumen of the parent artery
to allow the vessel to endothelialize along the PED and exclude the
aneurysm from the circulation. This process carries the risk of
thromboembolic complications because platelets could become
activated, adhere to the PED, form thrombus, and cause either in
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situ PED thrombosis or distal thromboembolization. Hence, PED
procedures are usually performed under dual antiplatelet therapy
(DAT) with aspirin and a P2Y12 receptor antagonist such as
clopidogrel, prasugrel, or ticagrelor. However, DAT carries the
risk of hemorrhagic complications, with parenchymal intracerebral hemorrhage (ICH) being the most potentially devastating.
Case series of 12–191 patients with cerebral aneurysms treated
with the PED have reported a wide range of thromboembolic and
hemorrhagic complications, with the risk of cerebral infarction
ranging from 0% to 14% and the risk of ICH ranging from 0% to
11%.1-16 Among other factors, the variability in thromboembolic
and hemorrhagic complications after PED procedures could be
due to differences in patient responses to the P2Y12 receptor antagonists administered while the PED endothelializes.
The P2Y12 receptor plays a central role in platelet activation
and aggregation. Clopidogrel and prasugrel cause irreversible inhibition of the P2Y12 receptor, while ticagrelor causes reversible

inhibition of this receptor. VerifyNow (Accumetrics, San Diego,
California) is a point-of-care platelet function test that measures
the degree of P2Y12 receptor inhibition after stimulation with
adenoside diphosphate, a P2Y12 receptor agonist. This assay has
been found to correlate strongly with light transmittance aggregometry, the criterion standard for quantification of platelet
reactivity, in patients treated with clopidogrel, prasugrel, or
ticagrelor.17-20 VerifyNow results are reported in P2Y12 reaction
units (PRUs), with a lower PRU value corresponding to a higher
degree of P2Y12 receptor inhibition and, hence, a decreased likelihood of platelet activation and aggregation; and a higher PRU
value corresponding to a lower degree of P2Y12 receptor inhibition and, hence, an increased likelihood of platelet activation and
aggregation. A recent study of 44 patients who underwent 48 PED
procedures for treatment of cerebral aneurysms at our institution
found that a preprocedural PRU value of ⬍60 or ⬎240 measured
with VerifyNow was the strongest independent predictor of perioperative thromboembolic and hemorrhagic complications occurring up to postoperative day 30.16
The aim of this study was to determine whether a last-recorded
PRU value of ⬍60 or ⬎240 (up to the occurrence of a complication, if any) predicts thromboembolic and hemorrhagic complications occurring up to 6 months after treatment in the same
cohort of patients with cerebral aneurysms treated with the PED
at our institution.

MATERIALS AND METHODS
Our study was approved by the institutional review board of our
hospital and conducted in compliance with the Health Insurance
Portability and Accountability Act. We conducted a retrospective
analysis to examine the predictors of thromboembolic and hemorrhagic complications occurring up to 6 months after treatment in
patients who underwent treatment of cerebral aneurysms with the
PED at our institution from November 17, 2011 to July 23, 2012.

changes to the dose or type of P2Y12 receptor antagonist administered, after changes to medications that may affect clopidogrel or
prasugrel metabolism, or at any time if the patient was symptomatic
with abnormal bruising/bleeding or focal neurologic deficits.
The target P2Y12 receptor inhibition initially was 80 –200
PRUs and was subsequently expanded to 60 –240 PRUs after July
27, 2012. For most elective PED procedures (83%), DAT was
started 10 days before the procedure with 325 mg aspirin daily and
75 mg clopidogrel daily. The clopidogrel response was assessed
the day before the procedure. Clopidogrel hyporesponders received a 60-mg prasugrel loading dose the day before the procedure followed by 10 mg prasugrel daily, and the initial prasugrel
response was assessed on the day of the procedure. Clopidogrel
hyper-responders were placed on every other day, every third day,
every Monday and Friday, every fourth day, or every fifth day
dosing regimens as needed to reach the target PRU range. Prasugrel hyporesponders received a 180-mg loading dose of
ticagrelor followed by 90 mg twice a day with the initial ticagrelor
response assessed before the procedure. Prasugrel hyper-responders in follow-up testing initially had the daily prasugrel dose
reduced to 5 mg and, if needed, were subsequently placed on every
other day or every third day dosing regimens to reach the target
PRU range. Although the aforementioned adjustments to the
dose or type of the P2Y12 receptor antagonist administered were
made according to the preprocedural PRU value, elective PED
procedures were not rescheduled to a later date to reach the target
PRU range before PED deployment.
For urgent/emergent PED procedures, a 60-mg loading dose
of prasugrel was administered followed by 10 mg prasugrel daily,
with the initial prasugrel response assessed before the procedure
and follow-up testing performed as described above.

PED Procedure

We recorded baseline patient characteristics, dose and type of
P2Y12 receptor antagonist administered, P2Y12 receptor inhibition with the VerifyNow test (in PRUs) up to the occurrence of a
thromboembolic or hemorrhagic complication (if any), aspirin
dose, aneurysm characteristics, number of PEDs deployed, technical difficulties, procedure time, postprocedural corticosteroid
regimen, and the incidence and severity of thromboembolic and
hemorrhagic complications occurring up to 6 months after the
PED procedure. Procedures were considered technically difficult
if there was PED herniation into the aneurysm, incomplete PED
opening requiring balloon angioplasty for adequate wall apposition, PED migration during deployment requiring a second PED
to cover the aneurysm neck, or concurrent treatment of another
cerebral aneurysm. Thromboembolic and hemorrhagic complications were reviewed by a panel of 3 neurointerventionalists and
were designated “major” if they caused a permanent disabling
neurologic deficit or death.

The PED procedure was performed with the patient under general
anesthesia by a team of 2 neurointerventionalists by using transfemoral access in a dedicated biplanar neuroangiographic unit
(Axiom Artis; Siemens, Erlangen, Germany). Heparinization was
used throughout the procedure to achieve an activated clotting
time 2–2.5 times baseline. A triaxial system was used with a 6F
long sheath (Shuttle; Cook, Bloomington, Indiana), a distal access
catheter (ReFlex; Covidien/ev3 or Neuron; Penumbra, Alameda,
California), and a Marksman microcatheter (Covidien/ev3). A
0.016-inch (Headliner; Terumo, Tokyo, Japan) or 0.014-inch
(Traxcess; MicroVention, Aliso Viejo, California or Avigo; Covidien/ev3) microwire was used to advance the Marksman microcatheter across the aneurysm neck. The PED device was deployed
across the aneurysm neck under fluoroscopic guidance. A postdeployment DynaCT (Siemens) angiography performed to ensure adequate PED vessel wall apposition and aneurysm neck coverage. Final biplanar angiography was performed to document
patency of the intracranial vasculature. Hemostasis was achieved
with an Angio-Seal device (St. Jude Medical, Minnetonka, Minnesota). Heparinization was not continued postprocedure.

