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PERSPECTIVES

The Scientiﬁc Method: A Need for
Something Better?
M. Castillo, Editor-in-Chief

H

ere is the last part of the triptych that started with the “Perspectives” on brainstorming that was followed by the one on
verbal overshadowing. I have decided to keep this for last because
it deals with and in many ways attempts to debunk the use of the
scientific method as the Holy Grail of research. Needless to say,
the topic is controversial and will anger some.
In the “natural sciences,” advances occur through research
that employs the scientific method. Just imagine trying to publish
an original investigation or getting funds for a project without
using it! Although research in the pure (fundamental) sciences
(eg, biology, physics, and chemistry) must adhere to it, investigations pertaining to soft (a pejorative term) sciences (eg, sociology,
economics, and anthropology) do not use it and yet produce valid
ideas important enough to be published in peer-reviewed journals
and even win Nobel Prizes.
The scientific method is better thought of as a set of “methods”
or different techniques used to prove or disprove 1 or more hypotheses. A hypothesis is a proposed explanation for observed
phenomena. These phenomena are, in general, empirical—that
is, they are gathered by observation and/or experimentation. “Hypothesis” is a term often confused with “theory.” A theory is the
end result of a previously tested hypothesis, meaning a proved set
of principles that explain observed phenomena. Thus, a hypothesis is sometimes called a “working hypothesis,” to avoid this confusion. A working hypothesis needs to be proved or disproved by
investigation. The entire approach employed to validate a hypothesis is more broadly called the “hypothetico-deductivism”
method. Not all hypotheses are proved by empirical testing, and
most of what we know and accept as truth about the economy and
ancient civilizations is solely based on . . . just observation and
thoughts. Conversely, the deep thinkers in the non-natural disciplines see many things wrong with the scientific method because it
does not entirely reflect the chaotic environment that we live in—
that is, the scientific method is rigid and constrained in its design
and produces results that are isolated from real environments and
that only address specific issues.
One of the most important features of the scientific method is
its repeatability. The experiments performed to prove a working
hypothesis must clearly record all details so that others may replicate them and eventually allow the hypothesis to become widely
accepted. Objectivity must be used in experiments to reduce bias.
“Bias” refers to the inclination to favor one perspective over others. The opposite of bias is “neutrality,” and all experiments (and
their peer review) need to be devoid of bias and be neutral. In
medicine, bias is also a part of conflict of interest and produces
corrupt results. In medicine, conflict of interest is often due to
relationships with the pharmaceutical/device industries. The

http://dx.doi.org/10.3174/ajnr.A3401

American Journal of Neuroradiology (AJNR), as do most other
serious journals, requires that contributors fill out the standard
disclosure form regarding conflict of interest proposed by the
International Committee of Medical Journal Editors, and it publishes these at the end of articles.1
Like many other scientific advances, the scientific method
originated in the Muslim world. About 1000 years ago, the Iraqi
mathematician Ibn al-Haytham was already using it. In the Western world, the scientific method was first welcomed by astronomers such as Galileo and Kepler, and after the 17th century, its use
became widespread. As we now know it, the scientific method
dates only from the 1930s. The first step in the scientific method is
observation from which one formulates a question. From that
question, the hypothesis is generated. A hypothesis must be
phrased in a way that it can be proved or disproved (“falsifiable”).
The so-called “null hypothesis” represents the default position.
For example, if you are trying to prove the relationship between 2
phenomena, the null hypothesis may be a statement that there is
no relationship between the observed phenomena. The next step
is to test the hypothesis via 1 or more experiments. The best experiments, at least in medicine, are those that are blinded and
accompanied by control groups (not submitted to the same experiments). Third is the analysis of the data obtained. The results
may support the working hypothesis or “falsify” (disprove) it,
leading to the creation of a new hypothesis again to be tested
scientifically. Not surprising, the structure of abstracts and articles
published in AJNR and other scientific journals reflects the 4 steps
in the scientific method (Background and Purpose, Materials and
Methods, Results, and Conclusions). Another way in which our
journals adhere to the scientific method is peer review—that is,
every part of the article must be open to review by others who look
for possible mistakes and biases. The last part of the modern scientific method is publication.
Despite its rigid structure, the scientific method still depends
on the most human capabilities: creativity, imagination, and intelligence; and without these, it cannot exist. Documentation of
experiments is always flawed because everything cannot be recorded. One of the most significant problems with the scientific
method is the lack of importance placed on observations that lie
outside of the main hypothesis (related to lateral thinking). No
matter how carefully you record what you observe, if these observations are not also submitted to the method, they cannot be
accepted. This is a common problem found by paleontologists
who really have no way of testing their observations; yet many of
their observations (primary and secondary) are accepted as valid.
Also, think about the works of Sigmund Freud that led to improved understanding of psychological development and related
disorders; most were based just on observations. Many argue that
because the scientific method discards observations extemporaneous to it, this actually limits the growth of scientific knowledge.
Because a hypothesis only reflects current knowledge, data that
contradict it may be discarded only to later become important.
Because the scientific method is basically a “trial-and-error”
scheme, progress is slow. In older disciplines, there may not have
been enough knowledge to develop good theories, which led to
AJNR Am J Neuroradiol 34:1669 –73
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the creation of bad theories that have resulted in significant delay
of progress. It can also be said that progress is many times fortuitous; while one is trying to test a hypothesis, completely unexpected and often accidental results lead to new discoveries. Just
imagine how many important data have been discarded because
the results did not fit the initial hypothesis.
A lot of time goes into the trial-and-error phase of an experiment, so why do it when we already know perfectly well what to
expect from the results? Just peruse AJNR, and most proposed
hypotheses are proved true! Hypotheses proved false are never
sexy, and journals are generally not interested in publishing such
studies. In the scientific method, unexpected results are not
trusted, while expected and understood ones are immediately
trusted. The fact that we do “this” to observe “that” may be very
misleading in the long run.2 However, in reality, many controversies could have been avoided if instead of calling it “The Scientific
Method,” we simply would have called it “A Scientific Method,”
leaving space for development of other methods and acceptance
of those used by other disciplines. Some argue that it was called
“scientific” because the ones who invented it were arrogant and
pretentious.
The term “science” comes from the Latin “scientia,” meaning
knowledge. Aristotle equated science with reliability because it
could be rationally and logically explained. Curiously, science
was, for many centuries, a part of the greater discipline of philosophy. In the 14th and 15th centuries, “natural philosophy” was
born; by the start of the 17th century, it had become “natural
sciences.” It was during the 16th century that Francis Bacon popularized the inductive reasoning methods that would thereafter
become known as the scientific method. Western reasoning is
based on our faith in truth, many times absolute truth. Beginning
assumptions that then become hypotheses are subjectively accepted as being true; thus, the scientific method took longer to be
accepted by Eastern civilizations whose concept of truth differs
from ours. It is possible that the scientific method is the greatest
unifying activity of the human race. Although medicine and philosophy have been separated from each other by centuries, there is
a current trend to unite both again.
The specialty of psychiatry did not become “scientific” until
the widespread use of medications and therapeutic procedures
offered the possibility of being examined by the scientific method.
In the United States and Europe, the number of psychoanalysts
has progressively declined; and most surprising, philosophers are
taking their place.3 The benefits philosophy offers are that it puts
patients first, supports new models of service delivery, and reconnects researchers in different disciplines (it is the advances in neurosciences that demand answers to the more abstract questions
that define a human “being”). Philosophy provides psychiatrists
with much-needed generic thinking skills; and because philosophy is more widespread than psychiatry and recognizes its importance, it provides a more universal and open environment.4 This
is an example of a soft discipline merging with a hard one (medicine) for the improvement of us all. However, this is not the case
in other areas.
For about 10 years, the National Science Foundation has sponsored the “Empirical Implications of Theoretical Models” initiative in political science.5 A major complaint is that most political
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science literature consists of noncumulative empirical studies and
very few have a “formal” component. The formal part refers to
accumulation of data and use of statistics to prove or disprove an
observation (thus, the use of the scientific method). For academics in political science, the problem is that some journals no longer
accept publications that are based on unproven theoretic models,
and this poses a significant problem to the “non-natural” sciences.6 In this case, the social sciences try to emulate the “hard”
sciences, and this may not be the best approach. These academics
and others think that using the scientific method in such instances
emphasizes predictions rather than ideas, focuses learning on material activities rather than on a deep understanding of a subject,
and lacks epistemic framing relevant to a discipline.7 So, is there a
better approach than the scientific method?
A provocative method called “model-based inquiry” respects the precepts of the scientific method (that knowledge is
testable, revisable, explanatory, conjectural, and generative).7
While the scientific method attempts to find patterns in natural phenomena, the model-based inquiry method attempts to
develop defensible explanations. This new system sees models
as tools for explanations and not explanations proper and allows going beyond data; thus, new hypotheses, new concepts,
and new predictions can be generated at any point along the
inquiry, something not allowed within the rigidity of the traditional scientific method.
In a different approach, the National Science Foundation
charged scientists, philosophers, and educators from the University of California at Berkeley to come up with a “dynamic”
alternative to the scientific method.8 The proposed method
accepts input from serendipitous occurrences and emphasizes
that science is a dynamic process engaging many individuals
and activities. Unlike the traditional scientific method, this
new one accepts data that do not fit into organized and neat
conclusions. Science is about discovery, not the justifications it
seems to emphasize.9
Obviously, I am not proposing that we immediately get rid of
the traditional scientific method. Until another one is proved better, it should continue to be the cornerstone of our endeavors.
However, in a world where information will grow more in the
next 50 years than in the past 400 years, where the Internet has 1
trillion links, where 300 billion e-mail messages are generated
every day, and 200 million Tweets occur daily, ask yourself
whether it is still valid to use the same scientific method that was
invented nearly 400 years ago?
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EDITORIAL

Acute Stroke Imaging Research
Roadmap II and International
Survey of Acute Stroke Imaging
Capabilities: We Need Your Help!
M. Wintermark and S.J. Warach,
on behalf of the STIR and Virtual International Stroke Trials
Archive (VISTA)-Imaging Investigators

P

erforming neuroimaging in the setting of a clinical trial, across
multiple sites, is challenging because it involves standardizing
acquisition and processing imaging protocols on multiple types of
scanners by using multiple different platforms. The challenge is
even more pronounced for cutting-edge imaging techniques such
as arterial spin-labeling or diffusion tensor imaging. Mechanisms
are therefore needed to translate and test advanced imaging methods across centers, to encourage the use of advanced imaging in
acute settings, to stimulate closer academic-industry collaborations, and to promote the retrospective and prospective collection
and pooling of imaging data while keeping in mind practical considerations such as clinical feasibility.
This daunting task has been tackled by the Stroke Imaging
Research (STIR) group, a consortium of neuroradiologists, neurologists, imaging scientists, and emergency physicians with an
interest in stroke imaging. STIR had a series of meetings in 2012
and 2013, where heated debates led to consensus recommendations as part of a stroke imaging research roadmap. This roadmap
was published in Stroke1 and should be read by all radiologists
interested in stroke research because it contains some very important recommendations in terms of standardization of image acquisition and processing for stroke and how imaging should be
incorporated in stroke clinical trials. To view the paper use
the link in this issue’s table of contents, or go directly to: http://
stroke.ahajournals.org/lookup/doi/10.1161/STROKEAHA.113.
002015.
STIR proposes a specific, standardized terminology for acute
stroke imaging, aligned with the National Institute of Neurological Disorders and Stroke Common Data Elements,2 including a
modified TICI scale to assess reperfusion on cerebral conven-

http://dx.doi.org/10.3174/ajnr.A3698

tional angiography. STIR also introduces the concept of “Treatment-Relevant Acute Imaging Targets” (TRAIT), which is meant
to capture imaging elements needed for inclusion (or exclusion)
into specific treatment protocols. TRAIT acts as a shorthand term
to describe the collection of specific imaging metrics used in protocols and simultaneously reminds trial designers to ensure that
imaging is directed to the key anatomic or physiologic targets of
their specific intervention.
STIR proposes the establishment of a calibration process for
measuring ischemic core and penumbral software, as well as the
population of the STIR clinical and imaging data repository to
facilitate this calibration process. STIR recognizes that imaging
techniques continuously evolve and that there will always be a
newer, better ischemic core or penumbral imaging technique or
processing software. Therefore, it is desirable to find a balance
between continued attempts to improve on existing methods versus determining whether existing methods are good enough to be
used in current clinical trials. At this time, STIR does not assess or
recommend how to use ischemic core and penumbral information for prognosis, prediction of response to treatment, and/or
selection of patients for reperfusion therapy. These are better answered in well-designed clinical trials or prospective validation
studies.
Finally, STIR recommends the creation of a stroke neuroimaging network involving a collaboration between sites to promote
scientific collaboration and education in a distributed fashion and
further advance imaging protocols and software reuse, and data
and model sharing. As a first step towards the creation of this
network, STIR is conducting an international survey for which we
need your help. Please take 15 minutes to fill out the survey, which
can be found at https://www.surveymonkey.com/s/DQRDYB2.
Thank you in advance for your collaboration!
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EDITORIAL

Mechanical Thrombectomy after
IMS III, Synthesis, and MR-RESCUE
L. Pierot, J. Gralla, C. Cognard, and P. White

T

hree recent publications report the neutral results of 3 randomized studies (Synthesis Expansion, Interventional Management of Stroke [IMS] III, and Mechanical Retrieval and Recanalization of Stroke Clots Using Embolectomy [MR-RESCUE])
comparing IV thrombolysis therapy with the endovascular treatment (EVT) of acute ischemic stroke (AIS).1-3 The simultaneous
publication of these 3 reports might lead to the erroneous conclusion that endovascular treatment has no place in the management
of AIS. However, the role of endovascular therapy for the treatment must be more carefully considered, given the tremendous
http://dx.doi.org/10.3174/ajnr.A3654
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evolution that imaging and endovascular treatment modalities
have undergone over the past several years. Careful analysis of the
IMS III, Synthesis, and MR-RESCUE studies shows that these
reports have shortcomings as the result of changes in imaging and
device technology and study designs.
Over the years, treatment of AIS has evolved to include IV
thrombolysis and endovascular treatment. Several randomized
studies of IV thrombolysis indicated little to no protection of ischemic brain before it was first reported that IV tPA administered
within the first 3 hours after stroke onset had protective effects.4
The endovascular treatment of AIS has evolved, moving from
intra-arterial (IA) chemical thrombolysis to mechanical thrombectomy. IA chemical thrombolysis was evaluated in several randomized trials that demonstrated its efficacy and safety.5 The next
advancement in endovascular treatment of AIS was mechanical
thrombectomy. Originally, this was performed with no specific
tools by the injection of saline within the clot, disruption of the
clot with a microguidewire, and “angioplasty” of the clot with
remodeling balloons. Subsequently, dedicated, first-generation
devices, such as the Merci and Penumbra devices, were developed
to catch or aspirate the clot by different means. These first-generation devices were followed by second-generation devices (eg,
“stentrievers” such as Solitaire), which were developed to
promptly restore blood flow through retrieval of the clot.6
Until now, there have been no randomized, controlled trials
(RCTs) that compared endovascular treatment with IV tPA for
the management of AIS. IMS III, Synthesis, and MR-RESCUE are
the first RCTs comparing EVT with IV tPA for the management of
AIS and therefore merit attention.
IMS III is an international, phase 3, randomized, open-label
clinical trial with a blinded outcome, comparing a combined approach of IV tPA followed by endovascular treatment with standard IV tPA treatment. From August 2006 to April 2012, 656
participants in 58 centers underwent random assignment (approximately 2 patients per center per year). The trial was stopped
early because of futility, as defined by the prespecified aim (10%
difference in Rankin scale score of ⱕ2 at 90 days). The proportion
of patients with good outcome was slightly but not significantly
higher in the EVT group (40.8% in the EVT arm and 38.7% in the
IV tPA arm). There was also no significant difference between the
2 groups in mortality rate at 90 days as well as in the rate of
symptomatic intracerebral hemorrhage within 30 hours after initiation of tPA. During the long inclusion period (close to 6 years),
imaging and endovascular treatment modalities underwent a tremendous evolution, and utilization of this new technology was
only partially implemented in the IMS III protocol, leading to
major weaknesses in assessing the data. Only 306 of 656 participants (46.6%) had preoperative CTA, and it was not used for
inclusion. Clearly, the inclusion of patients without a major arterial occlusion in a randomized trial dealing with endovascular
recanalization illustrates an important weakness of the IMS III
trial. Moreover, in patients for whom CTA was obtained, the rate
of partial or complete recanalization was different in the EVT and
IV tPA groups (81% and 35%, respectively, for an occlusion in the
internal carotid artery; 86% and 68% for an M1 occlusion; and
88% and 77% for an M2 occlusion). Therefore, in terms of recanalization, mechanical thrombectomy performed better than IV
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tPA alone for all locations, and, as demonstrated in IMS III, the
proportion of patients with good clinical outcome increased with
greater reperfusion, indicating that when analyzed this way, mechanical thrombectomy is associated with good clinical outcome.
Another important limitation of the IMS III study is that the modalities of endovascular treatment were heterogeneous: IA tPA
administration (37.8% of patients), mechanical thrombectomy
with first-generation devices (34.3%), and only 1.2% with second-generation devices. As the SWIFT trial has clearly demonstrated, the second-generation devices are more efficacious than
first-generation devices in terms of both recanalization and clinical outcome.6 Thus, the results of IMS III were outdated before
they were published.
Synthesis is an Italian randomized, multicenter clinical trial
with a blinded end point, comparing standard IV tPA treatment
(initiated within 4.5 hours after symptom onset) to endovascular
treatment (within 6 hours after symptom onset). Patients who
were assigned to the EVT group did not receive IV tPA. All EVT
modalities were authorized. The demonstration of vessel occlusion was not a precondition for inclusion in this trial. From February 2008 to April 2012, 362 patients underwent random assignment (3.5 patients per center per year). The primary end point
(disability-free survival at 90 days, mRS 0 or 1) was similar in both
groups (30.4% in the endovascular group and 34.8% in the IV tPA
group). Symptomatic intracranial hemorrhage within 7 days occurred in 6% of patients in both groups. Additionally, death at 90
days was not significantly different between the 2 groups.
Although the inclusion period was shorter in Synthesis than in
IMS III (4 versus 6 years), the same important limitations were
encountered in Synthesis. Modern CT or MR modalities were not
used to visualize vessel occlusion or evaluate penumbra. Additionally, EVT was mostly IA tPA, and second-generation devices
were not commonly used (13.9%). Two other important limitations were encountered in Synthesis. Patients with NIHSS score as
low as 2 were included, and they have a very high probability of
having a good recovery at 3 months regardless of treatment given.
Also, IV tPA was not given in the endovascular group. Synthesis
compared IV tPA treatment with isolated endovascular treatment
and not with combined IV tPA treatment and mechanical thrombectomy. As a consequence, the endovascular group received
treatment 1 hour later than the IV tPA group, which, in part, explains
the relative equivalence of endovascular treatment and IV tPA treatment. Given this, it is not surprising that the Synthesis study reconfirms the IMS III finding regarding the limited efficacy of endovascular treatment performed with obsolete tools.
The MR-RESCUE trial was a small, phase 2b, randomized,
controlled, open-label, multicenter trial conducted at 22 sites in
North America (0.7 patient per center per year). Patients between
the ages of 18 – 85 years with NIHSS scores of 6 –29 who had a
large-vessel, anterior circulation ischemic stroke were randomly
assigned within 8 hours after the onset of symptoms to undergo
either mechanical embolectomy (with first-generation devices) or
to undergo standard medical care. All patients underwent pretreatment multimodal CT or MR imaging of the brain, which
permitted stratification according to the presence of a favorable
penumbral pattern versus a nonpenumbral pattern. Among 118
eligible patients (recruited over 7 years), 64 were assigned to the

embolectomy group and 54 were assigned to the standard care
group. In total, 68 of 118 patients (57.6%) had a favorable penumbral pattern after pretreatment imaging. The 118 patients were
classified into 4 groups: embolectomy/penumbral (34 patients);
standard care/penumbral (34 patients); embolectomy/nonpenumbral (30 patients); and standard care/nonpenumbral (20 patients). Statistical analysis testing to determine whether there was
an interaction between treatment assignment and penumbral pattern determined no significance. Mean 90-day mRS scores were
not significantly different between the groups. The number of
patients with good outcome at 90 days (mRS 0 –2) was also not
significantly different between the groups. Death rates also did
not significantly differ.
Unlike the IMS III or Synthesis trials, pretreatment evaluation
was more precise, with CTA or MRA used to depict large-vessel
proximal anterior circulation occlusion, and multi-modal CT or
MR imaging of the brain was used to evaluate penumbral status.
However, the MR-RESCUE trial still had several drawbacks. The
number of patients in each group was small (ⱕ30 patients), leading a low statistical power for their analysis. As in Synthesis and
IMS III, first-generation thrombectomy devices were used, and it
is now clear that efficacy is limited with these devices relative to
second-generation thrombectomy devices. Additionally, the
management of penumbral patterns is not easy to use in real time.
Despite the development of specific models, the study software
processed only 58% of cases successfully in real time. Additionally, the final pattern assignment changed after core laboratory
postprocessing in an alarmingly high percentage of cases (8%).
Also, the use of 2 different imaging modalities (CT and MR) to
evaluate penumbra further complicates the findings in this study.
It should also be noted that the time to enrollment for all patients
in this study, regardless of assigned group, was relatively long
(from 5.2–5.8 hours), and this must have played a large role in the
overall disappointing clinical outcomes in the trial.
In summary, IMS III, Synthesis, and MR-RESCUE are 3 important trials that perfectly illustrate the difficulty of randomization for techniques that are in rapid evolution.
The main weaknesses of these trials are:
●

●
●

●
●

Long period of inclusion (all studies): Difficulty in the recruitment of patients was encountered in most RCTs dealing with
endovascular treatment. Mechanical thrombectomy is not yet a
validated treatment, and, by not including all their relevant
patients in RCTs, physicians take the risk of having this technique not validated.
Small number of patients per center per year (all studies).
Inappropriate preoperative imaging including absence of CTA
or MRA to detect an occlusion of a major arterial trunk (IMS III
and Synthesis).
No evaluation of the salvageable brain with perfusion CT or
MR (IMS III and Synthesis).
Comparison of IV tPA to EVT alone (Synthesis and MR-

●

RESCUE): It does not appear to be the best course of action
because the combined approach (endovascular treatment plus IV
tPA) allows the physician to start treatment early and to synergize
the efficacy of chemical and mechanical thrombolysis.
Heterogeneity of the endovascular techniques used, with most
of them no longer used. IA administration of fibrinolytics, as
well as treatment with first-generation thrombectomy devices,
has become outdated with the development of second-generation, stent-based thrombectomy devices. The clinical impact of
the use of these novel devices has been impressively illustrated
by the recent SWIFT trial.6

Analysis of the IMS III, Synthesis, and MR-RESCUE studies reveals what steps must be taken next in evaluating the role
of endovascular therapy for the treatment of AIS. Analyzing
these studies clearly shows that the selection of patients (clinical status, initial extension of ischemic lesion, depiction of
arterial occlusion depicted, evaluation of salvageable brain)
and the therapeutic methods evaluated are key elements that
must be addressed in the design of future studies.
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Imaging of Cosmetic Facial Implants and Grafts
C.J. Schatz and D.T. Ginat

ABSTRACT
SUMMARY: A wide variety of implants and grafts have been used for cosmetic facial surgery, including forehead, nose, cheek, lip, and chin
augmentation. Some of the implant materials include silicone, expanded polytetraﬂuoroethylene (Gore-Tex), hydroxylapatite, and porous
polyethylene (Medpor). Grafts include bone and cartilage, which can be prepared as “Turkish Delight” for rhinoplasty. Imaged facial
implants and grafts can be encountered incidentally or purposely to evaluate complications. Many of these materials have distinct
radiologic imaging features and should not be misinterpreted as pathology. Conversely, implant complications should be appropriately
recognized by using a focused imaging approach. The purpose of this article was to review the different types of cosmetic facial implants
and grafts with an emphasis on their expected and complicated radiologic imaging appearances.

A

ccording to the American Society of Plastic Surgeons, a total
of 243,777 rhinoplasty surgeries, 46,931 forehead lift surgeries, 20,680 chin augmentation surgeries, and 11,996 cheek implant surgeries were performed in the United States in 2011.1 On
occasion, patients who have undergone facial augmentation procedures present for radiologic imaging. Therefore, it is important
to be familiar with the common types of cosmetic facial implants
and their complications. The imaging features of these implants
differ on the basis of location and composition. Often, implants
are used at the same time in different locations to achieve balanced proportions of facial tissues. The imaging features of commonly used material for cosmetic facial implants are reviewed in
the following sections and in the Table.2-5 It is important to recognize the expected imaging appearances of implants and their
complications to avoid misdiagnosing these as neoplastic processes, for instance.6,7

AUGMENTATION TECHNIQUES
Forehead
Cosmetic forehead augmentation (browplasty) can be performed
for the treatment of frown lines and to mitigate bony deficiencies.8,9
Popular materials used in the midforehead include soft expanded
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polytetrafluoroethylene strips and silicone implants.7 The expanded
polytetrafluoroethylene strips (Gore-Tex; W.L. Gore & Associates,
Newark, Delaware) are usually 1- to 2-mm thick and positioned in a
vertical orientation (Fig 1). On the other hand, shield-shaped silicone
implants can cover a relatively larger area, and irregular edges and
perforations limit implant motion and capsular contraction.8

Cheek
Cheek augmentation (malarplasty) consists of adding volume to
either the malar or submalar space or a combination of these to
compensate for osseous and soft-tissue deficiencies and to elevate
the cheek subcutaneous tissues.10-12 Specifically, submalar implants are positioned over the anterior walls of the maxilla (Fig 2).
On the other hand, malar implants are positioned over the malar
eminences and zygomatic bones in a more superior and lateral
position (Fig 3). Combined malar-submalar implants span both
the malar eminence and the submalar triangle.
The implants are typically inserted into the subperiosteal
pocket via a transoral approach through the canine fossa.10 In the
past, ovoid “button” implants were used for cheek augmentation.
Currently, Silastic (Dow Corning, Auburn, Michigan) shell implants are especially popular and have characteristic crescent
shapes to match the contours of the underlying anatomy. The
implants are available in a variety of sizes and can be further customized intraoperatively. Small holes are sometimes incorporated into the implant to promote tissue ingrowth. In addition,
the implants can be secured with sutures or screws. Other materials that have been used for midface augmentation include porous polytetrafluoroethylene (Medpor; Stryker, Allendale, New
Jersey) and expanded polytetrafluoroethylene (Gore-Tex).10,12

Facial implant materials
Material
Silicone rubber (Silastic)

Properties and Uses
Rubber elastomer, well-tolerated and easily
customizable, soft pliable consistency;
indications: chin, lateral jaw, cheek, and nose
augmentation

Expanded polytetraﬂuoroethylene
(Gore-Tex)

Biocompatible, long-lasting but can be
removed surgically; indications: lower face
lift, nasal and forehead augmentation

Polytetraﬂuoroethylene (Teﬂon)
Porous polyethylene (Medpor)

Obsolete
Inert and biocompatible, low complication rate,
permanent; indications: lower face and nasal
augmentation; also used for orbital and
auricular reconstruction; ﬁbrovascular
ingrowth can render removal difﬁcult
Inert and biocompatible; blocks of
hydroxylapatite can allow ﬁbrovascular
ingrowth and bony incorporation

Hydroxylapatite

Bone

Occasionally used for rhinoplasty, cheek, and
chin augmentation; harvest sites include iliac
crest, cranium, turbinates, rib

Cartilage

Often used in rhinoplasty and sometimes chin
augmentation; harvest sites include nasal
septum, conchal cartilage, and costal
cartilage; can be part of osteochondral grafts;
can be diced and wrapped in Surgicel (Turkish
Delight)

Imaging Appearance
CT: variable attenuation, usually denser than
soft tissue, but less dense than bone and best
discerned using bone windows;
MRI: very low signal intensity on T1- and T2weighted sequences
CT: higher attenuation relative to soft tissues,
but less dense than bone;
MRI: hypointense to fat on T1- and T2-weighted
sequences
Imaging features similar to those of Gore-Tex
CT: attenuation between fat and water;
MRI: hypointense to fat on T1- and T2-weighted
sequences; enhancement may occur due to
ﬁbrovascular ingrowth
CT: hyperdense, hyperattenuation similar to
that of bone; the implant can become
incorporated into and inseparable from the
adjacent bone;
MRI: low signal on T1 and T2; enhancement may
occur due to ﬁbrovascular ingrowth
CT: same as normal bone elsewhere; cortex and
trabecular can be identiﬁed unless resorption
has occurred
MRI: high T1 and T2 marrow signal and low-signal
cortex are often discernible; in the early
postoperative period, marrow edema within
the graft may appear as low T1 and high T2
signal
CT: soft-tissue density; may form a rim of
calciﬁcation or ossiﬁcation;
MRI: usually low T2 and high T2 signal

FIG 1. Forehead implants. Axial (A) and coronal (B) CT images show thin strips of expanded polytetraﬂuoroethylene in the midline of the
forehead in the region of the glabella.

Nasal
Cosmetic rhinoplasty consists of altering the shape of the nose to
achieve a more attractive form and relationship with the sur-

rounding facial structures, while attempting to preserve the normal functions of the nose. Augmentation rhinoplasty consists of
AJNR Am J Neuroradiol 34:1674 – 81
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FIG 2. Malar implants. Axial (A) and sagittal (B) CT images show bilateral hyperattenuated silicone implants (arrows) overlying the malar
eminences. The silicone implants (arrows) are hypointense on T1 (C) and T2 (D) MR images.

FIG 3. Submalar implants. Axial (A) and sagittal (B) CT images show bilateral silicone implants (arrows) secured to the underlying maxillary bone
via screws.

FIG 4. Rhinoplasty with a dorsal Silastic implant. Axial (A) and sagittal (B) CT images show the hyperattenuated implant (arrows) in the midline
of the nasal dorsum. Note that the implant is thicker toward the tip than over the nasal bones.
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FIG 5. Rhinoplasty with a dorsal bone graft. Axial (A) and sagittal (B) CT images show a linear bone graft positioned along the dorsum of the nose
(arrows). Axial T2 (C) and sagittal postcontrast T1 (D) MR images show hyperintense fatty marrow within the bone graft (arrows).

FIG 6. Premaxillary implant. Axial CT image shows a hyperattenuated
silicone implant positioned anterior to the midline of the maxilla
(arrow).

adding material to the nose and can be performed by using autograft, such as bone (Fig 4), or alloplastic implants, such as silicone rubber (Fig 5).13,14 Satisfactory results have also been obtained with cartilage grafts, Medpor, Gore-Tex, and Mersilene
(Ethicon, Cincinnati, Ohio) mesh.1-18 “Turkish Delight” is a
unique augmentation preparation used for rhinoplasty composed
of diced cartilage mixed with a small amount of the patient’s
blood and wrapped in Surgicel (Ethicon).19 Variations of Turkish
Delight, consisting of diced polyethylene, have also been used.17
Different portions of the nose can undergo augmentation, including the nasal dorsum, tip, columella, and combinations of these.
Premaxillary augmentation can be performed as an adjunct to

FIG 7. Lip implant. Axial CT image shows a hyperattenuated, thin,
curved expanded polytetraﬂuoroethylene lower lip implant (arrow).
Also note the presence of hyperattenuated ﬁllers in the region of the
oral commissures.

rhinoplasty to treat an excessively deep infranasal sulcus (premaxillary underprojection) and an acute nasolabial angle.20,21 This
can be accomplished by using osteochondral grafts or a strip of
alloplastic material, such as silicone, positioned in the midline just
inferior to the anterior nasal spine of the maxilla (Fig 6). Some
silicone implants have a bat-wing configuration.20

Lip
Surgical augmentation of the lips (cheiloplasty) can be performed
to mitigate the changes that occur with aging, such as the development of perioral rhythides and diminished fullness and anteAJNR Am J Neuroradiol 34:1674 – 81
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FIG 8. Chin augmentation with cartilage graft. Axial CT image shows a
chunk of soft tissue with a peripheral rim of hyperattenuation (calciﬁcation or ossiﬁcation) anterior to the mentum (arrow).

FIG 9. Chin augmentation with silicone implant. Frontal 3D CT surface rendering shows a midline crescent-shaped implant positioned
inferior to the mental foramina.

FIG 10. Chin augmentation with hydroxylapatite. Axial (A) and sagittal (B) CT images show the bilateral hyperattenuated implants (arrows)
secured to the mandible with screws. The implant appears to have become incorporated into the underlying bone.

FIG 11. Chin augmentation with Medpor. Axial (A) and sagittal (B) CT images show a low-attenuation implant (arrows) anterior to the body of the
mandible.

rior projection.22 Lip augmentation can also be performed in response to fashion trends, in which full lips are deemed a desirable
trait.22 A variety of implants are available for lip augmentation,
including fat grafts, musculoaponeurotic system grafts, acellular
human dermis, and expanded polytetrafluoroethylene.22-25
These can be inserted via incisions made medial to the oral commissures and by threading the implant deep to the submucosal
plane.22 The implants are often given a trapezoidal shape, so that
these are thinner laterally to conform to the natural tapering of the
1678
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lips toward the oral commissures. Gore-Tex lip implants typically
measure ⬍3 mm in thickness so that these are not excessively
stiff.24

Chin
Cosmetic chin augmentation (mentoplasty) can be performed to
treat a deficient chin projection, which results from soft-tissue
atrophy and retrusion of the mandible.26,27 Ideally the chin
should extend to the level of the vermillion border of the lower lip

FIG 12. Submental implant. Sagittal CT image shows the hyperattenuated silicone implant (arrow) positioned inferior to the mentum.

FIG 15. Implant infection. Axial fat-suppressed T1-weighted MR image
shows abnormal enhancement surrounding a ﬂuid-ﬁlled right cheek
implant pocket (arrow), which extends through the right lateral cheek
subcutaneous tissues to an overlying skin defect, representing a
draining sinus (arrowhead). An external marker is positioned over the
draining sinus.

inserted in a subperiosteal pocket anterior to the pogonion and
inferior to the mental foramen.
Relatively stiff submental chin implants (Fig 12) can be inserted in conjunction with liposuction to tighten the skin and
optimize the neck-chin angle.30 A variant of the chin implant is
the prejowl implant, which serves to fill in a prominent prejowl
sulcus and is often used in conjunction with a midface lift.26,27
The prejowl implants extend farther posteriorly and are thicker
laterally compared with chin implants.

COMPLICATIONS
FIG 13. Implant migration. 3D CT image shows superior displacement
of the right cheek implant (arrow), which occurred as a result of
trauma. Compare it with the normal position of the contralateral
implant.

in the sagittal plane.26 Autogenous materials, such as cartilage
grafts, have been used in chin augmentation for more than a century (Fig 7). Such grafts can be readily procured during concomitant reduction rhinoplasty, for instance. However, autografts
have a tendency to resorb, resulting in loss of cosmetic effect.
Consequently, alloplastic chin implants, including Gore-Tex (Fig
8), Medpor (Fig 9), Silastic (Fig 10), and hydroxylapatite (Fig 11),
have been introduced.28,29 Most chin implants are crescentshaped and wider centrally than laterally and are positioned approximately in the midline. Alternate designs such as cleft chin
implants that are focally narrow in the midline are also available
and should not be thought abnormal. Chin implants are usually

Essentially all cosmetic facial implants and grafts can incur complications, which include infection, migration or displacement,
extrusion, foreign body reaction, heterotopic bone formation,
and bone erosion. These complications often warrant imaging
evaluation and subsequent surgical removal of the implants. The
rate of alloplastic implant removal due to complications has been
reported to be 1.9%– 4.9%.16,31 Imaging for early postoperative
hematomas and seromas is not routinely performed unless these
are larger than expected, there is an increase in size, or there are
other associated complications.
Implant-related infections usually occur within the first 2
weeks of surgery and have been reported to occur in 3.2% of nasal
dorsum implants, 3.8% of malar implants, and 5.3% of chin implants.31,32 Proplast (Vitek, Valencia, California) Teflon (Dupont, Wilmington, Delaware), which is an ultraporous composite
material, has fallen out of use due to the relatively high incidence

FIG 14. Implant extrusion. Axial T2 (A) and T1 (B) MR images show that the right cheek silicone implant has eroded through the anterior maxillary
wall and has partially extruded into the maxillary sinus (arrow). There is associated left maxillary sinusitis.
AJNR Am J Neuroradiol 34:1674 – 81
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FIG 16. Cheek implant inﬂammation with foreign body giant cell reaction. The patient presented with bilateral cheek swelling many years after
receiving the implants. Axial CT images in bone (A) and soft-tissue (B) windows show bilateral Proplast Teﬂon implants with inﬂammatory
changes in the overlying soft tissues (arrows). Note the crude morphology of the implants, which date to the early 1990s. The implants were
subsequently removed, and pathology demonstrated a combination of attenuated ﬁbrous tissue with focal foreign body giant cell reaction and
acute chronic inﬂammation.