DAT Protocol

Statistical Analysis

P2Y12 receptor inhibition was assessed with the VerifyNow test in
all patients before the procedure and 10 and 30 days after any

Statistical analysis was performed using MedCalc 11.1 software
package (MedCalc Software, Mariakerke, Belgium). First, we per-
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Table 1: Thromboembolic and hemorrhagic complications occurring up to 6 months after treatment of cerebral aneurysms with the
PED according to last-recorded PRU value
Thromboembolic
Hemorrhagic
All Complications
Complications
Complications
All procedures (n ⫽ 48)
PRU ⬍60 (n ⫽ 9)
PRU 60–240 (n ⫽ 37)
PRU ⬎240 (n ⫽ 2)
a
b

All (%)
11 (22.9)
5 (55.6)
4 (10.8)
2 (100)

Majora (%)
5 (10.4)
3 (33.3)
1 (2.7)
1 (50)

P Valueb

⬍.001/.011

All (%)
6 (12.5)
1 (11.1)
3 (8.1)
2 (100)

Majora (%)
1 (2.1)
0
0
1 (50)

P Valueb

.014/.042

All (%)
5 (10.4)
4 (44.4)
1 (2.7)
0

Majora (%)
4 (8.3)
3 (33.3)
1 (2.7)

P Valueb

.004/.036

Resulting in death or permanent disabling neurologic deﬁcits.
For difference in all/major complications.

formed univariate analysis with the 2 or Fisher exact test for each
variable to identify the predictors of all and major thromboembolic and hemorrhagic complications occurring up to 6 months
after treatment in our cohort. Then, we performed multivariate
regression analysis to identify the independent predictors of all
and major thromboembolic and hemorrhagic complications occurring up to 6 months after treatment in our cohort. A P value ⱕ
.05 was considered statistically significant.

RESULTS
From November 17, 2011, to July 23, 2012, forty-four patients
underwent 48 PED procedures to treat 54 cerebral aneurysms at
our institution. Thirty-six patients were women (81.8%), and 8,
men (18.2%). Mean age was 59.2 years (median, 63 years; range,
31– 81 years). Seven patients had a remote history of subarachnoid hemorrhage (15.9%), and 10, a family history of cerebral
aneurysms (22.7%). Ten aneurysms were symptomatic (18.5%),
11 had recurred after coiling (20.4%), and 27 were incidental
(50%). Mean maximum aneurysm size was 8.4 mm (median, 5.8
mm; range, 1.9 –27.6 mm). Mean aneurysm neck size was 4.8 mm
(median, 4 mm; range, 1.1–17 mm). Mean procedure time was
67.7 minutes (median, 50.5 minutes; range, 28 –220 minutes).
Seventeen procedures were technically difficult (35.4%), with a
mean procedure time of 108.7 minutes (median, 91 minutes;
range, 56 –220 minutes). Mean number of PEDs deployed was 1.3
(range, 1–5).
Mean last-recorded PRU value up to the occurrence of a
thromboembolic or hemorrhagic complication (if any) was 130.2
(median, 132.5; range, 0 –292). Mean time interval from initiation
of DAT to the last P2Y12 receptor inhibition test up to the occurrence of a thromboembolic or hemorrhagic complication (if any)
was 103.3 days (median, 83 days; range, 7–233 days).

Thromboembolic and Hemorrhagic Complications
Occurring Up to 6 Months after Treatment of Cerebral
Aneurysms with the PED and Associated Last-Recorded
PRU Values
Table 1 summarizes the incidence of thromboembolic and hemorrhagic complications occurring up to 6 months after treatment
in our cohort according to the last-recorded PRU value, using a
PRU value of ⬎240 as a proposed cutoff for P2Y12 receptor underinhibition21 and a PRU value of ⬍60 as a proposed cutoff for
P2Y12 receptor overinhibition.
There were 6 thromboembolic (12.5%) and 5 hemorrhagic
(10.4%) complications occurring up to 6 months after treatment
in our cohort. Of these, 5 were major (10.4%): Three resulted in a
permanent disabling neurologic deficit (6.2%, one thromboembolic, 2 hemorrhagic), and 2 ICHs resulted in death (4.2%).
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The 4 perioperative thromboembolic complications in our cohort (one of which was major) have been described previously.16
There were 2 additional thromboembolic complications occurring after the perioperative period in our cohort: 1 patient with an
asymptomatic delayed PED thrombosis after treatment of a blister ICA aneurysm identified at the time of the 6-month follow-up
angiogram (PRU 193), and 1 patient with a delayed perforator
infarction causing nondisabling deficits in short-term memory
and executive planning after treatment of an anterior cerebral
artery aneurysm (PRU 205, Fig 1). The patient with the major
perioperative
thromboembolic
complication
had
a
markedly elevated PRU value (PRU 292) at the time of the
complication.
The 4 perioperative hemorrhagic complications in our cohort
(3 of which were major) were all ICHs ipsilateral to the PED and
have been described previously.16 An additional ICH contralateral to the PED occurred on postoperative day 50 in a patient with
postmortem examination–proven amyloid angiopathy at the site
of the ICH (PRU 58, Fig 2). Of note, 80% of hemorrhagic complications, including 3 of the 4 major complications (75%), occurred in patients who had decreased PRU values shortly before
(PRU 0) or at the time of the ICH (PRU 2, 10, and 58).
Overall, 4 of the 5 (80%) major thromboembolic and hemorrhagic complications occurring up to 6 months after treatment in
our cohort occurred in patients who had markedly elevated (292,
thromboembolic complication) or decreased (0, 10, 58, hemorrhagic complications) PRU values shortly before or at the time of
the complication.

Predictors of Thromboembolic and Hemorrhagic
Complications Occurring Up to 6 Months after Treatment
of Cerebral Aneurysms with the PED
The On-line Table summarizes the predictors of thromboembolic
and hemorrhagic complications occurring up to 6 months after
treatment in our cohort. In univariate analysis, a last-recorded
PRU value of ⬍60 or ⬎240 (P ⬍ .001) and a technically difficult
procedure (P ⫽ .036) were predictors of all thromboembolic and
hemorrhagic complications occurring up to 6 months after treatment in our cohort, while a last-recorded PRU value of ⬍60 or
⬎240 (P ⫽ .01) was the only predictor of major thromboembolic
and hemorrhagic complications occurring up to 6 months after
treatment in our cohort.
In multivariate regression analysis, a last-recorded PRU value
of ⬍60 or ⬎240 was the only independent predictor of all (P ⫽
.002) and major (P ⫽ .03) thromboembolic and hemorrhagic
complications occurring up to 6 months after treatment in our
cohort.