FIG 17. Chin implant bone erosion. Sagittal CT image shows that the
Silastic implant has eroded through the underlying cortex, abutting
the tooth apices (arrow).

of complications, such as infection, which are reported to occur in
16% of cases.33 Implant infections can manifest as cellulitis, abscess, draining sinuses, and/or osteomyelitis. MR imaging is particularly sensitive for delineating the extent of the infections, especially early in the course of disease. Fat-suppressed postcontrast
T1-weighted sequences are particularly useful and often show enhancement within and surrounding the implant pocket (Fig 13).
If there is incomplete fat suppression due to technical problems,
short tau inversion recovery sequences can be helpful. Placement
of external markers over palpable lesions and draining sinuses can
facilitate determination of the necessary FOV and subsequent interpretation because the disease involvement can sometimes extend far away from the implant itself. Late infections can mimic
malignancy, such as squamous cell carcinoma.7 Infections can
also be associated with implant displacement and extrusion.
Chronic inflammation and foreign body giant cell reaction
tend to be most exuberant with Proplast Teflon but can also be
encountered with newer alloplastic implants, such as Medpor.33,34 On histology, intracytoplasmatic phagocytosis of disintegrated implant material is characteristic. Cross-sectional imaging can reveal ill-defined soft tissue surrounding the implants (Fig
14). The abnormal soft tissues can enhance and form more focal
masslike areas as well.
Implant migration or displacement is an uncommon complication that can certainly result in undesirable changes in cosmesis
as well as serious complications, such as scleral erosion.35 3D CT
surface renderings are particularly useful for delineating the po1680
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FIG 18. Chin implant heterotopic bone formation. Axial CT image
shows a hyperattenuated focus along the margin of the silicone chin
implant (arrow) at the expected location of the periosteal covering.

sitioning of the implants (Fig 15). Although sutures, screws, fibrous capsule formation, fibrovascular in-growth, and osseous
incorporation can secure implants in position, the implants can
become displaced by trauma, fluid collections, and bone erosion.
Bone erosion is a relatively frequent finding, occurring with
most Silastic chin implants.36,37 The degree of erosion is usually
mild and benign in nature; however, the implants can expose
dental roots, resulting in pain (Fig 16). Chin implants can also
erode into the mental foramen and compress the nerve. CT with
dental scanning parameters is the technique of choice for evaluating symptomatic bone erosion caused by chin implants.36
Implant extrusion is a rare event that is predisposed by an
underlying infection, which can make the overlying tissues relatively friable.38 Implants can extrude through the overlying skin
or incision site, such as the intraoral approach for cheek implants,
and even into the maxillary sinuses by eroding of the cheek implant though the anterior maxillary sinus wall (Fig 17).39
Heterotopic new bone formation is not infrequently noted
adjacent to implants, particularly those in a subperiosteal location. It is usually thin and linear in a distribution corresponding to
the periosteum and is of little clinical significance.36 However,
heterotopic ossification is occasionally nodular (Fig 18) and can
cause cosmetic deformity.2 CT is the technique of choice for evaluating heterotopic ossification because some implants can display
signal characteristics that are nearly identical to heterotopic bone
on MR imaging.

CONCLUSIONS
Many types of implants and grafts are now available for facial
augmentation. Radiologic imaging plays an important role in the
assessment of cosmetic facial implants. MR imaging and CT with
multiplanar reformats and, in some cases, 3D surface renderings
are useful modalities for characterizing facial implants and their
complications.
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H-MR Spectroscopy in the Human Spinal Cord
A. Hock, A. Henning, P. Boesiger, and S.S. Kollias

ABSTRACT
SUMMARY: MR spectroscopy allows insight into the chemical composition of human tissue noninvasively. Thereby it can help to better
characterize pathologic processes affecting the spinal cord and may provide important clinical markers for differential diagnosis. However,
due to technical challenges, it has been rarely applied to the spinal cord. The aim of this review was to summarize the technical
development and clinical studies using MR spectroscopy in the spinal cord. Main challenges of applying MR spectroscopy in the spinal cord
are discussed, and a description of a state-of-the-art scan protocol is given. In conclusion, MR spectroscopy is a promising tool for research
and diagnosis of the spinal cord because it can provide additional information complementary to other noninvasive imaging methods.
However, the application of MR spectroscopy in the spinal cord is not straightforward, and great care is required to attain optimal spectral
quality.
ABBREVIATIONS: CRLB ⫽ Cramér-Rao lower bounds; ECG ⫽ electrocardiogram; FWHM ⫽ full width at half maximum; IVS ⫽ inner-volume suppression; OVS ⫽
outer-volume suppression

M

R spectroscopy enables the determination of metabolite
concentrations in a predefined region of interest in the human body, both noninvasively and in vivo. In contrast to other
MR imaging techniques, such as diffusion-weighted imaging,
blood oxygen level– dependent contrast imaging, or structural
MR imaging methods, MR spectroscopy provides information
about the chemical microenvironment from atomic nuclei in a
variety of functional groups. This allows detection of changes in
the concentration of various metabolites for investigating healthy
tissue and pathologic processes and exercise- or drug-induced
changes. In vivo, MR spectroscopy is mainly based on proton
(1H), carbon (13C), or phosphorous (31P) nuclei. Due to the
100% natural abundance and the highest gyromagnetic ratio of
protons1 among the above-mentioned nuclei, 1H-MR is the
most sensitive in vivo spectroscopy method. In addition,
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H-MR spectroscopy requires the same hardware as clinical
MR imaging and can thus be integrated into clinical scan protocols in an efficient way. Hence 1H-MR spectroscopy became
a promising tool for basic physiologic studies and clinical
diagnosis.

CLINICAL RELEVANCE OF MR SPECTROSCOPY IN THE
SPINAL CORD
Traumatic injuries, neoplastic disorders, infections, inflammations, and degenerative changes cause microstructural and/or
metabolic changes in neural tissue and may have an immediate
and strong impact on quality of life, especially when occurring in
the spinal cord. Symptoms can range from chronic pain or focal
alterations in sensations or motor functions to severe states such
as complete paralysis or organ failure. Appropriate patient treatment requires a diagnostic approach that enables reliable differential diagnosis; therapy planning and monitoring, including
planning of biopsies, surgeries, and radiation therapy; and monitoring treatment response to specific cancer, neuroprotective,
anti-inflammatory, or rehabilitative treatments. MR spectroscopy has been applied for several years in the investigation of
pathologic processes involving the brain and has gained an increased acceptance among the clinicians by its potential in differentiating high- versus low-grade tumors,2 distinguishing tumor
from nontumoral tissue,2 differentiating solid lesions from cysts
or abscesses,3 monitoring the results of treatment, and occasionally predicting outcome.4

The information obtained by MR spectroscopy may often prevent unnecessary invasive interventions, thus avoiding further
negative impact on patient outcome. These applications have
just begun to be implemented in the evaluation of patients with
spinal cord disease. Other potential applications specific to the
spinal cord include investigation of neuroregeneration and reorganization following spinal cord injury and monitoring during
rehabilitation or pharmacologic therapies. The response to therapy may be predicted on the basis of specific biomarkers (eg,
N-acetylaspartate, choline, creatine) to enable personalized treatment. MR spectroscopy quantifies multiple metabolite concentrations that reflect the state of energy metabolism, myelination,
neuronal attenuation and function, glial impairments, or altered
membrane turnover and, therefore, can be a valuable tool for the
investigation of spinal cord pathologies.

TECHNICAL PROBLEMS OF MR SPECTROSCOPY
APPLIED TO THE SPINAL CORD
The application of this promising technique to the spinal cord
requires comprehensive expertise. The following methodologic
challenges, related specifically to the application of MR spectroscopy in the human spinal cord, have hindered its application in
the clinical settings for many years:
1) Strong susceptibility changes, related to the anatomic tissue
heterogeneity (vertebral bodies, CSF, muscle tissue, and so forth)
around the spinal cord, lead to spatially periodic distortions of
the static magnetic (B0) field along the spinal cord.5 This distorts
the line shape of the spectra and reduces the SNR.
2) The small diameter of the spinal cord (approximately
1 cm in the cervical cord and even lower in the thoracic and
lumbar cord6) limits the possible voxel size, resulting in a low
SNR and potentially imprecise quantification of metabolite
concentrations.
3) The attainable SNR is also limited by the relatively great
distance from the region of interest to the receive coils; for example, in the cervical spinal cord, the distance is approximately 5 cm
in all directions and can reach ⬎15 cm in the lower cord regions.
4) The pulsatile flow of the CSF, caused by waves of arterial
pressure transmitted via brain contractions due to the fixed total
volume inside the skull to the CSF,6 can reduce the spectral quality
(eg, impaired water suppression, distorted line shape and phase).
The induced spinal cord motion does not seem to be critical because the maximum transversal displacement in the cervical region is approximately 0.6 mm in the anteroposterior direction.7
5) Subject motion is another severe problem because voxel
dimensions are in the range of millimeters and are maximized to
include as much spinal cord tissue as possible for increasing the
SNR. Hence, patient motion in the range of millimeters (which is
not unlikely considering the relatively long scanning times needed
for spectroscopy) would already move the position of the voxels
considerably out of the spinal cord. The result might be the contamination of the spectra with resonances of non-neural tissues,
such as lipids, from nearby bone marrow or muscles and a further
reduction of the SNR for the metabolites of interest.
6) Dynamic changes of the static magnetic field induced by
cardiac, respiratory, and subject motion or hardware instabilities
lead to inconsistent spectral averaging and hence to line broaden-

ing and thus to further SNR reduction and increased spectral
overlap. Related frequency and phase shifts can also alter quantification results and impair water suppression.8
7) Anatomic variability, subject motion, or pathophysiologic
changes of the electromagnetic tissue properties may affect the
transmit (B1) field and hence alter desired flip angles, localization
profiles, and SNR.
8) With conventional MR spectroscopy localization techniques such as the point-resolved spectroscopic sequence, the signal of different metabolites stems from slightly different regions
(chemical shift displacement artifact1). If one considers the small
size of the spinal cord, the excitation volumes for some metabolites might be shifted partially out of the cord region. This has to
be considered to minimize measurement errors with regard to
relative metabolite concentrations (see “Inner- and Outer-Volume Suppression”).
All of the above-mentioned technical problems lead to a reduction of the spectral quality and thus to a reduction in the
amount of reliably detectable metabolites (eg, Cramér-Rao lower
bounds ⱕ20), which diminish the clinically usable information
content. Therefore, optimizing and improving spectral quality is
necessary to obtain meaningful data.

CONSIDERATIONS FOR SPINAL CORD
MR SPECTROSCOPY PROTOCOLS
The following issues should be addressed in the scan protocol to
optimize the spectral quality and to enable reliable metabolite
quantification in the human spinal cord in vivo.

Optimizing SNR
To optimize SNR, moving to higher field strength (currently from
1.5T,3,9-15 ⬎2T,5,16 and 3T14,15,17-30 to 7T31) is an obvious solution. However, spinal cord MR spectroscopy at a very high field
strength (ⱖ3T) may provide increased SNR but is not readily
available and requires further hardware and sequence development to address increased B0 and B1 inhomogeneity problems.
Clinically relevant 3T protocols use point-resolved spectroscopic
sequence32 volume localization,5,9-28,31,33 which, in contrast to a
stimulated echo-acquisition mode34 as used by Kim et al,3 provides more SNR. Usually the body coil is used for excitation, while
a possibly close-fitting multichannel surface-coil array used for
reception is an efficient way to maximize the obtainable SNR.29-31

Voxel Placement
To measure exclusively cord tissue, to gain optimal SNR and B0
shim quality, one must apply effort to ensure accurate voxel placement. Cooke et al5 recommended a voxel size of 9 ⫻ 7 ⫻ 35 mm3
and appropriate placement so that the lower limit of the voxel
level is aligned with the inferior border of the C2 vertebral body.
In some investigations, the voxel dimensions are kept constant
but smaller than the previously recommended size, to ensure that
the voxel size fits even in subjects with a small spinal cord diameter,9,14,19,22,29,30,33,36,37 whereas others adapt the voxel size to
each individual subject.17,18,20,21 Edden et al26 introduced 1D
proton MR spectroscopy imaging in the spinal cord at 3T. However, the huge excitation volume of 90 ⫻ 10 ⫻ 12 mm3 might be
difficult to apply in a curved spinal cord.
AJNR Am J Neuroradiol 34:1682– 89
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IVS. Because saturation pulses can be designed to have a much
higher bandwidth (⬎10 kHz) than the localization pulses, the
chemical shift displacement artifacts can be substantially reduced
by saturating the nonoverlapping areas of the metabolite-specific
excitation volumes. Henning et al17 demonstrated how IVS can be
applied in the spinal cord (Fig 1). This technique was also used in
Hock et al18,19,29,30 in combination with a reduced thickness of
the saturation band (10 mm), which further reduced the chemical
shift displacement artifact and sharpened the saturation section
profile.

ECG/Respiratory Triggering/Gating

FIG 1. Exemplary planning based on sagittal and axial T2-weighted
turbo spin-echo images of the cervical spinal cord. Due to the
chemical shift displacement artifact, the signal of different
metabolites stems from different regions. For example, spectral voxels from NAA (red voxel) and myo-inositol (green voxel) are shifted
against each other. Applying narrow (approximately 10 mm) sharpedged inner-volume saturation bands (blue) with high bandwidths
(⬎10 kHz) reduces this artifact. The saturation pulses above and below
the spectroscopy voxel also facilitate ﬂow compensation.

For correct voxel placement, high-resolution images (eg, highresolution T2-weighted turbo spin-echo17) of the spinal cord
must be acquired (Fig 1). The voxel position should also be
checked frequently to avoid misplacement due to subject motion
(Fig 2). Therefore, some groups divide the spectroscopic acquisition into blocks interleaved with images to check for the correct
voxel placement.5,16,19,30

Inner- and Outer-Volume Suppression
Localized saturation bands are frequently used to reduce CSF flow
artifacts, to suppress signals from outside the voxel, and to overcome the chemical shift displacement artifacts (see “Technical
Problem” 8).1 To that broadband, radio-frequency pulses with a
small transition bandwidth should be used.
OVS. Saturation bands outside the spectroscopy voxel can
help to enhance localization efficiency by suppressing signals
from outside the voxel (ie, lipids) and acting as flow compensation.9,10,15,20,21,24-26
1684
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Cooke et al5 suggested pulse triggering to reduce the influence of
CSF flow and spinal cord motion. However, in some studies, pulse
triggering/gating was not used, mainly to reduce acquisition
time.21 For pulse triggering, either the ECG14,17,19,25 or infrared
finger pulse oximeters can be used. Cooke et al5 used a pulse
oximeter, and they stated that a gating delay of 400 ms after cardiac electrical systole provides the most stable spectra, whereas
Henning et al17 used an ECG device with a delay of 300 ms. In
contrast, Hock et al18,19,29,30 used a trigger delay of about 700 ms
because the flow curve reaches a minimum at about 650 ms after
the R peak of the ECG.6 They could show that ECG triggering also
applied during the preparation phases improves the spectral quality and the robustness of the acquisition.29
Respiratory triggering and gating were not used for MR spectroscopy in the human spinal cord until now. However, distinct
dynamic B0 field fluctuations occur due to breathing at high B0
fields and/or during acquisitions in lower regions of the spinal
cord. A recent technique to reduce the influence of dynamic B0
changes is the phase and frequency alignment of each free induction decay by using non-water-suppressed 1H-MR spectroscopy
before spectral averaging (compare with the section “Water and
Fat Suppression”).19,30 Nevertheless, whether the use of respiratory triggering/gating is feasible is yet to be investigated because it
might lead to severe scanning-time prolongation. More advanced
solutions such as real-time B0 shim updating, as recently demonstrated for breast MR spectroscopy,38 are also promising for spinal cord MR spectroscopy.

B0 Shimming
Static B0 inhomogeneity is one of the major problems in MR
spectroscopy of the spinal cord because it leads to broadening of
the resonance lines and hence to a further reduction of the
achievable SNR and spectral resolution. Unfortunately, many
authors are not specific in describing their B0 shimming routine. Different B0 shimming techniques like manual B0 shimming,11,13,15 B0 shimming based on static B0 maps,17,18,23 and
iterative B0 shimming or a projection-based B0 shimming39-42
approach18,19,26,29,30 have been used to reduce B0 field distortions. Hock et al18,29 compared different B0 shimming techniques
and demonstrated that ECG-triggered, second order, projectionbased B0 shimming resulted in the best spectral quality (full width
at half maximum of the water peak around 9 Hz at 3T) and reproducibility. The use of a third31 or even higher order or dedicated
local B0 shim coils might further improve these results in the
future.

FIG 2. Effect of patient motion. Axial T2-weighted images with planning of the measurement voxel (red box, NAA; blue box, myo-inositol; green,
B0 shim volume; blue transparent, IVS) before (A and B) and after (E and F) MR spectroscopy acquisition (C and D). Increased line width, lower
SNR, and additional lipid peaks may occur in motion-affected measurements (D) compared with non-motion-affected acquisitions (C).

Water and Fat Suppression
The concentration of water in nervous system tissue is much
higher than the concentration of metabolites1; thus, the water
peak around 4.7 ppm dominates the spectrum and can lead to
baseline distortions and gradient vibration-induced signal modulations.1 Therefore, the water peak is usually suppressed (or
reduced), for example, with chemical shift selective43 water
suppression,3,5,9,16,20-23,27,28 or with asymmetric variable power
RF pulses with optimized relaxation delays (VAPOR).29,30,44 In
addition, Hock et al19,30 showed that MR spectroscopy in the
spinal cord is possible without water suppression by using the
metabolite-cycling technique.45 The advantage of this technique
for spinal cord MR spectroscopy is that the high water peak can
be used for frequency and phase alignment of single acquisitions
before spectral averaging, which reduces the resulting line width
of the spectrum and thus increases the obtainable SNR. Some
groups12,24,26 used a combined water and fat suppression, for example, by application of dual-band hyperbolic secant pulses.46
However, lipid concentration is very low in the healthy spinal
cord; thus, it will not disturb the spectrum as severely as the water
peak. Thus, the lipid peak does not need to be suppressed. In

addition, an elevated lipid signal can be used as an indicator of
subject motion (voxel position displaced to an area with high lipid
concentration [Fig 2]) or inefficient spectral localization. Another
argument for not using fat suppression is the potential suppression of metabolites lying in the frequency range of the fat-suppression pulse, such as lactate or macromolecules, which may
provide important information on the nature of pathologic
tissues.

Cervical Spinal Cord and Beyond
Most publications show spinal cord MR spectroscopy results of
the upper part of the cervical region.3,5,9-28 Additional problems
in lower regions are the following: 1) a reduced diameter of the
spinal cord,6 which further reduces the possible voxel size and
thus the SNR; 2) a larger distance between coils and the region of
interest (in the thoracic part around 5–15 cm); and 3) increased
spatial and temporal B0 and B1 inhomogeneity caused by the
higher impact of cardiac and respiratory motion due to the closer
proximity of the heart and lungs. However, 3 publications3,17,25
have shown decent results in lower cord regions in cases of large
AJNR Am J Neuroradiol 34:1682– 89
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tumors obliterating the subarachnoid spaces and thus reducing
the CSF flow and allowing an increased voxel size.

Acquisition Settings
Settings for TE range from TE ⫽ 305 to 4325 ms over 14424 to
28825 ms. Short TEs enable higher SNR and detection of metabolites with short T2 times. On the other hand, a long TE can be
used additionally to differentiate, for example, the lactate peak
around 1.3 ppm from lipid resonances.25 The settings for the TR
range from TR ⫽ 59015 to 30005 ms (mostly 2000 ms as in Henning et al17), and the excitation flip angles are usually set to 90° as
in Henning et al.17 Adaptations of these values considering the
Ernst angle (see de Graaf1) might be useful.
In addition, a trade-off has to be made by setting the number
of repetitions. A high number of repetitions can improve the SNR
(with the square root of repetitions) but is also associated with
long scanning time and increased sensitivity to subject motion. In
the literature, repetition values from 16023 to 51217 can be found.
Furthermore, 512 ms acquisition time is commonly used as in
Henning et al17 and Hock et al.30

Postprocessing: Quantiﬁcation and Display of the Results
Postprocessing includes averaging of the free induction decays,
Fourier transformation, phase and eddy current correction, and
time-domain filtering. Therefore, additional acquisitions of unsuppressed water spectra are frequently added12,17,20,21,23,24,29,30
for phase and eddy current correction with the technique described by Klose.47 However, if the metabolite-cycling technique
demonstrated in Hock et al19,30 is used, these corrections can be
performed without additional acquisition of non-water-suppressed spectra, and additional phase and frequency alignment
can be applied before spectral averaging.
Quantification of metabolite concentrations is the main goal
of spinal cord MR spectroscopy. Some groups show absolute
quantification results,5,9,10,16,21,26 while others show concentration ratios.11,13,15,17,19,20,22,23,27-30 However, metabolite quantification may be complicated by several technical pitfalls. An overview of the quantification challenge can be found in HeinzerSchweizer48 and de Graaf.1 While some authors used quantification
software provided by the scanner manufacturer or their own fitting
tools,5,11-15,24,26 most authors used the LCModel49 (Stephen
Provencher, Oakville, Ontario, Canada)9,10,17,19-23,27,28 or jMRUI
(http://www.mrui.uab.es/mrui/mrui_Overview.shtml)16,35,50 for
fitting the spectra, which improves the comparability of the
results. However, the wide range of quantification results in
healthy volunteers (On-line Table 1) highlights the difficulty of
this procedure and its reliance on different acquisition and
quantification methods. Primary requirements for a dependable quantification are high spectral quality (high SNR and
small line width) and an artifact-free signal. Cramér-Rao lower
bounds of each metabolite fit, mean and SD of the line width
and SNR (eg, of the highest metabolite peak), coefficient of
variation of the measurements, plots of single subjects, and
group average spectra are necessary to give the reader a chance
to evaluate the reliability of the results. Unfortunately, few
publications provide sufficient quality indicators as can be
seen in On-line Tables 1 and 2.
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Currently, spinal cord MR spectroscopy allows the investigation of 4 major metabolites in healthy volunteers: NAA, Cho, Cr,
and myo-inositol. Moreover, additional metabolites like lactate
or glutamate/glutamine may become visible in patients. In addition, information about macromolecules and lipid can be retrieved from spectra but may show a dramatic intersubject
variability. A further increase of the SNR may be the key to uncovering additional metabolites: Hock et al19,30,36 also could detect scyllo-inositol with CRLB below 25% by using non-watersuppressed proton MR spectroscopy.

STATE-OF-THE-ART PROTOCOL
In conclusion, a state-of-the-art protocol includes the following:
high-resolution localization images to verify the voxel position frequently; point-resolved spectroscopic sequence localization with
short TEs (ⱕ30 ms); an acquisition time of 512 ms; an SNR efficiency-optimized excitation flip angle and TR pair (for an excitation flip
angle of 90°, a TR ⱖ 2000 ms should be used); IVS; optimized watersuppression or non-water-suppressed 1H-MR spectroscopy with frequency alignment of single free induction decays; ECG triggering;
ECG-triggered, projection-based, higher order shimming to ensure a
narrow line width (⬍0.1 ppm); a high number of averages (eg, 512
resulting in a total scanning time of approximately 17 minutes); and
sophisticated hardware (eg, high field strength [ⱖ3T] and dedicated
spine coil arrays) enabling a high SNR (ⱖ4).

MR SPECTROSCOPY OF THE HUMAN SPINAL CORD:
CLINICAL STUDIES
Molar metabolite concentrations and concentration ratios measured with MR spectroscopy in the spinal cord in healthy volunteers are summarized in On-line Table 1. Unfortunately, there is a
lack of quality indicators in many publications. In addition, in some
studies, sample spectra indicate high artifact content (lipid peaks,
phase shifts, ghostings, water-peak-affected baseline). However, data
published by Marliani et al21 and Hock et al19,29,30 (Fig 3) feature
acceptable SNR, low line width, low CRLB, and sample spectra free of
major artifacts, making the results reliable. The differences among
these studies are most likely attributed to the different water-suppression techniques used, which influence the spectra baseline. Because
of the absence of a criterion standard for measuring metabolite concentrations in vivo, additional measurements and cross-validation
against invasive methods (ie, in biopsies of patients or postmortem
examinations) are needed to verify the results.
A review of the literature revealed several publications using
1
H-MR spectroscopy in clinical studies in which different pathologies were investigated.
Five investigations focused on multiple sclerosis and reported
a general reduction in the NAA/Cr ratio in the spinal cord of
patients with MS (On-line Table 2).9,12,16,20,33 One of these studies published by Marliani et al20 exhibited a proper spectral quality documented by relatively high SNR, low line width, and sample spectra. They studied 15 patients with relapsing-remitting MS
with at least 1 lesion in the measurement voxel (On-line Table 2),
and they compared the results with those in healthy subjects.21
Besides the decrease of NAA/Cr, they found an additional significant decrease of NAA/Cho and an increase in Cho/Cr and myoinositol/Cr in patients with MS.

FIG 3. In contrast to controls,30 spectra (A) measured in different pathologies (B–E)33,37 in the
spinal cord show a distinct change in the metabolite ﬁngerprint, with high correlation to connatural MR spectroscopy acquisitions in the brain. Spectra measured in the normal-appearing
spinal cord of patients with MS33 show an increase of myo-inositol/Cr and Cho/Cr and a
decrease in NAA/Cr. The extradural tumor (schwannoma) shown in D does not contain any
metabolite observable in healthy neural tissue.33 In contrast, the biopsy-conﬁrmed
ependymoma exhibited strongly reduced NAA/Cr, increased Cho/Cr, and strongly increased
myo-inositol/Cr, in addition to increased lipid and lactate, compared to controls.33 The spectra
measured in a patient after a traumatic injury37 also show a reduction in the NAA/Cr.

Four publications investigated tumors in the human spinal
cord. Kim et al3 investigated 14 mass lesions. They reported specific MR spectroscopy changes, similar to changes seen in MR
spectroscopy of central nervous system tumors. They provided

exemplary spectra measured in vivo and
ex vivo. However, they did not show any
quantification or metabolite ratios and
quality evaluation of their results. Dydak
et al25 investigated 1 patient with a tumor
in the cervical spinal cord. They showed
that lactate and myo-inositol are increased compared with healthy spinal
cord tissue by visual inspection of the
spectrum, but they also did not provide
metabolite concentrations and quality indicators. Henning et al17 reported 2 patients with spinal cord tumor (1 located at
C4 –5 and 1 at T9) with sufficient shim of
12 Hz (FWHM of the water peak) at 3T.
Besides a decrease of NAA and Cr, an increase of Cho and myo-inositol was observed. In addition, they reported an increased lactate and glutamine/glutamate
peak in the tumor tissue (On-line Table
2). However, the spectra had a low SNR.
Finally, Hock et al33 presented 3 patients
with neoplastic spinal cord lesions and
compared the spectra with those from 13
healthy volunteers and 13 patients with
MS (On-line Table 2 and Fig 3). Spectra
were of good quality, and low CRLB were
provided. However just acquisitions with
short TEs were acquired. The measured
ependymoma showed strongly reduced
NAA/Cr, increased Cho/Cr, and strongly
increased myo-inositol/Cr in addition to
lipids and lactate compared to metabolite
over Cr ratios measured in healthy
controls.
Holly et al11 investigated 21 patients
with cervical spondylotic myelopathy and
compared the results (On-line Table 2)
with those in 13 healthy volunteers (Online Table 1). Voxels with the unusually
large size of 10 ⫻ 10 ⫻ 15–20 mm were
placed at the C2 level (because the spinal
cord has a diameter of approximately 10
mm, a significant amount of surrounding
tissue or CSF must have been included in
the voxel). They reported insufficient B0
shim values between 18 and 25 Hz at 1.5T;
no CRLB and no SNR values were given.
The displayed exemplary spectra seem
to have low spectral quality (low SNR,
probably phase-shifted). Furthermore,
an additional acquisition with longer
TEs to differentiate lactate and lipid
to verify the presence of lactate in this

would be beneficial
patient group.
Rapalino et al13 investigated cervical spondylosis in 8 patients
(On-line Table 2) and compared the results with those in 6
AJNR Am J Neuroradiol 34:1682– 89
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healthy volunteers. They noticed a decrease of the NAA/Cr ratio
and an increase of Cho/NAA in patients, without presentingquality indicators apart from 2 exemplary spectra with relatively low
SNR.
Carew et al22 and Pineda-Alonso et al28 used their previously
published methods27 to investigate amyotrophic lateral sclerosis
in 14 patients (On-line Table 2) and 16 controls (On-line Table 1).
They could show that NAA/Cr and NAA/myo-inositol were reduced in patients with amyotrophic lateral sclerosis, and the reduction correlated significantly with clinical parameters. However, in the presented sample spectrum, a baseline distortion most
likely due to a widespread water peak indicating insufficient water
suppression could be observed, which might have negatively impacted spectral quantification.
De Vita et al23 presented data from 14 healthy volunteers
(On-line Table 1) and 8 patients (On-line Table 2) after brachial
plexus root re-implantation. They found a significant increase of
the myo-inositol/Cr ratios in the patient data sets. The data quality was documented with exemplary spectra, line-width information, and CRLB, but no SNRs. However it seems that the SNRs of
their data are quite low and a difference in data quality between
patients and volunteers was seen, which should be discussed.
Hock et al37 also presented data of patients with traumatic
injuries (On-line Table 2). A decrease in NAA/Cr and an increase
of myo-inositol/Cr were observed. However, the spectral quality
was reduced in these patients in comparison with healthy volunteers and patients with MS, most likely due to implants and the
presence of hemorrhage (Fig 3).
All published studies report specific changes when comparing
patients with healthy volunteers, indicating the feasibility and the
potential of applying MR spectroscopy to the spinal cord. Especially, NAA and myo-inositol seem to be meaningful markers for
the investigation of various diseases. However, more studies with
high spectral quality in larger patient cohorts are needed to increase diagnostic confidence with respect to the degree that MR
spectroscopy can enhance specific differential diagnoses or to
provide a tool for monitoring the course of a disease.

THE FUTURE OF MR SPECTROSCOPY IN THE SPINAL
CORD
MR spectroscopy has the potential to evolve into a powerful tool
for the investigation of biochemical changes in the spinal cord.
The significant MR spectroscopy changes present in patients with
different disorders, compared with healthy subjects, corroborate
the clinical diagnostic potential of this method. However, to yield
reliable results, certain quality criteria, related to both data acquisition and quantification, of the various metabolites need to be
presented. Therefore, SNR, CRLB, coefficient of variation, SD,
and exemplary and average spectra are necessary to give an impression of the data quality. Furthermore, the significance and
sensitivity have to be investigated in large subject cohorts and in
the context of multimodal imaging protocols.
To accelerate the transfer of spinal cord 1H-MR spectroscopy
from research and development to clinical practice, further technical progress improving spectral quality and robustness is
helpful. Furthermore, the applicability has to be enhanced (eg,
automation of postprocessing and quantification steps), the total
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scanning time should be minimized, and standardized acquisition
and quantification protocols are necessary for comparison of the
data.
Another unsolved problem is the spectral quality of the measurements in more caudal regions of the spinal cord (ie, the thoracic and lumbar regions). The additional challenges discussed
above have prevented the acquisition of satisfactory MR spectroscopy results to date. Increasing SNR due to progress in technology
may enable reliable measurements in these regions in the future.

CONCLUSIONS
MR spectroscopy of the spinal cord is a promising tool for research and diagnosis because it can provide additional information complementary to other noninvasive imaging methods.
However, the application of MR spectroscopy in the spinal cord is
not straightforward, and great care is required to attain optimal
spectral quality.
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GENETICS VIGNETTE

Inherited Forms of Creutzfeldt-Jakob Disease
A.J. Degnan and L.M. Levy

ABBREVIATIONS: CJD ⫽ Creutzfeldt-Jakob Disease; PRNP ⫽ prion protein gene

INTRODUCTION
Protein infectious agent or “prion” is a concept developed by
Stanley Prusiner in the 1980s of a form of infectious disease involving proteins rather than traditional pathogens.1 More accurately, prion disease is a heterogeneous collection of neurodegenerative diseases characterized by alteration of a naturally
occurring prion protein to a malformed protein with varying
forms of presentation and transmission other than infection.
Within the largest group of prion diseases—Creutzfeldt-Jakob
disease—there are sporadic, familial, iatrogenic, and variant
forms. CJD is an endemic disease with worldwide distribution;
estimates of the incidence of sporadic or idiopathic CJD vary from
1 to 2 cases per million population annually.

WHAT IS THE NORMAL FUNCTION OF THE PRION
PROTEIN?
The etiology of CJD entails a misfolding of the prion protein, but
there is presently no consensus on a specific function for this
protein. In light of its central role in a neurodegenerative disease,
it is expected that the prion protein performs important functions
in the brain, which, when disrupted, may lead to impairment of
neurologic function. Prions are thought to serve in neuronal signaling as a membrane protein with cell signal-transduction properties.2 Many authors argue that the prion protein plays a role in
some cognitive tasks as supported by the association of conditions
with cognitive impairment and prion protein gene mutations, but
there is some contention in the literature on this topic.3-5

Received December 18, 2012; accepted after revision December 19.
From the University of Pittsburgh Medical Center (A.J.D.), Pittsburgh, Pennsylvania;
and George Washington University Medical Center (L.M.L.), Washington, DC.
Please address correspondence to Lucien M. Levy, MD, PhD, Professor of Radiology and Director of Neuroradiology, George Washington University Medical Center,901 23rd St NW, Washington, DC 20037; e-mail: llevy@mfa.gwu.edu
http://dx.doi.org/10.3174/ajnr.A3580

1690

Degnan

Sep 2013

www.ajnr.org

HOW DOES ABNORMAL PRION PROTEIN CAUSE
DISEASE?
The misfolded prion protein is marked by a shift from ␣-helices
present in normal proteins to ␤-pleated sheets due to changes in
the amino acid sequence. This abnormal protein accumulates
within the brain, possibly further propagated by a direct change in
the conformation of neighboring normal protein by contact with
the abnormal prion protein. Subsequently, neuronal death leads
to spongiosis within affected regions throughout the brain; there
is also accumulation of  protein concomitant with neuron loss.
These changes occur while there is a wide variety of neurologic
deficits ranging from rapid dementia, ataxia, and extra-pyramidal
symptoms to psychiatric manifestations.

WHAT ARE THE GENETICS OF FAMILIAL CJD?
Familial CJD (and related inherited prion diseases: fatal familial
insomnia and Gerstmann-Straussler-Scheinker disease) manifests in a variety of different forms caused by changes to PRNP on
chromosome 20 that may occur with deletion, insertion, or point
mutations—all in autosomal dominant patterns of inheritance.
PRNP mutations are highly penetrant, meaning that the presence
of a PRNP mutation all but guarantees the eventual progression of
CJD in an individual. However, beyond pathognomonic PRNP
mutations (for which particular types of familial CJD are named),
there are also polymorphic codons elsewhere within the gene.
One location in particular is the codon 129, which codes for either
methionine or valine and is the target of molecular diagnostic
tests of CJD.6 This codon is frequently involved in all forms of
CJD, and methionine homozygosity appears to constitute the
most common polymorphism associated with an increased risk
for CJD.7 More recent work argues for a protective effect of
heterozygosity at codon 129 as protection against kuru (an unusual form of prion disease associated with cannibalism in a specific population of Papua New Guinea).8 Thus, variance in CJD
presentations pivots primarily on the nature of the PRNP mutation and then is further modified by polymorphisms within
codon 129 on both the mutated and wild alleles.

WHAT ARE SOME FORMS OF FAMILIAL CJD?
The most common form of inherited CJD involves the E200K
(lysine [K] in lieu of the glutamate [E]) mutation, which has
been noted in an assortment familial clusters including Libyan
Jews (most prominently) and families in Slovakia and South
America—this manifestation shares great similarity to sporadic
CJD both clinically and on diagnostic imaging.9,10 The next most
common mutation is V210I (isoleucine [I] in lieu of valine [V]),
but this condition does not have a clear pattern.10,11 To date,
approximately 30 mutations associated with inherited prion disease have been identified in a diverse group of populations, and it
is likely that, with increased awareness and improved molecular
tools, more mutations will be observed.6,10

4.