FIG 1. A 47-year-old patient with a family history of ruptured cerebral aneurysms presented with
a small right anterior cerebral artery aneurysm identiﬁed at screening. The patient elected to
undergo endovascular treatment with the PED. A, 3D image demonstrates a 2-mm right A1/A2
segment anterior cerebral artery aneurysm with the anterior communicating artery arising from
the aneurysm sac. B, Final lateral right ICA angiogram after uncomplicated deployment of a single
2.5 ⫻ 10 mm PED across the aneurysm neck demonstrates patent cerebral vasculature. The
patient demonstrated conversion to a clopidogrel hyper-response (PRU 52) 30 days after initiation of DAT and underwent 2 clopidogrel dose adjustments to remain within the target P2Y12
receptor inhibition range of 60 –240 PRU. A ﬁnal dosing regimen of 75 mg clopidogrel every third
day was instituted 94 days after initiation of DAT. At the time of the 6-month follow-up angiogram, the patient’s spouse stated that for the past 3– 4 months the patient had experienced
memory deﬁcits, cognitive changes, and weight gain. MR imaging examination of the brain was
performed immediately, and P2Y12 receptor inhibition testing showed a PRU of 205. C, T2WI
demonstrates an old infarction in the right caudate head, anterior limb of the right internal
capsule, and right putamen (arrowhead), consistent with a perforator infarction (likely in the
territory of the right recurrent artery of Heubner), which was not present in pretreatment imaging. D, Six-month follow-up catheter angiogram demonstrates complete exclusion of the right
anterior cerebral artery aneurysm from the circulation with a widely patent PED but no ﬂow
across the anterior communicating artery. The patient underwent neurologic and neuropsychological consultation and had nondisabling deﬁcits in short-term memory, attention, problem
solving, and self-regulation with near-complete resolution after outpatient rehabilitation.

Variability in Clopidogrel Response and Clinical
Management of DAT
Table 2 summarizes the final P2Y12 receptor antagonist dosing regimen administered and associated major thromboembolic and hemorrhagic complications occurring up to 6 months after treatment in
our cohort.

Forty-two patients underwent elective PED procedures (95.5%), and 2 patients were started on aspirin/prasugrel
DAT for urgent/emergent PED procedures (4.5%) in our cohort. With the
initial target P2Y12 receptor inhibition
range of 80 –200 PRUs as the reference,
in preprocedural testing 11 patients
were considered clopidogrel hyporesponders (26.2%; mean PRU, 272.8; median, 262; range, 207–399), 9 patients
were considered clopidogrel hyper-responders (21.4%; mean PRU, 48.1; median, 54; range, 9 –73), and 22 patients
were within the target PRU range
(52.4%; mean PRU, 141.9; median,
155.5; range, 83–197).
Among the 22 patients who were initially within the target PRU range, 17 became clopidogrel hyper-responders in
follow-up testing (77.3%; mean PRU,
23.4; median, 10; range, 1–78). Among
these, 7 were symptomatic (41.2%; five
with abnormal bruising/bleeding and 2
with ICH). Mean time from initiation of
DAT to conversion to a clopidogrel hyper-response was 41.6 days (median, 30
days; range, 16 –200 days). No patients became clopidogrel hyporesponders in follow-up P2Y12 receptor inhibition testing.
During the study period, 31 patients
required at least 1 adjustment to the
dose or type of P2Y12 receptor antagonist administered to remain within the
expanded target P2Y12 receptor inhibition range of 60 –240 PRUs (70.5%),
with a mean of 2.1 adjustments per patient (median, 2; range, 1–5) and a mean
time from initiation of DAT to last adjustment of 49.9 days (median, 43 days;
range, 8 –149 days). Four patients temporarily exhibited a PRU of ⬎240 after a
dose adjustment (12.9%; 3 prasugrel,
1 clopidogrel) without experiencing
thromboembolic complications.

DISCUSSION

The overall incidence of thromboembolic (12.5%) and hemorrhagic (10.4%)
complications up to 6 months after PED
procedures in our cohort is within the
range of previously published studies
(0%–14% and 0%–11%, respectively).1-15 The overall risk of major complications causing a permanent disabling neurologic deficit or death in our cohort was 10.4%, which is higher than the risk
of serious complications associated with endosaccular aneurysm
treatment with coils (approximately 3%– 4%). However, the target patient population for PED procedures is usually those with
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FIG 2. A 63-year-old patient with a long-standing history of cigarette smoking presented with a 3-week history of visual disturbance. A, NCCT
demonstrates a subacute ICH in the left occipital lobe. The patient underwent further evaluation with contrast-enhanced brain MR imaging,
CTA, and conventional angiography, none of which demonstrated an etiology for the ICH. B, 3D image of a right ICA angiogram demonstrates
3 incidental cerebral aneurysms, with a 2-mm right A2 segment anterior cerebral artery aneurysm (arrowhead). There were 2 additional
incidental left-sided cerebral aneurysms, not in the vicinity of the ICH (not shown). Three months after presentation, a repeat contrastenhanced brain MR image showed expected evolution of the left occipital ICH without new foci of hemorrhage or abnormal enhancement. The
patient expressed a strong desire to undergo endovascular treatment of all the incidental cerebral aneurysms, despite the fact that amyloid
angiopathy was the leading differential diagnosis for the ICH. After careful discussion with the patient and family regarding the risk of
potentially-devastating rehemorrhage, DAT with aspirin and clopidogrel was instituted, and the right MCA bifurcation aneurysm was treated
uneventfully with stent-assisted coil embolization. C, Sixteen days later, balloon-assisted coil embolization of the 2-mm right anterior cerebral
artery aneurysm was complicated by aneurysm rupture. Hemostasis was achieved with immediate balloon inﬂation, and the aneurysm was
ultimately treated with several coils and a 2.5 ⫻ 12 mm PED across its neck. D, Final lateral right ICA angiogram demonstrates patent cerebral
vasculature. The patient recovered from the subarachnoid hemorrhage and was discharged to a rehabilitation facility on postoperative day 25.
The patient demonstrated conversion to a clopidogrel hyper-response (PRU 34) 26 days after initiation of DAT and underwent 3 clopidogrel
dose adjustments in an attempt to reach the target P2Y12 receptor inhibition range of 60 –240 PRU. A dosing regimen of 75-mg clopidogrel every
fourth day was instituted 65 days after initiation of DAT, but follow-up P2Y12 receptor inhibition testing had not been completed. E, On
postoperative day 50, the patient was found unresponsive at home. NCCT demonstrates a recurrent left occipital ICH with extensive subdural
extension causing a severe rightward midline shift. PRU at the time of the ICH was 58. The patient died that evening. Postmortem examination
revealed amyloid angiopathy affecting the left occipital lobe.