5.

6.
7.

8.

9.
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Metabolite Differences in the Lenticular Nucleus in Type 2
Diabetes Mellitus Shown by Proton MR Spectroscopy
Y. Lin, J. Zhou, L. Sha, Y. Li, X. Qu, L. Liu, H. Chen, Z. An, Y. Wang, and C. Sun
EBM

2

ABSTRACT
BACKGROUND AND PURPOSE: Previous studies by using proton MR spectroscopy found metabolite abnormalities in the cerebral cortex
and white matter of patients with type 2 diabetes mellitus. The present study was undertaken to detect metabolite differences in the
lenticular nuclei and thalamus in patients with T2DM.
MATERIALS AND METHODS: Twenty subjects with T2DM and 22 age-matched control subjects underwent single-voxel MR spectroscopy
in the left and right lenticular nuclei and left and right thalami. NAA/Cr and Cho/Cr ratios were calculated. Brain lactic acid, fasting blood
glucose, and glycosylated hemoglobin levels were also monitored.
RESULTS: The NAA/Cr ratio was lower in the left lenticular nuclei of subjects with T2DM (P ⫽ .007), whereas the Cho/Cr ratio was
increased in both the and right lenticular nuclei (P ⫽ .001). The NAA/Cr ratio was negatively correlated with FBG in the left (r ⫽ ⫺0.573, P ⫽
.008) and right nuclei (r ⫽ ⫺0.564, P ⫽ .010). It was also negatively correlated to HbA1c in the left (r ⫽ ⫺0.560, P ⫽ .010) and right (r ⫽
⫺0.453, P ⫽ .045) nuclei. The Cho/Cr ratio was positively correlated with these variables (P ⬍ .05). No signiﬁcant differences in NAA/Cr or
Cho/Cr ratios were observed in the thalamus of patients with T2DM. Lactic acid was not detected in any of the patients in the study.
CONCLUSIONS: The different metabolic statuses of the lenticular nuclei and thalamus suggest different effects of T2DM in each of these
brain nuclei, with the lenticular nuclei being more vulnerable than the thalamus. The abnormal metabolic status was observed before
lesions had appeared in these brain areas.
ABBREVIATIONS: T2DM ⫽ type 2 diabetes mellitus; DM ⫽ diabetes mellitus; FBG ⫽ fasting blood glucose; HbA1c ⫽ glycosylated hemoglobin

P

roton MR spectroscopy can be used to determine the resonance peaks of many kinds of brain metabolites and neurotransmitters but is most often used to monitor NAA, Cho, Cr, and
lactic acid.1 NAA is a marker for neurons and axons, reflecting the
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number and functional status of neurons.2 Cho, mainly distributed
in the glial cells, is involved in cell membrane composition and myelin formation. Cr is associated with energy metabolism.2
Type 2 diabetes mellitus is an extremely prevalent metabolic disease,
which is associated with a variety of acute and chronic complications.
Previous works have shown that DM causes metabolic changes in the
brain, especially in the cerebral cortex and white matter.3-5
Most studies suggest that diabetes affects either the number or the
function of central neurons, which is mirrored by a reduction in
NAA levels and a lower NAA/Cr ratio.4-6 Studies investigating the
effects of diabetes on Cho metabolism have produced inconsistent
results. Studies by Kreis and Ross5 and Biessels et al6 reported no
difference in Cho/Cr ratios in diabetic rats or in brain tissue from
patients with diabetes. However, Sahin et al7 found evidence of a
lower Cho/Cr ratio in the parietal and frontal lobe white matter in
patients with T2DM, which was inversely related to HbA1c levels.
Other works demonstrated an increase in the Cho/Cr ratio in the left
occipital lobe gray matter of patients with T2DM but found no significant difference in the Cho/Cr ratio between patients and controls
in the bilateral frontal and left parietal lobe white matter.8

While many studies have investigated the effects of diabetes in
the brain cortex, few have investigated its effect in specific brain
nuclei such as the lenticular nuclei and thalamus. Previous studies
report that motor defects such as hemichorea may occur in patients with diabetes with lesions in the striatum. MR imaging indicated that this may be caused by lesions in the lenticular nuclei
and was evidenced by lower NAA/Cr ratios and increased Cho/Cr
in these patients.9,10 On the basis of these findings, it may be
speculated that T2DM might result in metabolic abnormalities in
the basal ganglia, even in the absence of visible lesions in those
areas.
In the present study, we used 1H-MR spectroscopy to observe
whether the metabolism within the lenticular nuclei and thalamus
was altered in patients with T2DM and to explore the impact of
T2DM on brain nuclei.

was chosen as the primary pulse sequence. Voxels were placed in
the bilateral lenticular nuclei (10 ⫻ 10 ⫻ 10 mm) and thalamus
(10 ⫻ 10 ⫻ 10 mm), respectively, avoiding the CSF of the lateral
ventricles, sulci, and cistern. Voxel-based shimming was performed to optimize field homogeneity before acquiring the spectra. Water suppression was performed by applying a chemical
shift selective saturation-pulse technique provided by the vendor.
Postprocessing of the spectral data was performed by using vendor-provided software (FuncTool 2, GE Healthcare).
The integral values of the metabolite peaks of NAA, Cho, and
Cr were observed at 2.12, 3.29 and 3.11 ppm, respectively. Metabolites ratios were obtained for NAA/Cr and Cho/Cr.
Fasting blood glucose and glycosylated hemoglobin levels
were monitored in all subjects.

MATERIALS AND METHODS

Statistical Analysis

Study Design
Subjects were selected for the study from the Department of Neurology, Second Affiliated Hospital of Dalian Medical University,
between March 2011 and December 2011. The subjects included
20 patients (7 men and 13 women) with T2DM (age range, 51– 85
years) and 22 control subjects (9 men and 13 women) between 52
and 80 years of age.
Patients with T2DM met the 1999 World Health Organization
diagnostic criteria for diabetes11 and were using oral medication
or insulin to control blood glucose. The duration of T2DM
ranged from 1 month to 30 years. Those who came to the hospital
during the same time but without DM were selected as control
subjects. All of the subjects enrolled in the study were righthanded. None of the subjects had coexisting systemic diseases,
head trauma, cognitive dysfunction, thyroid dysfunction, alcohol
dependence, hemichorea, infectious diseases of the central nervous system, or epilepsy. Those with impaired glucose tolerance
or impaired fasting glucose regulation were excluded from the
study. None of the subjects had a history of hypoglycemia.
Institutional ethics approval was obtained from the Second
Affiliated Hospital of Dalian Medical University. All study subjects provided informed consent before entering the study.

Measurement of Brain Metabolites
Studies were performed on a 1.5T Signa MR imaging system (GE
Healthcare, Milwaukee, Wisconsin). Conventional axial, sagittal,
and coronal spin-echo scans and axial fast spin-echo scans, including T1- and T2-weighted images, were obtained before spectroscopy to rule out any lesions or structural abnormalities. T2weighted imaging was performed by using the following
parameters: TR/TE, 4300/105.3 ms; k-space matrix, 320 ⫻ 256;
FOV, 24 ⫻ 24 cm; section thickness, 6 mm; space, 1 mm. The axial
section showing the most anterior extent of the anterior margin of
the genu of the corpus callosum was chosen as the reference image
on which to center the voxels for both locations.12
Single-voxel spectroscopy was performed on all subjects with a
circularly polarized head coil by using a point-resolved spectroscopy sequence (TR/TE, 1000/144 ms) with 128 averages. Due to
the less complex spectra and increased reproducibility of the measurements, the long-TE point-resolved spectroscopy sequence

Statistical analyses were performed by using the Statistical Package for the Social Sciences, Version 16.0 for Windows (SPSS, Chicago, Illinois). Data were presented as means and SDs. The Shapiro-Wilk test was used for the normality of all continuous
variables. An independent t test was used for comparison of the
metabolite ratios between the T2DM group and the controls, and
the Mann-Whitney U test was used to assess the differences of
FBG and HbA1c between the 2 groups. Categoric data were compared by using analysis of variance. Correlations were estimated
by using Spearman rank correlation coefficients. P ⬍ .05 was considered statistically significant.

RESULTS
Figures 1 and 2 show the regions of interest in the right lenticular
nucleus and thalamus together with corresponding MR spectra
for Cho, Cr, and NAA.
FBG in patients with T2DM was in the range of 5.85–15.96
mmol/L, and in the control group, it ranged from 5.05 to 5.90
mmol/L (P ⫽ .000). The HbA1c was also statistically significantly
higher in the T2DM group (5.8%–14.3%) than in the control
group (4.4%–5.6%, P ⫽ .000). There was no significant difference
in the occurrence of high blood pressure between the 2 groups
(85% versus 77.3%).
Metabolite ratios for the right and left lenticular nuclei and
thalamus are shown in Table 1. The NAA/Cr ratio in the left lenticular nuclei was significantly lower in the patients with T2DM
than in healthy control subjects (P ⫽ .007), but no significant
difference in this ratio was found between patients and controls in
the right lenticular nuclei (P ⫽ .071).
The Cho/Cr ratios in the left and right lenticular nuclei were
both significantly higher in patients with T2DM than in controls
(P ⫽ .001 for both sides). No statistically significant difference in
NAA/Cr or Cho/Cr ratios between patients with T2DM and controls was found in the bilateral thalami.
In both patients and controls, metabolite ratios in the left
brain nuclei and thalamus were not statistically significantly different from those on the right side of the brain. Lactic acid was not
observed in the nuclei of any of the patients.
HbA1c and FBG were negatively correlated with NAA/Cr raAJNR Am J Neuroradiol 34:1692–96
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shows the significant correlations between the metabolite ratios in the left
lenticular nucleus and FBG as well as
HbA1c.

DISCUSSION
Diabetes mellitus is a metabolic disorder
with alterations of carbohydrate metabolism and biochemical metabolism of the
brain.3 Our findings show lower levels of
NAA/Cr in the left lenticular nucleus and
increased Cho/Cr levels in both the left
and right lenticula of subjects with T2DM.
Both FBG and HbA1c were negatively correlated with the NAA/Cr ratio in the left
nuclei as well as the right, while the
Cho/Cr ratio was positively correlated. No
significant differences in NAA/Cr or
Cho/Cr ratios were observed in the thalamus of patients with T2DM.
Lower NAA/Cr levels observed in the
left lenticular nucleus of patients with
T2DM suggest that the number or the
functional state of the neuron in the lenFIG 1. A and C, Regions of interest used for 1H-MR spectroscopy in a patient with T2DM (female, ticular nucleus was affected by diabetes.
57 years of age) and a control subject (female, 58 years of age). B, Spectrum of the patient with This was consistent with previous studies
T2DM obtained from the left lenticular nucleus. D, Spectrum of the control subject obtained
reporting that diabetes could affect the
from the left lenticular nucleus.
neuronal function, resulting lower NAA
or NAA/Cr ratios in some regions of the
brain.4,5
The increased Cho/Cr ratios in the
lenticular nuclei may have been related
to ⱖ1 of the following reasons: First,
long-term high blood glucose levels
could cause blood viscosity to increase
and then disturb the macro- and microvascular function and structure, which
might result in vessel dysfunction and cerebral arteriosclerosis.13,14 The abnormal
vascular function might further contribute to hypoperfusion, ischemia, and hypoxia. Energy depletion caused by ischemia
would increase the Cho concentration by
reducing the synthesis and enhancing the
hydrolysis of acetylcholine.15,16
Second, choline is a mixture of molecular sources predominantly found in cell
membranes.17 Therefore, a second explanation for the increased Cho levels is that
hypoxia resulting from local hypoperfusion may cause a breakdown of myelin
FIG 2. A and C, Region of interest in the left thalamus used for 1H-MR spectroscopy in the same and decomposition or hydrolysis of cell
patients in Fig 1 with T2DM and control subject. B and D, Spectra of the patient with T2DM is membranes.9
above and the control subject is below.
Finally, increased Cho in T2DM
may be a result of reactive glial proliferation, which may occur
tios in the left and right lenticular nuclei of patients in the T2DM
as a secondary response to neuronal dysfunction in the presgroup (Table 2). There was also a positive correlation between the
ence of relative tissue hypoxia.18
Cho/Cr ratio and HbA1c and FBG in the T2DM group. Figure 3
1694
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Table 1: NAA/Cr and Cho/Cr ratios (mean ⴞ SD) in the lenticular nuclei and thalamus of
control subjects and patients with T2DM
Left
Right

patients with diabetes with poor glycemic control than in well-controlled patients.7 It is thought that chronic high
Controls (n = 22) T2DM (n = 20) Pa Controls (n = 22) T2DM (n = 20) Pb
blood glucose levels alter neuron metabLenticular nuclei
olism, protein synthesis, and expression,
NAA/Cr
1.61 ⫾ 0.19
1.41 ⫾ 0.26 .007
1.57 ⫾ 0.20
1.45 ⫾ 0.24 .071
as well as the apoptosis of a gene that may
Cho/Cr
0.99 ⫾ 0.19
1.23 ⫾ 0.24 .001
0.98 ⫾ 0.16
1.18 ⫾ 0.20 .001
accelerate neuronal degeneration.20 The
Thalamus
positive association between Cho/Cr and
NAA/Cr
1.70 ⫾ 0.16
1.64 ⫾ 0.16 .222
1.72 ⫾ 0.15
1.65 ⫾ 0.18 .221
Cho/Cr
1.13 ⫾ 0.15
1.17 ⫾ 0.16 .479
1.15 ⫾ 0.15
1.21 ⫾ 0.16 .236 FBG and HbA1c also suggests that the
a
Cho levels may be increased under conComparison of metabolite ratios in the left nuclei between patients and controls.
b
Comparison of metabolite ratios in the right nuclei between patients and controls.
ditions of high blood glucose and hypoxia, resulting from the sequence of
events described above.
Table 2: Spearman rank correlations between lenticular nuclei metabolite ratios and FBG
and HbA1c in patients with T2DM
Our finding that differences of meLeft
Right
tabolites were observed only in the lenNAA/Cr
Cho/Cr
NAA/Cr
Cho/Cr
ticular nucleus but not in the thalamus
r
P Value
r
P Value
r
P Value
r
P Value suggests that the lenticular nucleus
FBG (mmol/L) ⫺0.573
.008
0.735
.000
⫺0.564
.010
0.608
.004
might be more vulnerable than the
HbA1c (%)
⫺0.560
.010
0.838
.000
⫺0.453
.045
0.619
.004
thalamus because of differences in vascular anatomy. The lenticular nuclei
are supplied by the penetrating arteries
called lenticulostriate arteries, which
originate from the middle cerebral arteries. These are penetrating end arteries that lack collaterals. This pattern of
vascular anatomy may make the lenticular nuclei particularly sensitive to the
changes of blood flow and more susceptible to metabolic change. The thalamus is supplied by a more robust arterial network that includes the
posterior perforating arteries (the tuberthalamic artery, thalamogeniculate
artery, and anterior choroidal artery)
as well as the medial and lateral posterior choroidal arteries. The collateral
circulation of the thalamus is also
abundant. Blood supply to the thalamus is mainly from the posterior cerebral cycle. The thalamus is also partly
supplied by the anterior cerebral cycle,
FIG 3. Signiﬁcant correlations for the lenticular nucleus (left side) between metabolite ratios and because the anterior choroidal artery,
FBG as well as HbA1c. A and B, Correlations between FBG and NAA/Cr and Cho/Cr. C and D, which is involved in the blood supply
Correlations between HbA1c and NAA/Cr and Cho/Cr.
of subthalamus, also arises from the
middle cerebral artery. The specialized
Despite the metabolic changes observed in the lenticular nublood supply to the thalamus might make it less sensitive to
clei, we were unable to demonstrate any significant differences in
changes in blood flow, and consequently, its tolerance to ischCho/Cr ratios in the thalamus, suggesting that dysfunction of celemia is better than that of the lenticular nucleus.
lularmembrane metabolites or abnormalities of neuronal energy
Lactate resulting from the mismatch between glycolysis and
metabolites do not occur in this part of the brain.
oxygen supply is a product of anaerobic metabolism, and it is a
In the study of Tiehuis et al,19 HbA1c was found to have no
hallmark for the detection of cerebral ischemia.21 However, none
significant effect on the metabolite ratios in the corona radiata.
of the patients with T2DM in our study had lactic acid detected.
We did, however, find that the NAA/Cr ratio in the lenticular
We speculated that this was because ischemia resulting from
nuclei of patients with T2DM was negatively related to FBG and
T2DM was not enough to cause anaerobic metabolism. However,
HbA1c, while Cho/Cr was positively related to these 2 variables.
this speculation needs to be proved by further study.
These findings are partly supported by previously published reOur finding that significant differences in NAA/Cr ratios besults that suggested that neuronal damage was more serious in
tween patients and controls were only present in the left lenticular
AJNR Am J Neuroradiol 34:1692–96
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nucleus suggests that the metabolic changes of the left lenticular
nucleus play a more important role in T2DM. It is probable that
the left hemisphere is more vulnerable than the right because of a
“dominant hemisphere” effect. All subjects in the study were
right-handed, which might explain why metabolite changes were
more obvious in the left hemisphere. We speculated that the dominant hemisphere is more likely to be in the state of energy shortage because its energy requirements might be higher. Under hypoxic conditions, this would make this hemisphere more
susceptible to nerve tissue damage, metabolic abnormalities, and
dysfunction.

CONCLUSIONS
1

H-MR spectroscopy contributed to the early detection of brain
damage. The abnormal metabolic status was observed in the brain
areas that appeared with normal structure in MR imaging. Different metabolic statuses of the lenticular nuclei and thalamus were
observed, suggesting different effects of T2DM in each of these
brain nuclei, with the lenticula being more vulnerable than the
thalamus. However, we could not show now whether the perfusion of these 2 areas was different. Further study is needed to
verify the perfusion state of both areas.

Disclosures: Yongzhong Lin—RELATED: Grant: Natural Science Foundation of Liaoning Province of China (No. 20102049),* Special Funds of the National Natural
Science Foundation of China (No. 30950025),* Science and Technology Planning
Project of Liaoning Province of China (No. 2010225009),* and National Science and
Technology Major Project of China (No. 2012ZX09503001-003),* Fees for Participation in Review Activities such as Data Monitoring Boards, Statistical Analysis, Endpoint Committees and the Like; Payment for Writing or Reviewing the Manuscript;
Provision of Writing Assistance, Medicines, Equipment, or Administrative Support:
Natural Science Foundation of Liaoning Province of China (No. 20102049). Changkai
Sun—RELATED: Grant, Support for Travel to Meetings for the Study or Other
Purposes: National Natural Science Foundation of China (No. 30950025),* Consulting
Fee or Honorarium; Payment for Writing or Reviewing the Manuscript: Science and
Technology Project of Liaoning Province of China (No. 2010225009),* Fees for Participation in Review Activities such as Data Monitoring Boards, Statistical Analysis,
Endpoint Committees and the Like; Provision of Writing Assistance, Medicines,
Equipment, or Administrative Support; Other: National Science and Technology
Major Project of China (No. 2012ZX009503001-003).* *Money paid to the institution.

REFERENCES
1. Ross B, Bluml S. Magnetic resonance spectroscopy of the human
brain. Anat Rec 2001;265:54 – 84
2. Miller BL. A review of chemical issues in 1H NMR spectroscopy:
N-acetyl-L-aspartate, creatine and choline. NMR Biomed
1991;4:47–52
3. Geissler A, Frund R, Scholmerich J, et al. Alterations of cerebral
metabolism in patients with diabetes mellitus studied by proton
magnetic resonance spectroscopy. Exp Clin Endocrinol Diabetes
2003;111:421–27

1696

Lin

Sep 2013

www.ajnr.org

4. Kario K, Ishikawa J, Hoshide S, et al. Diabetic brain damage in
hypertension: role of renin-angiotensin system. Hypertension
2005;45:887–93
5. Kreis R, Ross BD. Cerebral metabolic disturbances in patients with
subacute and chronic diabetes mellitus: detection with proton MR
spectroscopy. Radiology 1992;184:123–30
6. Biessels GJ, Braun KP, de Graaf RA, et al. Cerebral metabolism in
streptozotocin-diabetic rats: an in vivo magnetic resonance spectroscopy study. Diabetologia 2001;44:346 –53
7. Sahin I, Alkan A, Keskin L, et al. Evaluation of in vivo cerebral metabolism on proton magnetic resonance spectroscopy in patients
with impaired glucose tolerance and type 2 diabetes mellitus. J Diabetes Complications 2008;22:254 – 60
8. Modi S, Bhattacharya M, Sekhri T, et al. Assessment of the metabolic
profile in type 2 diabetes mellitus and hypothyroidism through
proton MR spectroscopy. Magn Reson Imaging 2008;26:420 –25
9. Higa M, Kaneko Y, Inokuchi T. Two cases of hyperglycemic chorea
in diabetic patients. Diabet Med 2004;21:196 –98
10. Lai PH, Chen PC, Chang MH, et al. In vivo proton MR spectroscopy
of chorea-ballismus in diabetes mellitus. Neuroradiology 2001;
43:525–31
11. Expert Committee on the Diagnosis and Classification of Diabetes
Mellitus. Report of the Expert Committee on the Diagnosis and
Classification of Diabetes Mellitus. Diabetes Care 2000;23(suppl
1):S4 –19
12. Ajilore O, Haroon E, Kumaran S, et al. Measurement of brain metabolites in patients with type 2 diabetes and major depression using proton magnetic resonance spectroscopy. Neuropsychopharmacology 2007;32:1224 –31
13. Keymel S, Heinen Y, Balzer J, et al. Characterization of macro-and
microvascular function and structure in patients with type 2 diabetes mellitus. Am J Cardiovasc Dis 2011;1: 68 –75
14. Jones RL, Peterson CM. Hematologic alterations in diabetes mellitus. Am J Med 1981;70:339 –52
15. Djuricic B, Olson SR, Assaf HM, et al. Formation of free choline in
brain tissue during in vitro energy deprivation. J Cereb Blood Flow
Metab 1991;11:308 –13
16. Scremin OU, Jenden DJ. Focal ischemia enhances choline output
and decreases acetylcholine output from rat cerebral cortex. Stroke
1989;20:92–95
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Comparison of 10 TTP and Tmax Estimation Techniques for MR
Perfusion-Diffusion Mismatch Quantiﬁcation in Acute Stroke
N.D. Forkert, P. Kaesemann, A. Treszl, S. Siemonsen, B. Cheng, H. Handels, J. Fiehler, and G. Thomalla

ABSTRACT
BACKGROUND AND PURPOSE: The mismatch between lesions identiﬁed in perfusion- and diffusion-weighted MR imaging is typically
used to identify tissue at risk of infarction in acute stroke. The purpose of this study was to analyze the variability of mismatch volumes
resulting from different time-to-peak or time-to-maximum estimation techniques used for hypoperfused tissue deﬁnition.
MATERIALS AND METHODS: Data of 50 patients with middle cerebral artery stroke and intracranial vessel occlusion imaged within 6
hours of symptom onset were analyzed. Therefore, 10 different TTP/Tmax techniques and delay thresholds between ⫹2 and ⫹12 seconds
were used for calculation of perfusion lesions. Diffusion lesions were semiautomatically segmented and used for mismatch quantiﬁcation
after registration.
RESULTS: Mean volumetric differences up to 40 and 100 mL in individual patients were found between the mismatch volumes calculated
by the 10 TTP/Tmax estimation techniques for typically used delay thresholds. The application of typical criteria for the identiﬁcation of
patients with a clinically relevant mismatch volume resulted in different mismatch classiﬁcations in ⱕ24% of all cases, depending on the
TTP/Tmax estimation method used.
CONCLUSIONS: High variations of tissue-at-risk volumes have to be expected when using different TTP/Tmax estimation techniques. An
adaption of different techniques by using correction formulas may enable more comparable study results until a standard has been
established by agreement.
ABBREVIATIONS: GVM ⫽ ␥-variate model; LDRWM ⫽ local density random walk model; LNM ⫽ log-normal model; RLCFM ⫽ reference-based linear curve ﬁt
model; Tmax ⫽ time-to-maximum

M

ultiparametric MR imaging is currently widely established
for diagnosis of patients with acute stroke,1 whereas diffusion-weighted and time-resolved perfusion-weighted MR imaging datasets are especially relevant for today’s clinical routine.
DWI can display ischemic brain tissue with decreased diffusion
within minutes from onset. A lesion that is visible in the DWI
image sequence is typically assumed to represent the core of an
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ischemic lesion that is unlikely to recover from therapy. PWI allows identifying hypoperfused tissue resulting from a present vascular occlusion. It has been hypothesized that the volumetric difference between these 2 lesions, the so-called PWI-DWI
mismatch, allows a quantitative definition of potentially salvageable brain tissue at risk, which reflects the ischemic penumbra.2-4
It is further assumed that a quantification of this mismatch volume allows identifying patients who are likely to benefit from
thrombolysis, even in an extended time window after symptom
onset.5,6 The definition and quantification of the ischemic penumbra is, therefore, increasingly performed for patient selection
in randomized controlled trials with treatment beyond the time
window that is approved for thrombolytic therapy.7-9
Although a Tmax (see below) bolus delay of ⬎6 seconds has
become an accepted threshold for the definition of a relevant hypoperfusion in recent stroke thrombolysis trials, no official guidelines have been established on how the PWI-DWI mismatch
should be calculated. While the identification of acute ischemic
lesions on DWI is quite straightforward, the interpretation of
PWI is rather challenging. One reason is that several parameters
AJNR Am J Neuroradiol 34:1697–703
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can be used for perfusion map calculation. Examples of these
parameters comprise the cerebral blood volume, cerebral blood
flow, mean transit time, time-to-peak, and time-to-maximum.
Several studies have been performed in the past to evaluate the
performance of these parameters regarding the ability to predict
the final infarct volume, with contradictory outcomes.10,11 However, recent trials mainly focus on the time-to-peak and time-tomaximum parameter for PWI-DWI mismatch quantification.
For quantitative analyses, the perfusion lesion is typically defined
by TTP ⬎ TTP ⫹  or Tmax ⬎ , where TTP describes a mean
value within healthy tissue in the contralateral hemisphere and ,
a given temporal delay threshold.
Several studies have been conducted to identify the optimal
delay threshold  for tissue outcome prediction. However, the
findings of these studies are ambiguous, with identified optimal
delay thresholds ranging from 4 to 6 seconds, depending on the
applied methods and validations.4,12,13 Secondary analyses of data
from the Echoplanar Imaging Thrombolytic Evaluation Trial
(EPITHET) have resulted in a similar refinement of the relevant
mismatch criterion by a Tmax delay of ⬎6 seconds, which was
used in the EXtending the Time for Thrombolysis in Emergency
Neurological Deficits (EXTEND) trial.9
Several factors may influence the PWI analysis, such as the use
and localization of the arterial input function.14,15 Apart from
this, there is another important aspect of PWI analysis that has not
attracted much attention; that is the method for computation of
TTP or Tmax parameter maps. Consequently, the method selection may influence the quantitative perfusion lesion definition
and subsequent treatment decisions.
The aim of this work was to analyze the impact of different
TTP/Tmax estimation techniques on tissue-at-risk quantification
at different delay thresholds. It was hypothesized that different
hemodynamic models result in relevant differences of tissue-atrisk volumes, with a noticeable effect on the number of patients
labeled as exhibiting a relevant PWI-DWI mismatch according to
currently used definitions.

METHODS AND MATERIALS
Patients and Imaging Protocol
Fifty nonconsecutive datasets of patients with an acute ischemic
stroke in the MCA territory admitted to our hospital since 2004
were analyzed in this study. The selection criterion was a sufficient
image quality without movement artifacts so that biased results
due to suboptimal image quality could be neglected. Moreover,
only patients with an intracranial vessel occlusion identified on
time-of-flight MRA were included in this study. The site of vessel
occlusion predicts the extent of acute ischemia.16 Thus, to include
perfusion lesions over the entire distribution range, we selected
patients with 4 different occlusion types: carotid-T occlusion;
“tandem-occlusion” combining extra- or intracranial ICA with
MCA mainstem occlusion (MCA ⫹ ICA); MCA mainstem occlusion; and MCA branch occlusion.
All MR imaging measurements were performed on a 1.5T Sonata scanner (Siemens, Erlangen, Germany). The PWI datasets
were acquired after application of contrast agent (approximately
15 mL of gadopentetate dimeglumine [Magnevist; Bayer HealthCare Pharmaceuticals, Wayne, New Jersey]) by using a TR ⫽ 1500
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ms, TE ⫽ 37 ms, and flip angle ⫽ 90°; image in-plane image
resolution ⫽ 0.94 mm2; and 24 sections with 5-mm section thickness. Each acquired PWI dataset contained forty 3D datasets. The
DWI sequences were acquired by applying diffusion gradients in 3
directions with strong diffusion-weighting (b⫽1000 s/mm2,
TR ⫽ 3500 ms, TE ⫽ 89 ms, flip angle ⫽ 90°; image in-plane
image resolution ⫽ 0.94 mm2; and 24 sections with 5-mm section
thickness).
Informed consent was obtained from all patients. The study
was approved by the local ethics committee.

TTP and Tmax Estimation Techniques
The TTP of a given tissue concentration curve, which can be extracted from each voxel of the PWI dataset, is defined as the time
point at which the curve achieves its signal peak. One possibility to
calculate this parameter is to determine it directly from the tissueconcentration curves by using the discrete sample points. However, there are 2 main drawbacks when extracting the TTP parameter model independently by using the raw PWI concentration
curves: noise artifacts and limited temporal resolution due to the
discrete representation.
Thus, hemodynamic model curves are typically used to overcome these limitations. These model curves are fitted to the tissue-concentration curves before TTP estimation. After they are
fitted, the adapted model functions can be used for TTP estimation with supposed higher precision.
The following 4 hemodynamic models (Fig 1) have been implemented and used for this study: the simplified ␥-variate
model,17 the local density random walk model,18 the modified
log-normal model, 19 and the reference-based linear curve fit
model.20
The TTP estimation does not account for the shape of the
arterial-indicator dilution curves.21 Therefore, deconvolutionbased Tmax estimation, which is based on the indicator-dilution
theory,22 has been proposed as a more precise alternative to direct
TTP estimation. The Tmax parameter is defined as the time point
at which the residue function R共t兲 reaches its maximum. Practically, the residue function can be calculated by using the following
relation:
1)

C T 共t兲 ⫽ CBF ⫻ R共t兲 䊟 C a 共t兲,

where CT共t兲 denotes the tissue concentration curve; Ca共t兲, the arterial input function; R共t兲, the residue function; CBF, the cerebral
blood flow; and V, the convolution parameter. Several approaches have been presented in the past that can be used to solve
this equation, whereas the singular-value decomposition approach23 has been found to achieve good results.
Contrast agent delays among arterial, brain tissue, and venous
structures lead to nonidentical recirculation portions in the measured indicator dilution curves because indicator dilution curves
are finite. As a result of this, the estimated residue functions may
exhibit shape and amplitude errors.24 Theoretically, this problem
can be solved by fitting of the aforementioned hemodynamic
models to the arterial input function and tissue curves before
Tmax estimation.

FIG 1. Selected section from a PWI dataset (left) and concentration time curve (black dotted) for a location within the perfusion lesion (arrow)
with ﬁtted hemodynamic model curves: ␥-variate model (red), local density random walk model (green), log-normal model (magenta), and
reference-based linear curve ﬁt model (blue).

The arterial input function, required
for Tmax estimation, was selected in all
datasets from the contralateral middle
cerebral artery. The deconvolution, required for Tmax estimation, was performed by using the standard singular
value decomposition and a truncation
threshold of 0.2.
For quantification of the PWI-DWI
mismatch volume, we manually encircled the visible lesions, including a safety
margin at each affected section in the
DWI dataset. A second healthy volume
FIG 2. Selected section from a DWI dataset with a corresponding DWI lesion (black) and overlaid of interest was then placed in the contissue-at-risk volumes for delay thresholds between 2 and 12 seconds calculated by using the 10 tralateral unaffected hemisphere in the
different TTP/Tmax estimation methods.
corresponding brain tissue, so that the
resulting defined volume represented an
Image Processing
4D PWI datasets display the passage of the paramagnetic contrast
approximation of the mirrored lesion volume. This healthy volagent, which results in a shortening of the T2 and T2* relaxation
ume of interest was then used for calculation of the mean  and
times and therefore in a reduction of signal intensities. For this
SD  of the DWI signal intensities, which were then applied for a
reason, the signal functions S共t兲 need to be converted to concenrefinement of the defined coarse DWI lesion volume of interest.
tration curves C共t兲 to enable an application of the aforementioned
Here, all voxels with a signal intensity I共x兲 ⬎  ⫹ 2 are reTTP/Tmax estimation techniques by using the following formula:
tained, while all other voxels are rejected from the final lesion
definition.
k
S共t兲
2)
C共t兲 ⫽ ⫺
In
,
After this process, the first PWI dataset was registered to the
TE
S0
DWI dataset for each patient by using rigid-transformation, linwhere S0 denotes the baseline MR signal intensity; TE, the echo
ear interpolation, and maximization of the mutual information.
time; and k, a proportionality constant.
The resulting transformation was then used to align the correAfter conversion, TTP/Tmax perfusion maps were calculated
sponding calculated 10 TTP/Tmax maps of a patient to the DWI
in a voxel wise manner for each PWI dataset by using the mendataset by using a linear interpolation.
tioned 10 different TTP/Tmax estimation methods (model-indeAfter registration, the healthy volume of interest as used for
pendent TTP estimation by using the raw curves, GVM,
the DWI lesion was also used for determination of the mean TTP
LDRWM, LNM, and RLCFM as well as model-independent

冉 冊

Tmax estimation by using the raw curves, GVM, LDRWM, LNM,
and RLCFM).

or Tmax values for each calculated parameter map, which were
used for bolus-delay correction of the TTP and Tmax values. The
AJNR Am J Neuroradiol 34:1697–703

Sep 2013

www.ajnr.org

1699

normalization of the Tmax maps was required because the standard singular value decomposition used in this work is sensitive to
arterial bolus delay.21
These mean values were then applied for automatic PWI lesion definition by using an automatic segmentation method.
Here, all voxels within the DWI lesion were used as seeds for a
volume-growing by using lower delay thresholds of  ⫽ 2,3,…,12
seconds. For each volume-growing segmentation result, morphologic opening (erosion followed by a dilation) followed by a largest connected component analysis was performed for leakage
correction.
Finally, the mismatch volumes were calculated for each TTP/
Tmax estimation technique and delay threshold by voxelwise subtraction of the DWI lesion from the PWI lesion (Fig 2).
All image-processing steps were performed in this study by
using the in-house-developed software tool AnToNIa,25 which
was especially extended to enable all described image-based analyses. Apart from the DWI lesion definition, all mentioned TTP
and Tmax estimation methods are implemented in this tool. Furthermore, the registration of the TTP/Tmax maps to the DWI
dataset and the subsequent method for PWI-DWI mismatch definition are integrated in the software tool.

Statistics
Statistical analysis was performed by using the Pearson correlation coefficient to examine the strength of the association between
all TTP/Tmax estimation methods for all delay thresholds applied
by using the Statistical Package for the Social Sciences (Version
18.0; SPSS, Chicago, Illinois).
For assessment of intermodel TTP/Tmax correction formulas,
the analysis distribution of the data was checked and subsequently
log-transformed. Random intercept regression analyses (with patient as a random effect) were performed to model one TTP/Tmax
parameter on the basis of another. Model-based estimates with
95% confidence intervals are reported. Nominal P values ⬍ .05,
two-sided, were considered significant. No multiplicity correction was performed. The regression analyses were performed by
using SAS 9.2 (SAS Institute, Cary, North Carolina).
As a result of this analysis, a mismatch volume VT calculated
by 1 TTP/Tmax estimation technique for a given delay threshold
TT can be artificially corrected to the corresponding mismatch
volume VR as calculated by another TTP/Tmax estimation
method at the same delay threshold by using the following
formula:
V R ⫽ exp共 A ⫹ log共V T 兲 ⫻ B ⫹ T T ⫻ C兲,

3)

where A, B, and C are correction-specific parameters obtained by
the random intercept regression analyses.

RESULTS
Patient Characteristics
The mean patient age was 66 years (median: 66 years; range:
37– 88 years), and the mean time from symptom onset to MR
imaging was 154 minutes (median: 127 minutes; range: 60 –310
minutes). The infarct was located on the right hemisphere in 22
cases. The median NIHSS score on admission was 15 (range,
3–23).
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Ten patients presented a carotid-T occlusion; 10 patients, an
ICA⫹MCA occlusion; 20 patients, an MCA mainstem occlusion;
and 10 patients, an MCA branch occlusion.