large and wide-neck aneurysms, which are either not treatable by
coil embolization or are at an increased risk of recurrence, requiring multiple treatments. Nevertheless, the higher risk of major
thromboembolic and hemorrhagic complications associated with
flow diversion must be strongly considered when offering this
treatment technique to patients with potentially coilable or
clipable cerebral aneurysms.
The issue of P2Y12 receptor underinhibition in patients undergoing coronary interventions has been well-studied in the cardiology literature, and a PRU cutoff of ⬎240 has been proposed to
indicate significant residual platelet reactivity.21 In our cohort,
26% of patients were considered clopidogrel hyporesponders in
preprocedural testing using a PRU cutoff of ⬎200 (using a PRU
cutoff of ⬎240, 21% of patients would have been considered
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clopidogrel hyporesponders). The proportion of clopidogrel hyporesponders in our cohort was lower than that reported by Akbari et al22 (32.9%) and Lee et al23 (42.9%) in patients undergoing
various types of neurointerventional procedures also tested with
VerifyNow using a ⬍40% “P2Y12% inhibition” cutoff. Although
4 patients in our cohort experienced nondisabling thromboembolic complications with last-recorded PRU values of ⬍240 (including a delayed asymptomatic PED thrombosis and a delayed
perforator infarction), the patient with the major disabling
thromboembolic complication had a last-recorded PRU value of
⬎240 (PRU 292).
The important issue of P2Y12 receptor overinhibition in patients undergoing PED procedures has not been well examined in
the literature. In our cohort, 21% of patients were considered

While the etiology of perioperative ICHs ipsilateral to the PED
is likely multifactorial, P2Y12 receptor overinhibition in the perioperative period may play an important role. In our cohort, 3 of
the 4 patients (75%) with perioperative ICHs were found to have
P2Y12 receptor overinhibition with markedly decreased PRU values (0, 2, 10) at the time of or just before the ICH. Similarly, Goh
et al24 also found that P2Y12 receptor overinhibition in the perioperative period placed patients undergoing various types of neurointerventional procedures at significantly increased risk of experiencing major perioperative hemorrhagic complications
(43%). A study of 133 coil embolization procedures to treat unruptured cerebral aneurysms reported a 30% rate of periprocedural thromboembolic diffusion-weighted imaging–positive lesions within 72 hours of the intervention.25 Furthermore, a
pathologic study of 3 patients who had
Table 2: Final P2Y12 receptor antagonist dosing regimen and associated major
fatal ICHs after PED procedures demthromboembolic and hemorrhagic complications occurring up to 6 months after treatment
onstrated basophilic material occluding
in patients with cerebral aneurysms treated with the PED
the blood vessels around the ICH,26
Outside Target P2Y12
which
may represent the hydrophilic
No. of Patients
Major Complications
Receptor-Inhibition Range
(%)
(%)
(PRU 60–240)a (%)
coating of the catheters or wires used in
All patients
44 (100)
5 (11.4)
4 (80)
these procedures. Therefore, it is plausiClopidogrel
31 (71)
3 (9.7)
3 (100)
ble that some of the perioperative ICHs
150 mg daily
3 (9.7)
1 Infarction, 1 ICH (66.7)
2 (100)
ipsilateral to the PED could be explained
75 mg daily
15 (48.3)
0
by hemorrhagic transformation of sub75 mg QOD
2 (6.5)
0
clinical infarctions caused by emboliza75 mg Q3D
3 (9.7)
0
tion of different types of embolic mate75 mg QMF
5 (16.1)
0
1 (100)
75 mg Q4D
2 (6.5)
1 ICH (50)b
rials (air bubbles, atherosclerotic
75 mg Q5D
1 (3.2)
0
plaque, thrombus, or hydrophilic coatPrasugrel
12 (27)
2 (16.7)
1 (50)
ing from the catheters or wires) in the
10 mg daily
6 (50)
1 ICH (16.7)
1 (100)
setting of P2Y12 receptor overinhibi5 mg daily
5 (41.7)
1 ICH (20)
0
tion. Moreover, the occurrence of a fatal
5 mg QOD
1 (8.3)
0
Ticagrelor
1 (2)
0
amyloid ICH contralateral to the PED
90 mg BID
1 (100)
outside the perioperative period in 1 paNote:—QOD indicates every other day; Q3D, every third day; QMF, every Monday and Friday; Q4D, every fourth day;
tient with a decreased PRU value (PRU
Q5D, every ﬁfth day; BID, twice a day.
58) in our cohort underscores the ima
Shortly before or at the time of a major complication.
b
portance of avoiding P2Y12 receptor
Recurrent ICH with subdural extension contralateral to the PED on postoperative day 50 in a patient with postmortem examination–proven amyloid angiopathy at the site of ICH (PRU 58 at the time of ICH, Fig 2).
overinhibition for the entire duration of
clopidogrel hyper-responders in preprocedural testing using a
PRU cutoff of ⬍80 (using a PRU cutoff of ⬍60, 14% of patients
would have been considered clopidogrel hyper-responders). Our
findings are similar to those reported by Goh et al24 in a cohort of
47 patients undergoing various types of neurointerventional procedures also tested with VerifyNow (15% using a ⬎72% “P2Y12%
inhibition” cutoff). Most important, using a PRU cutoff of ⬍80,
we evidenced a conversion to a clopidogrel hyper-response in
follow-up testing in 77% of patients who had initially been within
the target PRU range in preprocedural testing (using a PRU cutoff
of ⬍60, sixty percent of patients would have exhibited a conversion). Overall, P2Y12 receptor overinhibition was evidenced in
62% (PRU cutoff of ⬍80) to 50% (PRU cutoff of ⬍60) of patients
who received clopidogrel in our cohort.