PWI-DWI Mismatch Volumes
The mean DWI lesion volume was 26.4 ⫾ 29.39 mL. The median
DWI lesion volume was 19.6 mL (interquartile range, 8 – 63 mL)
for carotid-T occlusions, 13.7 mL (interquartile range, 10 –16 mL)
for MCA⫹ICA occlusions, 16.1 mL (interquartile range, 9 –22
mL) for MCA mainstem occlusions, and 14.1 mL (interquartile
range, 8 –19 mL) for MCA branch occlusions.
The results of the PWI-DWI mismatch volumes for the 10
different TTP/Tmax estimation techniques and 11 delay thresholds are illustrated in On-line Fig 2, stratified for the different
occlusion types. Overall, the results suggest that the mismatch
volumes of all TTP/Tmax estimation techniques are highly correlated because the curve shapes are very similar. Although the general shapes of the resulting curves are very similar, differences
regarding the magnitude can be observed. More precisely, the
mean volumetric PWI-DWI mismatch differences ranged from
only 1.7 to 40.7 mL (corresponding to percentage differences up
to 70%) among the results of the 10 TTP/Tmax estimation methods for the most widely used delay range between ⬎4 and ⬎8
seconds. In general, Tmax-based mismatch quantification usually
led to smaller mismatch volumes compared with the corresponding TTP-based quantification by using the same model (Fig 2).
Stratification of the results for occlusion type revealed the largest mean mismatch volumes for carotid-T occlusions, comparably smaller mismatch volumes for MCA⫹ICA, isolated MCA
mainstem occlusions, and the smallest mismatch volumes for
MCA branch occlusions. Within the first 3 mentioned occlusion
type groups, differences in mean PWI-DWI mismatch volume
ranged between 0.47 mL and 53.3 mL for the different estimation
methods for delay thresholds between ⬎4 and ⬎8 seconds. In
contrast, MCA branch occlusions presented considerably smaller
marked differences, ranging from 0.54 to 25.2 mL between the
average mismatch volumes calculated by the different TTP/Tmax
estimation methods.
Patient-specific comparison of individual mismatch volumes
determined by the 10 TTP/Tmax estimation techniques revealed
volumetric differences up to 100 mL for delay thresholds between
⬎4 and ⬎8 seconds in single patients. Even the most widely used
model-independent and GVM TTP/Tmax estimation techniques
led to volumetric differences up to 75 mL within this delay threshold range in individual patients.

Number of Patients with “Relevant” Mismatch
In decision-making or image-based inclusion criteria of clinical
trials, a mismatch considered “relevant” for identifying patients
to be treated or not treated is usually defined by the mismatch
ratio rather than the plain mismatch volume. Thus, the mismatch
volumes were converted to mismatch ratios in a next step. Overall, the graphs for the mismatch ratios stratified for the different
occlusion types show the same tendencies as the raw mismatch
volumes (On-line Fig 1).
To further relate these findings to clinical decision-making, we
calculated the number of patients complying with the penumbral

inclusion criteria used in the EXTEND trial for each TTP/Tmax
estimation method. More precisely, patients exhibiting a PWIDWI mismatch ratio of ⬎20% and a PWI-DWI mismatch volume of ⬎10 mL at a temporal delay of ⬎6 seconds9 were considered as presenting a relevant mismatch volume. The results of this
evaluation are shown in On-line Fig 3 (top), which displays the
number of patients included by each TTP/Tmax estimation technique stratified for each occlusion type. Noticeable discrepancies
regarding the number of patients fulfilling these mismatch criteria
can be seen. Over the entire sample, the number of patients classified as presenting “no mismatch” ranged from only 3 (RLCFM
TTP) to 15 patients (LDRWM TTP and Tmax), depending on the
TTP/Tmax estimation method used.

Correlation Analysis and Correction Formulas
Crosswise correlation analysis of the tissue-at-risk volumes at the
different delay thresholds determined by the different TTP/Tmax
estimation techniques revealed highly significant strong correlation coefficients, ranging from 0.896 to 0.998.
These findings support the assumption that the tissue-at-risk
volumes derived from the different TTP/Tmax estimation techniques are comparable to some extent and a correction between
the models is feasible. Quantitatively, the correction formulas allowed an adaptation with a nonlogarithmized mean standard error of 3.64 mL (minimum, 0.84 mL; maximum, 7.46 mL) over all
TTP/Tmax estimation techniques and delay thresholds (On-line
Table). In general, a conversion from TTP to Tmax or vice versa
led to higher standard errors (mean standard error, 4.28 mL) than
the conversion between 2 TTP and 2 Tmax estimation methods
(mean standard error, 2.96 mL). The correction parameters derived from the random intercept regression analyses can be found
in the On-line Table.
To investigate a possible clinical benefit associated with these
correction formulas, we exemplarily analyzed whether this adaptation is beneficial in terms of reduced differences regarding the
definition of patients with a relevant mismatch volume. Therefore, all tissue-at-risk volumes determined by the different TTP/
Tmax estimation methods were corrected to the corresponding
mismatch quantification resulting from the model-independent
TTP estimation. The results of this evaluation are illustrated in
On-line Fig 3 (bottom). Compared with the identification of patients with a relevant PWI-DWI mismatch by using the modelindependent TTP estimation method, differences of up to 7 patients were found for the other TTP/Tmax estimation methods
before correction. After correction, maximum differences in patient numbers fulfilling the mismatch criterion decreased to only
2 patients.

DISCUSSION
The main finding of this study is the observation that different
TTP and Tmax estimation methods lead to considerable differences of perfusion lesion volumes and calculated perfusion-diffusion mismatch volumes. In this sample of 50 patients with acute
ischemic stroke with different occlusion types, the mean mismatch volumes differed up to 40 mL among different TTP/Tmax
estimation methods. Moreover, for individual patients, the differences in lesion volumes increased up to 100 mL. These findings

are novel because there is no previous systematic comparison of
different TTP/Tmax estimation methods in patients with acute
ischemic stroke.
The PWI-DWI mismatch definition may be influenced by several parameters to different extents, which is beyond the focus of
this study. Among others, these parameters comprise the injection protocol (injection volume and injection rate), MR imaging
parameters, usage and techniques for preprocessing including deconvolution, perfusion parameter selection, arterial input function localization, image registration accuracy, and finally the definition of thresholds to define critical hypoperfusion.11,14,15,21
Although several studies have evaluated the impact of 1 or more of
these different parameters directly or indirectly, the influence of
the TTP/Tmax estimation technique has not gained much attention. So far, only 1 study has been conducted comparing direct
TTP and deconvolution-based Tmax estimation.13 With PET as a
criterion standard, it was concluded that deconvoluted Tmax
does not perform significantly better than the direct TTP estimation. Moreover, the optimal TTP delay threshold was estimated at
4.2 seconds, while the optimal Tmax threshold was determined at
5.5 seconds in this study. This finding also substantiates the conclusions of this work that different TTP and Tmax methods lead
to volumetric differences of perfusion lesions when applying inappropriate delay thresholds. However, only model-independent
direct TTP and Tmax estimation was evaluated in this PET
study,13 while the use of hemodynamic model curves was not
investigated.
The numerous possible influence factors and the heterogeneity of techniques and parameters pose a vital challenge to acute
stroke perfusion image analysis, making direct comparisons between studies that employed different methods complex, if not
impossible.26 Stroke researchers have addressed this problem by a
consensus statement of an Acute Stroke Research Imaging Roadmap.27 Nevertheless, a recent systematic review still identified
substantial heterogeneity of perfusion image acquisition and
postprocessing as well as considerable under-reporting of methodology in scientific publications.26 The present study sheds light
on an essential part of the postprocessing pipeline that has not
been the focus of most stroke imaging researchers until now.
Besides this rather scientific problem, the results of this study
also have an immediate clinical implication. The identification of
tissue at risk by estimation of perfusion and diffusion lesions is
increasingly used to guide treatment decisions in acute stroke.1,5,6
While differences in perfusion lesion extent as observed in this
study may not make a difference in the case of a large perfusion
lesion with a clear mismatch, they may be decisive in borderline
cases in which the decision, whether a relevant mismatch is present, is not eye-catching. This possibility applies especially to clinical trials that use a penumbral MR imaging pattern to identify a
target population of patients with acute stroke.7-9 In these trials, a
clear definition of mismatch has to be used, and differences in
perfusion lesion quantification, as reported in this study, may
determine whether the patients have a mismatch. If one applies
the relevant mismatch definition that is currently used in the
EXTEND trial,9 the TTP/Tmax estimation methods tested in this
study resulted in a different mismatch classification in ⱕ24% of
all cases (12/50).
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Especially in the setting of multicenter trials, this difference
carries the risk of significant inclusion heterogeneity, which, in
the end, may even influence the results of the trial. A number of
re-analyses of data from the EPITHET have demonstrated that
only slight modifications of the definition of mismatch, such as
the use of coregistered images to calculate mismatch volume instead of simple volume subtraction, may change the trial from a
negative to a positive one with respect to the primary end point.28
Thus, especially in a clinical trial or any study involving multiple
sites, standardization of image acquisition and processing represents a key factor to assure homogeneous results.
It was not an aim of this study to identify the optimal TTP/
Tmax estimation technique or the best delay threshold. However,
the results of this study revealed that the definition of an optimal
delay threshold may only be valid for a certain TTP/Tmax estimation technique.
This study indicates a way to overcome the problem of heterogeneous TTP/Tmax estimation algorithms used in stroke research by calculating correction formulas to convert results from
one estimation model into another. Although the results of different studies will still not be directly comparable, a rough adjustment appears possible by using the described correction formulas.
However, the correction formulas have only been evaluated exemplarily in this work so that no conclusions can be drawn from
this regarding a possible general application. It may be possible
that the calculated parameters of the correction formulas depend
on the contrast agent injection protocol, PWI acquisition parameters, or localization of the arterial input function. Therefore, further evaluations of the presented correction formulas are
required.
A suboptimal fitting of a hemodynamic model curve to the
arterial input function may lead to a systematic error for the whole
Tmax map calculation. Thus, special care needs to be taken to
ensure optimal fitting to the arterial input function in this case.
Apart from this problem, an occluded vessel may lead to considerable perfusion changes so that the concentration curves do
not exhibit a typical shape in the worst case. Thus, an optimal
model curve fitting may not be possible in certain stroke areas
because the underlying assumptions are not valid. The referencebased linear curve fitting approach20 recently has been suggested,
which differs from the other hemodynamic models in that no
explicit assumption about typical concentration curve shape is
made, to overcome this problem. The results of this study suggest
that this approach leads to bigger mismatch volumes compared
with the other TTP/Tmax estimation methods. This finding may
be ascribed to better curve fitting in areas that are affected by a
severe perfusion disturbance.
Finally, the arterial input function was selected in all datasets
from the contralateral middle cerebral artery and was used in a
standard singular value decomposition approach for Tmax estimation. Therefore, it may be interesting for further studies to
evaluate more sophisticated deconvolution techniques21 in combination with varying global or even local arterial input functions.

CONCLUSIONS
High variations of tissue-at-risk volumes, which may also
be clinically relevant, have to be expected when using different
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TTP/Tmax estimation techniques. An adaption of different
techniques using correction formulas may enable more comparable study results until a standard has been established by
agreement.
Disclosures: Nils Daniel Forkert—RELATED: German Research Foundation (Ha2355/
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Chronic Hemodynamic Compromise and Cerebral Ischemic
Events in Asymptomatic or Remote Symptomatic Large-Artery
Intracranial Occlusive Disease
H. Yamauchi, T. Higashi, S. Kagawa, Y. Kishibe, and M. Takahashi

ABSTRACT
BACKGROUND AND PURPOSE: In asymptomatic or remote symptomatic LAICOD, the risk of ischemic events is low in general, but
there may be a subgroup of higher risk patients who require aggressive medical management. The purpose of this study was to
determine whether chronic hemodynamic compromise is a predictor of ischemic events in asymptomatic or remote symptomatic
LAICOD.
MATERIALS AND METHODS: We prospectively studied 51 asymptomatic, 19 coexistent asymptomatic, and 19 remote (⬎6 months)
symptomatic patients with atherosclerotic intracranial internal carotid artery or middle cerebral artery disease by using 15O-PET. MP was
deﬁned as decreased CBF, increased OEF, and a decreased CBF/CBV ratio. All patients were followed up for 2 years or until occurrence of
stroke or TIA or death.
RESULTS: Bypass surgery was performed in 4 patients (2 with MP). Three cerebral ischemic events (1 TIA in an asymptomatic patient, 1
stroke, and 1 TIA in a remote symptomatic patient) occurred in the vascular territory ipsilateral to LAICOD. Kaplan-Meier analysis with
censoring at the time of bypass surgery revealed that the incidence of ipsilateral ischemic events in patients with MP (2/5) was signiﬁcantly
higher than that in patients without MP (1/84) (log-rank test; P ⬍ .0001). The relative risk conferred by MP was 83.1 (95% conﬁdence interval,
6.8 –1017.4; P ⬍ .001). The incidence of ipsilateral ischemic events in patients with decreased CBF/CBV (2/9) was also signiﬁcantly higher than
that of patients without it (1/80) (P ⫽ .0001).
CONCLUSIONS: Chronic hemodynamic compromise may be a predictor of ischemic events in both asymptomatic and remote symptomatic LAICOD.
ABBREVIATIONS: CI ⫽ conﬁdence interval; CMRO2 ⫽ cerebral metabolic rate of oxygen; LAICOD ⫽ large-artery intracranial occlusive disease; MP ⫽ misery
perfusion; OEF ⫽ oxygen extraction fraction

L

AICOD has emerged as the most common stroke subtype
worldwide, and recent symptomatic LAICOD (within 3
months) is associated with a high risk of recurrent stroke.1,2 Aggressive medical management is recommended to prevent recurrent stroke for this subset of high-risk patients.3 On the other
hand, in asymptomatic or remote symptomatic LAICOD, the
risk of ischemic events is relatively low.4,5 If a patient has
asymptomatic LAICOD or presents for evaluation after the
initial symptoms and does not experience subsequent events, a
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more conservative approach is recommended. However, there
may be a subgroup of higher risk patients who require aggressive medical management.
Hemodynamic factors may be important in LAICOD prognosis.6-9 Patients with LAICOD with hemodynamic symptoms were
reported to be at high risk for subsequent ischemic events.10 Previous studies of mixed patient populations with symptomatic
large-artery extracranial and intracranial occlusive disease suggest
that chronic hemodynamic compromise, as indicated by increased OEF (also known as MP)11 on 15O-PET12 or severely decreased vasodilatory capacity, is a risk factor for subsequent ischemic stroke.13-17 However, the relationship between hemodynamic
compromise and asymptomatic or remote symptomatic LAICOD
prognosis is unknown. The purpose of this observational study was
to determine whether chronic hemodynamic compromise on 15OPET is a predictor of subsequent ischemic events in asymptomatic or
remote (⬎6 months) symptomatic atherosclerotic intracranial disease of the ICA or MCA.

Table 1: Baseline patient characteristics
Category
Characteristic
No. of patients
MP (No.)
Increased OEF
Decreased CBF/CBV
Age (mean) (yr)
Men/women (No.)
Cerebral infarction (No.).
Asymptomatic bilateral lacunar infarcts (No.)
Qualifying artery (No. of occlusions/stenoses)
Intracranial ICA (occlusions/stenoses)
MCA (occlusion/stenosis)
Other asymptomatic stenoses ⬎50% (No.)
Other medical illness (No.)
Hypertension
Diabetes mellitus
Ischemic heart disease
Hypercholesterolemia
Smoking habit (current and former) (No.)
Antiplatelet agents
Bypass surgery (MP) (No.)

Asymptomatic
51
1
7
1
63 ⫾ 9
31:20
20
8
9/42
26 (3/23)
25 (6/19)
18

Coexistent
19
1
4
3
63 ⫾ 9
13:6
7
3
5/14
9 (1/8)
10 (4/6)
–

Remote
19
3
6
5
65 ⫾ 8
13:6
17
3
7/12
4 (1/3)
15 (6/9)
2

Controls
7
–
–
–
47 ⫾ 7
4:3
–
–
–
–
–
–

27
14
9
10
11
33
2 (1)

11
10
7
5
4
18
0

15
5
4
8
5
17
2 (1)

0
0
0
0
0
0
–

Note:—Asymptomatic indicates asymptomatic artery disease; Coexistent, coexistent asymptomatic artery disease; Remote, remote symptomatic artery disease.