Table 3: Current DAT protocol for PED procedures
Initiation of DAT
Target P2Y12 receptor inhibition
Target aspirin inhibition
Initial aspirin dose
Initial clopidogrel dose
Preprocedural aspirin inhibition testinga
Preprocedural P2Y12 receptor-inhibition testing
Hyporesponse to aspirin (⬍ 50% inhibition)
Clopidogrel dosing schedules
Hyporesponse to clopidogrel (PRU ⬎ 240)
Hyper-response to clopidogrel (PRU ⬍ 60)
Reschedule procedure
Postprocedural P2Y12 receptor-inhibition testing

17 Days before procedure
PRU 60–240
ⱖ50%
81 mg daily
75 mg daily
After ten 81-mg aspirin doses or the day before procedure
After ten 75-mg clopidogrel doses and the day before procedure
Aspirin, 325 mg daily
0) 150 mg dailyb; 1) 75 mg daily; 2) 75 mg QOD; 3) 75 mg Q3D; 4) 75 mg QMF; 5) 75 mg
Q5D; 6) 75 mg Q7D; 7) 75 mg PRN to reach PRU ⱖ60
Go back 1 step in clopidogrel dosing schedule
PRU 40–59: advance 1 step in clopidogrel dosing schedule
PRU 10–39: advance 2 steps in clopidogrel dosing schedule
PRU ⬍ 10: advance 3 steps in clopidogrel dosing schedule
PRU ⬍ 60 or ⬎240 on the day before procedure
7–10 and 30–40 Days after any clopidogrel dose adjustment, after changes to
medications that may affect clopidogrel metabolism, or at any time if symptomatic
with abnormal bruising/bleeding or focal neurologic deﬁcits

Note:—QOD indicates every other day; Q3D, every third day; QMF, every Monday and Friday; Q5D, every ﬁfth day; Q7D, once a week; PRN, dosing schedule as needed.
a
Aspirin inhibition testing performed with a standard collagen platelet aggregation assay.
b
Hyporesponders to 150-mg daily clopidogrel dose (PRU ⬎ 240) are started on ticagrelor (180 mg ⫻ 1, then 90 mg twice a day) the day before the procedure without further
P2Y12 receptor-inhibition testing.

AJNR Am J Neuroradiol 35:128 –35

Jan 2014

www.ajnr.org

133

P2Y12 receptor antagonist administration to prevent major hemorrhagic complications that may not be directly related to the
PED procedure.
In our cohort, a last-recorded PRU value of ⬍60 or ⬎240 was
the only independent predictor of all and major thromboembolic
and hemorrhagic complications up to 6 months after treatment
of cerebral aneurysms with the PED. Although maintaining patients within the target PRU range of 60 –240 has proved to be
challenging in our experience—with 71% of patients requiring,
on average, 2 adjustments to the dose or type of P2Y12 receptor
antagonist administered—the possibility of averting major
thromboembolic and hemorrhagic complications justifies the
requisite time and effort. Future prospective studies are needed
to determine whether active P2Y12 receptor antagonist management to maintain patients within a target P2Y12 receptor
inhibition range (proposed PRU 60 –240) in preprocedural
and follow-up testing, including rescheduling patients who are
outside this range in preprocedural testing to make the P2Y12
receptor antagonist adjustments needed to reach the target
PRU range before PED deployment, could lower the risk of
thromboembolic and hemorrhagic complications after PED
procedures.
Following the findings of our study, we have changed our DAT
protocol for PED procedures (Table 3). Due to the risk of potentially-devastating rehemorrhage, we do not institute DAT - and
hence do not perform PED procedures - in patients with a history
of unexplained intracranial hemorrhage or suspected amyloid
angiopathy. For elective PED procedures, we currently initiate
DAT 17 days before the procedure and perform 2 preprocedural
P2Y12 receptor inhibition tests: the first after ten 75-mg clopidogrel doses to adjust the dosing schedule according to the PRU
value (if needed), and the second the day before the procedure to
ensure that the patient is within the 60 –240 target PRU range
before PED deployment. Elective PED deployment is not undertaken until the patient is within the 60 –240 target PRU range in
preprocedural testing performed no earlier than the day before
the procedure. Due to the increased risk of major hemorrhagic
complications with prasugrel encountered by our group and reported by Akbari et al,22 and the occurrence of a major ipsilateral
ICH on postoperative day 20 in a patient receiving a 5-mg daily
prasugrel dose in our cohort (PRU 185), we no longer administer
prasugrel to patients considered clopidogrel hyporesponders or
who must undergo urgent/emergent PED procedures. Patients
who must undergo urgent/emergent PED procedures are started
on ticagrelor before the procedure (180 mg ⫻ 1, then 90 mg twice
a day) without P2Y12 receptor inhibition testing and are transitioned to clopidogrel on postoperative day 30 following the protocol described in Table 3. We do not perform P2Y12 receptor
inhibition testing in patients who receive ticagrelor because the
reversible nature of the P2Y12 receptor inhibition caused by this
medication may preclude dose adjustments and the only patient whom we have tested with VerifyNow while on ticagrelor
therapy consistently exhibited markedly decreased PRU values
(30, 6, 8).
The limitations of our study are the modest sample size and
retrospective nature.
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CONCLUSIONS
In our cohort, a last-recorded PRU value of ⬍60 or ⬎240 was the
only independent predictor of all and major thromboembolic and
hemorrhagic complications occurring up to 6 months after treatment of cerebral aneurysms with the PED, and most patients required 2 adjustments to the dose or type of P2Y12 receptor antagonist administered to remain within the 60 –240 target PRU
range.
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Computational Hemodynamics Analysis of Intracranial
Aneurysms Treated with Flow Diverters:
Correlation with Clinical Outcomes
W. Chong, Y. Zhang, Y. Qian, L. Lai, G. Parker, and K. Mitchell

ABSTRACT
BACKGROUND AND PURPOSE: Recent studies have shown promising results regarding intracranial aneurysms treated with ﬂow diverters. However, these have had adverse effects, including delayed aneurysm occlusion, posttreatment symptoms, and rupture. The hemodynamic proﬁles of aneurysms treated with ﬂow diverters were analyzed to determine the ones associated with successful and failed
treatments.
MATERIALS AND METHODS: Patient-speciﬁc computational ﬂuid dynamics were used to simulate hemodynamic proﬁles, including the
presence of jet ﬂow, energy loss, volume ﬂow, and wall shear stress in 4 successful occlusions of aneurysms and 4 failed cases after
ﬂow-diverter deployment. In these 4 failed cases, hemodynamic proﬁles were examined again after a hypothetic second intervention. This
involved replacing the failed ﬂow diverter with a hypothetic optimally deployed ﬂow diverter or simulated placement of a second ﬂow
diverter within the ﬁrst (double hypothetic optimally deployed).
RESULTS: Where successful occlusions were achieved, a marked obliteration of jet ﬂow was observed. Flow entering the aneurysm sac
was diverted via the center of the ﬂow diverter and joined smoothly with the continuation of ﬂow leaving the aneurysm sac into the
parent arteries. These observations were supplemented by a reduction in the other hemodynamic proﬁles. Aneurysm neck geometry
might inﬂuence the efﬁcacy of the ﬂow diverter.
CONCLUSIONS: Hemodynamic indices, as calculated by using computational ﬂuid dynamics techniques, have close correlation with
ﬂow-diverter treatment outcome. Computational ﬂuid dynamics could be potentially useful as a planning tool for neurointerventionists
by simulating an optimized ﬂow-diverter deployment strategy before the procedure and evaluating posttreatment outcome.
ABBREVIATIONS: CFD ⫽ computational ﬂuid dynamics; EL ⫽ energy loss; FD ⫽ ﬂow diverter; HOFD ⫽ hypothetic optimally deployed FD; VF ⫽ volume ﬂow;
WSS ⫽ wall shear stress

D

espite the availability of biologically coated aneurysm coils,
the Onyx Liquid Embolic System (ev3, Irvine, California),
and balloon- and stent-assisted coiling techniques, wide-neck
large and giant aneurysms are very difficult and sometimes impossible to treat by endovascular means, due to significant residual and recurrence rates and unsatisfactory patient outcomes.1-3
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Surgical management is likewise unsatisfactory. The International
Study of Unruptured Intracranial Aneurysms reported a poor
1-year patient outcome rate of up to 34% for large and giant
aneurysms.4 Flow diverters (FDs) have provided a promising new
method for the endovascular reconstruction of these types of aneurysms.5,6 These are fine mesh stents that divert flow away from
the aneurysm sac, thereby promoting progressive thrombosis and
occlusion of the aneurysm without further addition of coils or
other embolic material. Currently there are 2 devices on the market, the Pipeline Embolization Device (Covidien, Irvine, California) and Silk (Balt, Montmorency, France). Long-term results are
not yet available, but current experience is promising. The
timeframe for complete occlusion of an aneurysm is unknown,
but recent series have documented 6-month occlusion rates of
89.0%–93.3%.7 Of more concern are reports of delayed parenchymal or subarachnoid hemorrhage following FD treatment. These
have been estimated to be up to 1.75% for the Pipeline Embolization Device and 0.8% for Silk.7 Hemodynamic factors and aggres-

sive thrombus-associated autolysis of the aneurysm wall have
been implicated.8,9
Computational fluid dynamics (CFD) analysis has been applied in the study of the hemodynamics of aneurysm growth and
rupture, as well as various types of stents, including FDs.10-15 The
objective of this study was to analyze the hemodynamic profiles
involved in successful and failed treatment by comparing 4 aneurysm cases with successful treatment outcome against 4 failed
cases, through the use of CFD simulation.

MATERIALS AND METHODS
Patients and Imaging Data
After institutional ethics approval was given, 4 successful cases
(patients 1– 4) and 4 failed cases (patients 5– 8) were studied (Online Table). A successful case was defined as a complete angiographic exclusion of the aneurysm from the circulation within 6
months. Failed cases were defined as exhibiting persistent residual
aneurysms after 6 months, posttreatment rupture, and the development of increased symptoms and associated perianeurysmal
MR imaging brain changes. The average aneurysm size was 4.2
mm. All 8 patients were initially treated with a Silk FD. Each Silk
FD, regardless of size, is composed of forty 30- nitinol and eight
50-m platinum microfilaments; with pore sizes of 110 –250
.7,11 For the successful cases, patients 1– 4, the aneurysms were
completely occluded by 6 months. For the failed cases 5 and 6,
persistent residual aneurysms were observed at 6 months. Patient
7 developed increasing headaches and “blistering” of the aneurysm wall and brain edema on MR imaging at 3 months. Patients
6 and 7 were retreated with insertion of another FD (Silk) within
the first one (double FD) at 6 months and 3 months, respectively.
For patient 8, the aneurysm ruptured at 3 and a half months
following FD implantation. All patients had aspirin and clopidogrel for 3 months and continued on aspirin afterward.

Vascular and Flow-Diverter Models
Commercially available packages, Mimics (Materialise, Leuven,
Belgium) and CFX 13.0 (ANSYS, Canonsburg, Pennsylvania),
were used to perform patient-specific CFD simulation by using
fine DICOM axial sections derived from DSA or CTA. In successful cases, the optimally deployed FD was simulated as a porous
media layer, 0.1 mm thick, with a flow resistance equivalent to the
actual FD, as previously described.11 Validation tests were performed to determine the flow-resistance parameters, and our preliminary study has been published.16 We calculated the following
hemodynamic parameters: energy loss (EL), wall shear stress
(WSS), and volume flow (VF) into the aneurysm sac.
EL is expressed as
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where ṁ denotes mass flow rate; P, static pressure; and u, in- or
output velocity as denoted by the subscripts i ⫽ 1,2,3, u1, u2, u3.

VF rate is calculated as the summation of blood volume flowing from the artery into the aneurysm sac via the aneurysm neck.
WSS is expressed as
WSS ⫽  u̇,

2)

where  is the dynamic viscosity of blood and u̇ is the velocity
gradient at the aneurysm wall.
The jet flow patterns were graphically represented and interpretations were made from these.
To demonstrate that EL and VF are not substantially affected
by variations in inflow conditions, we tested the inflow condition
at the ICA under 7 flow rates, 80, 100, 125, 150, 175, 200, and 250
mL/minute, for EL and VF for all patients. There were 8 patients,
each tested with 7 flow rates, giving a total sample size of 56,
resulting in 28 samples for each of the successful and unsuccessful
cohorts. t tests were performed between these 2 groups.

Hypothetic Optimally Deployed Flow Diverters and
Double HOFD Simulation
The porosity resistance was zeroed at the proximal portion of the
FD to represent the uncovered “gap” at the aneurysm inflow of
the malpositioned FD (patient 6), and it was reduced by half to
simulate the stretched FD (patient 8). The porosity of the optimally deployed FDs in the failed cases 5 and 7 was not altered. The
porosity characteristics, implanted positions of the FD, and FD
conditions that pertain to parent arteries were optimally modified
under a “what-if” condition for the failed cases. In this study,
hypothetic optimally deployed (HOFD) flow diverters were simulated to substitute for the malpositioned and stretched FD for
both patients 6 and 8. For all unsuccessful procedures, hypothetic
placement of a second FD inside the first one (double HOFD) was
simulated by increasing the porosity resistance by 10-fold.16 The
HOFD and double HOFD simulations were performed under the
average inflow condition at 150 mL/min.
In this study, the resulting values of EL and VF at the initial FD,
HOFD, and double HOFD were all expressed as a percentage of
the values obtained under conditions without FDs.

RESULTS
Jet Flow Observation
A common flow pattern for all 8 cases before deployment of the
FD is a broad jet flow passing through and into the aneurysm sac.
Figure 1 depicts the flow patterns of pre- and post-FD treatment.
In the successful case (patient 1), before FD deployment, the jet
flow impacted the aneurysm surface (Fig 1A). Following FD deployment, however, the jet flow speed significantly decreased in
the aneurysm sac. In addition, the flow direction was diverted to
the center of the FD with marked stasis at the periphery of the
aneurysm sac (Fig 1B). This favorable flow pattern (reduction of
jet flow speed, central diversion, and peripheral stasis) was observed in all successful cases. However, in the failed case (patient
6), the original jet flow pattern persisted despite the deployment
of the FD stent. The jet flow speed after FD deployment (Fig 1D)
did not significantly decrease compared with before (Fig 1C).
These are the characteristics of an unsuccessful flow pattern.
In the posttreatment rupture case (patient 8), the jet flow
through and into the aneurysm persisted after FD deployment;
and though some stasis was observed near the top of the aneurysm
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However, with the application of a double
HOFD at this stage, the jet flow changed
to resemble a successful pattern.
The residual aneurysm in patient 5
was treated with a covered stent (nonflow diverter) deployed within the Silk FD
after 6 months. Owing to this procedure,
no further correlation with clinical or imaging studies could be conducted, though
simulation of a double HOFD did not reduce jet flow.

Energy Loss and Volume Flow
Figure 4A, -B demonstrates the reduction
of EL and VF for both successful cases and
failed cases following initial FD treatment. Depending on the inflow condition, the SD values for EL were ⫾1.2%
and ⫾10.3%, while those for VF were
⫾1.2% and ⫾3.5%, respectively, for successful and failed cases. However, the differences of average EL and VF between
failed and successful cases were 16.44
times (P ⬍ .001) and 5.69 times (P ⬍
.001), respectively (Fig 4A, -B). The SD
being significantly smaller than the difference in reduction between the 2 cohorts
FIG 1. Flow pattern in patient 1, before FD deployment (A) and after FD deployment (B), and in suggests that the inflow condition would
patient 6, before FD (C) and after FD (D) deployment.
have minimal influence on the EL and VF
values in this study. Hence, the average
wall, the jet continued to impact the aneurysm surface (Fig
values in the reduction of EL and VF of 2.6% and 8.5% for the
2B, - C) in comparison with pre-FD treatment (Fig 2A). This may
successful cases, respectively, were considered favorable indices.
be a contributory factor to the final rupture of the aneurysm.
After simulation of a double HOFD (Fig 4C, -D), the average
Following HOFD simulation, there was a marked decrease in inEL and VF of all failed cases were reduced to 6% (this reduces to
flow jet speed and redirection of jet flow toward the center of the
2.6% if patient 6 is omitted) and 10%, respectively.
FD (Fig 2D) and farther away from the peripheral aneurysm wall,
For patient 6, the EL showed 100% after the initial FD, india result similar to that exhibited by the successful case (Fig 1B).
cating that there was no reduction. The results also confirmed the
For patient 6, the jet flow continued to resemble an unsuccessflow pattern observations (Fig 3D) that double HOFD may not be
ful flow pattern despite application of a HOFD (Fig 3A). Even
sufficient to resist the jetting of blood flow into the aneurysm,
after simulation of a double HOFD (Fig 3B), the jet flow continthereby resulting in a higher EL (19%). At the 6-month follow-up,
ued to resemble an unsuccessful flow pattern, though its speed
patient 6 had retreatment with double FDs, but the residue rewas diminished (Fig 3B). The position of the largest lobule was
mained patent 1 month afterward.
located directly in line with a narrow jet entering the aneurysm
For Patient 7, EL and VF were demonstrated to be 15.3% and
sac, the result of a malpositioned FD (Fig 3C). Again, even after
51%, respectively, following initial FD implantation. At 3 months,
simulation of a double HOFD at the 6-month follow-up, there is
the aneurysm was reduced in size by over 90%, and simulation
still a persistent unsuccessful jet flow pattern, though diminished
with a double HOFD demonstrated that the EL and VF were re(Fig 3D). A 3D reconstruction of the follow-up CTA at 6 months
duced to 0.68% and 12%, respectively.
after deployment of the first FD revealed the presence of 2 lobules
For patients 6 and 8, following HOFD modifications to fully
(Fig 3E). A curved CTA reconstruction (Fig 3F) demonstrated
cover the aneurysm necks, EL was reduced to 49.5% and 6%,
that the proximal end of the malpositioned FD was partially in the
respectively. VF was reduced to 37% and 28%, respectively.
aneurysm sac and only partially in the parent artery, thereby not
completely covering the inflow. At 6 months, corresponding DSA
Wall Shear Stress
WSS was graphically mapped to the aneurysm model. The range
of the initial FD (Fig 3G) paralleled the CFD findings, demonstrating the largest lobule; despite deployment of a second FD
between the highest and lowest values was very small, from 0 to 5
within the first one (Fig 3H), the lobule persisted.
Pa. For successful patient treatments, the relatively high WSS reFor the failed case (patient 7), the jet flow persisted with the
gions that correlated with the jet flow before FD insertion disapinitial FD. At the 3-month follow-up, despite the aneurysm being
peared after the deployment of FDs (patient 1, Fig 5A, -B). How90% occluded, the jet flow resembled an unsuccessful pattern.
ever, all 4 failed cases displayed high WSS before FD deployment,
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treatments. The favorable flow pattern
was supplemented by a marked reduction
in EL, VF, and WSS within the aneurysm
sac in contrast to studies showing increased aneurysm rupture risk with high
WSS and EL.13,15 This result suggests that
jet flow speeds have a direct proportional
effect on these parameters, consistent
with our previous study.16
For patient 1, a successful case, there
was blood flow stasis at the near-wall region in the inferior aspect (Fig 1B) with
no jet flow entering this region after the
initial FD deployment, indicating the occurrence of thrombosis. This case was in
contrast to all the other failed cases, in
which substantial jet flow into the aneurysm sac remained after the deployment
of the initial FDs, via the inflow (patients
5 and 7), through the damaged portion of
the FD stent (patient 8), or from the proximal gap of the malpositioned FD (patient
6). In addition, there was a variable degree
of stasis at the near-wall region. In fact, in
patient 6, we found that the location of
the residual aneurysm corresponded with
the direction at which the jet flow impacted (Fig 3C).
Our analysis also shed light on FD deployment strategies. For patient 8, as the
first FD was stretched and angioplastied,
the pore size of the FD could have been
widened and distorted, in turn reducing
the ability of the FD to divert blood to the
FIG 2. Flow pattern of patient 8 before (A) and after FD (B) deployment. Angiogram after FD
desired direction of the parent artery and
placement (C) and after placement of an HOFD (D).
allowing more flow into the aneurysm.
Both our CFD results and a completion
which persisted after treatment with the initial FD (eg, patient 6)
angiogram after the procedure indicated that a jet flow impinged
(Fig 5C, -D).
on the anterior wall of the aneurysm at a point where later rupture
occurred (Fig 2C). At the time of rupture, the angiogram showed
DISCUSSION
the persisting jet flow, despite a considerable degree of thrombosis
The porous medium simulations are based on the works of Augsin the aneurysm. Kulcsár et al9 hypothesized that aggressive
burger et al,11 who concluded that this approach compared well
thrombosis is one factor in posttreatment rupture. Our study sugwith the real stent geometry model and allowed prediction of
gests that the interaction of unfavorable hemodynamics and
intra-aneurysmal flow. The effective pore size of a deployed FD
thrombosis is a key part of this. The rupture was treated by vessel
would depend on the diameter and geometry of the artery, neck
sacrifice. For patient 6, the first FD was malpositioned, leaving a
size of the aneurysm, and the FD size. Hence there will be variagap between the proximal end of the FD and the aneurysm inflow.
tions among different aneurysms. However, in this study, we were
Our CFD results showed a jet flow entering the aneurysm sac
testing the relative hemodynamic changes in the same artery/anthrough the gap, which resulted in the residual aneurysm. Even
eurysm before and after FD deployment and, in some cases, the
after HOFD and double HOFD, the jet flow persisted, though
addition of a second FD. In addition, the optimally deployed FDs
diminished (Fig 3); though the EL and VF were reduced, the reshould expand with a pore size to allow maximum redirection of
duction levels did not quite reach the favorable levels seen in sucflow from the aneurysm. Hence, we have not adjusted the porosity
cessful treatments (Fig 4). Furthermore, the high WSS region
parameters of these FDs for the artery geometry.
persisted.
Consistent with previous work in the Virtual Intracranial
After the 6-month follow-up, the patient was retreated with
Stent Placement Challenge 2007,14 we showed similar therapeutic
the insertion of another FD into the first one (double FD). Despite
effects of the FD. Alteration of flow patterns appeared to be a
remarkable differentiating feature between successful and failed
this, the residual aneurysm lobule and jet flow persisted 1 month
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FIG 3. Flow pattern of patient 6 after placement of an HOFD (A) and double HOFD (B); a residual lobule (C); and deployment of a double HOFD
at follow-up (D). 3D CTA at 6 months (E) shows the persisting lobules and malpositioned FD (F). The white arrow indicates the persisting lobule;
red arrow, the proximal end of an FD partially in the neck of the aneurysm and in the parent artery; yellow arrow, the parent artery. DSA at 6
months with the initial FD (G) and after double FD deployment (H).

FIG 4. EL and VF results (A and B). HOFD and double EL and VF results (C and D).
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occlusion to occur because the jet flow is
a major determinant of the other
parameters.

Treatment Planning
Simulation of hypothetic situations could
potentially be used for treatment planning
before the procedure. If the unfavorable hemodynamic results following the initial FD
in patient 8 were known, we may have retreated with a double FD technique and potentially prevented rupture because double
HOFD simulation resulted in favorable indices. As for case 6, unfavorable hemodynamic results, even with double FD, could
indicate close imaging follow-up.

Limitations
The retrospective nature of this study and
the small number of patients are limitations. We made assumptions in the initial
estimations of porosities to simulate the
maldeployed and damaged FDs and double HOFD. However, CFD flow patterns
were very similar to the angiogram flow
pattern (eg, patients 6 and 8), and we have
validated the double HOFD porosity,16
suggesting that our assumptions are
realistic. Future work, including in vitro
experiments (eg, particle image velocimetry), should be performed to better simulate optimal, damaged, malpositioned
FIG 5. WSS. Patient 1 before FD deployment (A) and after initial FD deployment (B). Patient 6 and double FDs.
before (C) and after (D) FD deployment.
Other limitations include assuming
that the blood vessel has a rigid arterial
wall structure, models blood as a Newtonian fluid, and performs
later. Just as aneurysms on straight and curved vessels may be
simulation under steady flow conditions. Confirming flow
subjected to different hemodynamics,12 the performance of an FD
changes of the CFD by pre- and posttreatment angiograms may be
may vary with varying vessel curvature.16 This study suggests that
desirable, provided the frame rate, tube angulations, and timing
the complex geometric relationship between the aneurysm neck
of injections are optimal to demonstrate the flow. If not, then it
and parent artery and the subsequent effects of this geometry on
can be misleading. This work is a first approximation, and it inthe hemodynamics after FD deployment cannot be analyzed by
dicates that there is good potential to better approximate the
simple angle measurement. However, CFD can determine the remodel to simulate the various parameters such as different FD
sultant jet flow. It would appear in some geometry, even a double
geometries, sizes, and arterial geometries.
FD is not able to reverse the adverse hemodynamics (patient 6).
This complex geometry may also help in understanding why the
treatment was still unsuccessful in patient 5, despite the deployCONCLUSIONS
ment of an initial intact FD in a position thought to be optimal.
Patient-specific CFD, when used in conjunction with medical imFor patient 7, at 3-month follow-up, areas of persistently high
aging, could help in understanding outcomes following FD deWSS occurred in the residual aneurysm, despite a 90% reduction
ployment. Favorable hemodynamic outcomes for successful
in both size and inflow into the aneurysm. Simulation with a
treatment of aneurysms with FDs are indicated by obliteration of
double HOFD during this time demonstrated that the inflow jet,
the inflow jet and reduction of EL and VF and high WSS regions.
WSS, and EL were reduced to successful levels with a VF of 12%
Evidence collected posttreatment that points to the contrary
(just above the average successful value of 8.5%). Patient 7 was
could prompt a second intervention. We showed that a favorable
treated with a double FD. This resulted in occlusion of the residual
treatment outcome may not have been achieved by merely placing
aneurysm, resolution of symptoms, and MR imaging changes.
the FD at the neck of the aneurysm sac. Instead, with FD deployThese findings suggested that hemodynamic factors continue to
ment, one should consider the complex interaction among the
play a significant role in symptomatic aneurysms that are largely
hemodynamics, the shape of the aneurysm sac, and the geometry
thrombosed, as asserted by Cebral et al.8
of the parent artery. If an optimal hemodynamic state cannot be
achieved by an initial FD, a second FD within the first one (double
The results suggest that all parameters need to be favorable for
AJNR Am J Neuroradiol 35:136 – 42
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FD) may be beneficial. Further evaluation by refinement of CFD
modeling correlated with clinical studies and in vitro experiments, including particle image velocimetry, is suggested to confirm these results.
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