MATERIALS AND METHODS
Patients
We studied 51 consecutive patients with asymptomatic atherosclerotic LAICOD (asymptomatic group). We included 31 men
and 20 women (age range, 44 –90 years; mean, 63 ⫾ 9 years;
Table 1). Patients were first referred to the PET unit at Shiga
Medical Center from the outpatient clinic or other hospitals in
the Shiga Prefecture between 1999 and 2008 to undergo hemodynamic parameter evaluation as part of clinical assessment to
determine the need for extracranial–intracranial bypass. Although the benefit from bypass surgery in patients with MP
remains to be proved, the operation is nevertheless performed
in some patients in Japan and elsewhere. The inclusion criteria
were the following: 1) occlusion or stenosis (⬎50% diameter
reduction) of the intracranial ICA or MCA as documented by
conventional or MR angiography,18 and 2) absence of previous
symptoms or signs of ischemia in the diseased intracranial ICA
or MCA territory. The exclusion criteria were the following: 1)
history of vascular reconstruction surgery, or 2) potential
sources of cardiogenic embolism, including recent myocardial
infarction (within 3 weeks), known atrial fibrillation, mitral
stenosis, mitral valve prosthesis, dilated cardiomyopathy, sick
sinus syndrome, or subacute bacterial endocarditis.
During the same study period, we also studied 19 consecutive patients with asymptomatic LAICOD coexistent with
symptomatic large-artery disease who met the inclusion criteria above (coexistent group) and 19 consecutive patients with
remote (⬎6 months; median, 45 months; range, 6.4 –142
months) symptomatic LAICOD without subsequent events
(remote group) (Table 1). These patients were selected from
candidates for the observational study of symptomatic largeartery disease reported elsewhere.17 Patients were first referred
to the PET unit at Shiga Medical Center from the outpatient
clinic or other hospitals in the Shiga Prefecture to undergo
hemodynamic parameter evaluation as part of clinical assessment to determine the need for bypass surgery. The inclusion

criteria for symptomatic large-artery disease were the following: 1) occlusion of the extracranial ICA or occlusion or stenosis (⬎50% diameter reduction) of the intracranial ICA or MCA
as documented by conventional or MR angiography,18 2) history of TIA or stroke involving the relevant ICA or MCA territory, and 3) ability to independently carry out daily activities
(⬍3 on the modified Rankin Scale). The exclusion criteria were
the same as described above.
In asymptomatic (never symptomatic) patients, arterial disease was suspected on the basis of the findings of MR angiography
or echo angiography performed during screening for cerebral arterial disease in patients with coronary artery disease or those
presenting with dizziness, vertigo, or headache. In 20 of the 51
patients, MR imaging revealed minor abnormalities in the MCA
territory of the hemisphere with arterial disease. Eight patient
MRIs showed asymptomatic lacunar infarcts in the bilateral basal
ganglia (putamen, globus pallidus, and caudate nucleus) that
were identified as hyperintense regions on fluid-attenuated inversion recovery images and hypointense areas on T1-weighted images. Diseased arteries included intracranial ICA occlusion in 3
cases, intracranial ICA stenosis in 23 cases, MCA occlusion in 6
cases, and MCA stenosis in 19 cases. Other asymptomatic arterial
stenoses (⬎50% diameter reduction)18,19 were found in 16 cases
(18 arteries), including contralateral ICA disease in 8 cases, contralateral MCA disease in 4 cases, and vertebral artery disease in 6
cases. The findings on MR imaging or angiography in coexistent
asymptomatic or remote symptomatic patients are listed in Table 1.
Vascular risk factors, including hypertension, diabetes mellitus, ischemic heart disease, hypercholesterolemia, and smoking status
were determined from patient history recorded at the time of
PET examination. Hypertension, diabetes mellitus, ischemic
heart disease, and hypercholesterolemia were judged as present
on the basis of treatment history. The ethics committee of our
center approved the study protocol, and each patient provided
written informed consent.
AJNR Am J Neuroradiol 34:1704 –10
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FIG 1. An example of the ROIs on the CBF image.

PET Measurements
All patients underwent 15O-PET scans with a whole-body Advance PET scanner (GE Healthcare, Milwaukee, Wisconsin),
which permits simultaneous acquisition of 35 sections with intersection spacing of 4.25 mm.20 Intrinsic scanner resolution was
4.6 –5.7 mm in the transaxial direction and 4.0 –5.3 mm in the
axial direction. As part of the scanning procedure but before
tracer administration, germanium 68/gallium 68 transmission
scanning was performed for 10 minutes for attenuation correction. To reconstruct the PET data, we blurred images to 6.0-mm
full width at half maximum in the transaxial direction with a
Hanning filter. Functional images were reconstructed as 128 ⫻
128 pixels, with each pixel representing an area of 2.0 ⫻ 2.0 mm.
A series of oxygen 15 (15O) gas studies was performed. The
patients continuously inhaled C15O2, and 15O2 through a face
mask.20 The scanning time was 5 minutes, and arterial blood was
manually sampled from the brachial artery 3 times during each
scan. Radiotracer radioactivity in whole blood and plasma was
measured by using a well counter. Bolus inhalation of C15O and
3-minute scanning was used to measure CBV. Arterial samples
were manually obtained twice during scanning, and radiotracer
radioactivity was measured in whole-blood samples. CBF,
CMRO2, and OEF were calculated by using the steady-state
method.21 CMRO2 and OEF were corrected by CBV.22 The CBF/
CBV ratio was calculated pixel-by-pixel as an indicator of cerebral
perfusion pressure.23

Data Analysis
We analyzed 10 tomographic planes from 46.25 to 84.5 mm above
and parallel to the orbitomeatal line, which corresponded to the
levels of the basal ganglia and thalamus to the centrum semiovale.
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The ROIs were placed on the CBF images. Each image was examined by placing 10 –12 circular ROIs (diameter, 16 mm) over the
outer cortical gray matter in each hemisphere (Fig 1). According
to the atlas, the ROIs in all 10 images covered the distribution of
the MCA and the watershed areas between the MCA and other
cerebral arteries.24 The same ROIs were transferred to the other
images. The mean value for the hemisphere affected by ICA or
MCA disease was calculated as the average of the values for all
circular ROIs. In asymptomatic (never symptomatic) patients
with bilateral disease, the hemisphere supplied by the more severely diseased ICA or MCA is referred to here as the “affected
hemisphere.” In patients with cerebral cortex infarction, the circular ROIs that included hypointense areas on T1-weighted MR
images were excluded from analysis by using a method that correlated PET images with MR images.16 We did not use coregistered MR imaging to define the ROIs.
Normal control values of the 15O-PET variables were obtained
from 7 healthy volunteers (4 men and 3 women; mean age, 47 ⫾ 7
years) who underwent routine neurologic examinations and MR
imaging scans. The OEF value obtained from these 14 control hemispheres was 44.5% ⫾ 3.8%. Hemispheric OEF values beyond the
upper 95% limit defined in healthy subjects (above 52.9%) represented increased OEF. Comparative values for CBF and CBF/CBV in
healthy controls were 44.6 ⫾ 4.5 and 11.4 ⫾ 1.8, respectively. Hemispheric CBF and CBF/CBV values below 35.0 mL/100 g/min and
7.6/min, respectively, were considered abnormal.
Patients with increased OEF, decreased CBF, and decreased CBF/
CBV in hemispheres with arterial disease were categorized as having
MP. This definition differed from that in our previous study, which
only considered increased OEF.15,16 It was adopted because increased OEF without decreased perfusion pressure may not indicate
MP.17,23 Patients with increased OEF in our previous study also had
decreased CBF and CBF/CBV,15 which is consistent with MP in the
present study. Patients were categorized as having or not having MP
by an investigator who was unaware of their clinical status.

Follow-Up and Outcome
Attending physicians were informed of 15O-PET findings, but risk
factor treatment and pharmacologic or surgical interventions
were left to individual clinical judgment. Asymptomatic patients
who received medical treatment and all symptomatic patients
were examined at 1- or 2-month intervals after 15O-PET in the
outpatient clinic of our center or at other hospitals in the Shiga
Prefecture. An interim history was obtained, and a neurologic
examination was performed at each visit. We contacted 2 asymptomatic patients without medical treatment or their next of kin by
telephone every 6 months. In patients who experienced subsequent ischemic events (stroke or TIA), MR images or CT images
were obtained and compared with the initial images to confirm
stroke, and MR angiography was performed to study changes in arterial disease. The end point was an ipsilateral ischemic event (stroke
or TIA). “Stroke” was defined as the acute onset of a new focal neurologic deficit of cerebral origin persisting for more than 24 hours
without primary intracranial hemorrhage on CT or MR imaging.
“TIA” was defined as the development of focal symptoms of presumed cerebrovascular ischemic origin lasting ⬍24 hours.

Table 2: Baseline values of PET variables in the hemispheres ipsilateral to intracranial artery
disease and in healthy controlsa
Category
Variable
CBF (mL/100 g/min)
CMRO2 (mL/100 g/min)
OEF (%)
CBV (mL/100 g)
CBF/CBV (per min)

Asymptomatic
39.5 ⫾ 7.3
3.29 ⫾ 0.50
48.0 ⫾ 5.9
3.53 ⫾ 0.54
11.3 ⫾ 2.1

Coexistent
36.3 ⫾ 7.8
2.96 ⫾ 0.44
50.7 ⫾ 6.8
3.85 ⫾ 0.83
9.8 ⫾ 2.7

Remote
34.0 ⫾ 6.6b
2.89 ⫾ 0.42
50.3 ⫾ 5.8
3.84 ⫾ 0.75
9.2 ⫾ 2.6

Controls
44.6 ⫾ 4.5
3.43 ⫾ 0.33
44.5 ⫾ 3.8
3.98 ⫾ 0.48
11.4 ⫾ 1.8

tionship (P ⬍ .05) with an outcome
event were included in the final model.

RESULTS

On the basis of OEF, CBF, and CBF/
CBV values in the hemisphere supplied
by the asymptomatic or remote symptomatic artery, 5 patients (5.6%) had
MP and 84 did not (Table 1). Seventeen
Note:—Asymptomatic indicates asymptomatic artery disease; Coexistent, coexistent asymptomatic artery disease;
patients had increased OEF, while 9 paRemote, remote symptomatic artery disease.
a
Values are means.
tients had decreased CBF/CBV. Baseline
b
P ⬍ .001 vs corresponding value in healthy controls (1-way ANOVA and post hoc Scheffe analysis).
values of PET variables in the 3 groups
are shown in Table 2. No significant difference was found for any variable
among the 3 patient groups, while CBF
in remote symptomatic patients was
only significantly decreased compared
with healthy controls.
All patients were followed up for 2
years or until a cerebral ischemic event
or death. Four patients (4.5%), including 2 with MP (1 intracranial ICA stenosis and 1 intracranial ICA occlusion) and
2 without (2 MCA occlusions), underwent bypass surgery an average of 2.4
months after PET examinations (range,
0.5– 4.0 months). Three cerebral ischemic events occurred in the vascular territory ipsilateral to LAICOD. All 3
events occurred in medically treated patients. One stroke and 1 TIA occurred in
FIG 2. Upper row shows examples of PET images for a patient with left (L) remote (41 months) remote symptomatic patients with resymptomatic MCA stenosis with MP. MRA shows severe stenosis of the L MCA. PET study shows mote artery disease and MP; 1 patient
reduced CBF, increased OEF, and decreased CBF/CBV in the L hemisphere with MCA stenosis
(arrows). A subsequent transient ischemic attack (a transient episode of sensory aphasia) oc- with left intracranial ICA stenosis develcurred 14 days after the PET study. Lower row shows a patient with L asymptomatic MCA stenosis oped infarction in the posterior limb of
with normal cerebral hemodynamics.
the left internal capsule, resulting in
right hemiparesis; and 1 patient with left
Statistical Analysis
MCA stenosis developed a transient episode of sensory aphasia
Baseline values of 5 PET variables were compared among 3
(Fig 2). One TIA occurred in an asymptomatic patient without
LAICOD types and healthy controls by using 1-way analysis of
MP, and a patient with right MCA occlusion developed a transient
variance and post hoc Scheffe analysis; significance was estabweakness of the left upper limb. Four surgically treated patients
lished at P ⬍ .01 (.05/5) by performing a Bonferroni correction.
had no ischemic events after surgery. All of the asymptomatic or
The incidence of subsequent cerebral ischemic events was comremote symptomatic patients survived the 2-year follow-up pepared between groups by using the Fisher exact test or Mantelriod, and 1 patient with coexistent asymptomatic artery disease
Cox log-rank statistics and Kaplan-Meier survival curves. Survival
and MP died of myocardial infarction after 12 months.
15
analysis began on the day of the O-PET examination, which was
In patients with and without MP, the 2-year incidences of ipsilatconsidered the date of entry into the study. Analysis was pereral stroke and TIA were 2/5 (40%) and 1/84 (1.2%), respectively
formed with censoring at the time of bypass surgery. Multivariate
(Fisher exact test; P ⫽ .0075). Kaplan-Meier analysis with censoring
analysis by using the Cox proportional hazards model was used to
at the time of bypass surgery revealed that the incidence of ipsilateral
test the effect of multiple variables on the occurrence of ischemic
ischemic events in patients with MP was significantly higher than that
events. Age, sex, subgroup (asymptomatic, coexistent asymptomof patients without MP (P ⬍ .0001; Fig 3, left). Multivariate analysis
atic, or remote symptomatic LAICOD), antiplatelet agent, arterial
with the Cox proportional hazards model demonstrated that only
occlusion, MCA disease, other asymptomatic major cerebral arMP was a significant independent predictor for ipsilateral ischemic
terial stenoses, cerebral infarction, bilateral asymptomatic lacuevents. The relative risk conferred by MP was 83.1 (95% confidence
nar infarcts, complications (hypertension, diabetes mellitus, prior
interval, 6.8 –1017.4; P ⬍ .001).
ischemic heart disease, or hypercholesterolemia), smoking habits,
The ipsilateral ischemic event incidence in patients with deand MP were considered covariates. Forward stepwise selection
creased CBF/CBV (2/9) was significantly higher than that of pawas performed, and variables demonstrating a significant relaAJNR Am J Neuroradiol 34:1704 –10
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CBF/CBV was used as a covariate instead of MP, multivariate analysis with
the Cox proportional hazards model
demonstrated that only decreased CBF/
CBV was a significant independent predictor for ipsilateral ischemic events; increased OEF was not. The relative risk
values conferred by decreased CBF/CBV
and increased OEF were 24.8 (95% CI,
2.2–277.3; P ⬍ .01) and 9.8 (95% CI,
0.8 –108.4; P ⫽ .063), respectively.

DISCUSSION
This study demonstrated that chronic
hemodynamic compromise on 15O-PET
FIG 3. Kaplan-Meier cumulative failure curves for ipsilateral ischemic events in patients with and is a predictor of subsequent ischemic
without misery perfusion (left) or decreased CBF/CBV (right). The number of patients who re- events in the hemispheres with asympmained event-free and available for follow-up evaluation during each 6-month interval is shown
tomatic or remote (⬎6 months) sympat the bottom of the graph.
tomatic atherosclerotic intracranial disease of the ICA or MCA. The 2-year incidence of ipsilateral
ischemic events in patients with MP (2/5) or decreased CBF/CBV
(2/9) was significantly higher than that of patients without MP
(1/84) or decreased CBF/CBV (1/80), respectively. Evaluation of
chronic hemodynamic compromise may identify a subgroup of
higher risk patients in asymptomatic or remote (⬎6 months)
symptomatic LAICOD that has a low risk of ischemic events in
general.4
No studies have investigated the relationship between chronic
hemodynamic compromise on 15O-PET and asymptomatic or
remote symptomatic LAICOD prognosis. Previous studies of
symptomatic atherosclerotic large-artery disease, including
LAICOD, suggested that patients with chronic hemodynamic
compromise are at high risk for subsequent stroke.13-17 Thus,
chronic hemodynamic compromise may also confer a higher risk
of ischemic events in patients with asymptomatic or remote
symptomatic LAICOD. The results of this study support this hypothesis, though only a few patients in this small sample experienced subsequent ischemic events. However, our findings are
consistent with the benign prognosis of asymptomatic LAICOD
reported by several studies.4,25-28 Correct evaluations of hemodynamic status by using 15O-PET could identify a small subgroup of
higher risk patients among low-risk patients with LAICOD. MP
was the best predictor of ischemic events, and decreased CBF/
CBV also predicted ischemic events, though the predictive value
of decreased CBF/CBV was lower than that of MP. The CBF/CBV
FIG 4. Relationship between decreased CBF/CBV and ischemic
events. Closed circles (red) indicate patients with ischemic events. A
is the reciprocal of the expression for vascular MTT, which can be
dashed line (blue) denotes the lower 95% limit deﬁned in healthy
evaluated by perfusion imaging with MR imaging or CT in roucontrols. Triangles indicate patients who underwent bypass surgery.
tine clinical practice.29,30 The ability of perfusion MR imaging or
CT methods to predict the risk of future ischemic events should be
tients without decreased CBF/CBV (1/80) (Fisher exact test; P ⫽
studied in a larger patient sample.6 In the future, the combination
.026) (Fig 4), while no significant difference was found between
of perfusion imaging with oxygen imaging by using MR imaging,
that of patients with increased OEF (2/17) and patients without
which may detect MP, would allow greater accuracy in identifying
increased OEF (1/72) (Fisher exact test; P ⫽ .092). Kaplan-Meier
higher risk patients.31,32
analysis with censoring at the time of bypass surgery revealed that
In asymptomatic or remote symptomatic LAICOD, cerebral
the incidence of ipsilateral ischemic events in patients with inhemodynamics and metabolism have not been studied specificreased OEF or decreased CBF/CBV was significantly higher than
cally. In this study, the degree of hemodynamic compromise at
that of patients without it (log-rank test; P ⬍ .05 and P ⫽ .0001,
respectively) (Fig 3, right). When increased OEF or decreased
baseline was mild. However, cerebral atherosclerosis is a dynamic
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disease that can progress or regress.33 Thus, to improve long-term
prognosis in patients with asymptomatic or remote (⬎6 months)
symptomatic atherosclerotic LAICOD, preventing hemodynamic
deterioration due to the progression of artery disease may be important. This could be achieved by appropriately managing
atherogenic risk factors. In patients with carotid occlusion,
asymptomatic hemodynamic deterioration has been demonstrated to cause subsequent hemodynamic stroke during longterm (⬎2 years) follow-up.34 Hemodynamic assessment at baseline may be useful to identify patients who require aggressive
medical management. Furthermore, follow-up evaluation of hemodynamic status and cerebral atherosclerosis might identify patients whose stroke risk is increased in asymptomatic or remote
symptomatic atherosclerotic LAICOD.
The major limitation of this study was that only a few ischemic
events occurred in the small patient sample. Because our cohort
comprised patients who were examined on a PET unit, our results
are subject to referral or selection bias. Patients perceived to be at
high risk for ischemic events might have been more readily referred for 15O-PET investigation. Despite the possibility of overestimation of ischemic-event risk, asymptomatic or remote symptomatic LAICOD had a low risk of ischemic events and a low
incidence of MP, suggesting that benign prognosis may be associated with less hemodynamic impairment in these patients. Because only a few patients experienced subsequent ischemic events,
we were unable to establish a conclusive relationship between
hemodynamic compromise and ischemic event risk. Future MR
imaging or CT studies by using MTT measurements should be
performed in a large number of patients.
This study has other limitations. It is debatable whether TIAs
without infarction are clinically important. However, the 90-day
risk of ischemic stroke was reported to be 6.9% after TIA in patients with intracranial artery stenosis.35 Thus, detection of patients at high risk for TIA is meaningful for preventing subsequent
stroke. Thirty-six percent of patients were diagnosed by MR angiography, which could have overestimated stenosis. The selection of bypass surgery was left to the individual clinical judgment
of attending physicians, which may have caused selection bias.
The lack of coregistered MR imaging to define the ROIs might
have limited correct stratification of the patient groups. However,
calculation of the mean hemispheric value by using ROIs placed
compactly on multiple image sections could help to diminish this
error. In some patients, hemodynamic compromise severity
might not have been reflected by the 15O-PET variables in the
whole hemisphere; they may have been more regional. The
healthy control subjects were younger than the patients. With
15
O-PET, in the cerebral cortical ROIs of the MCA distribution,
CBF, CMRO2, and CBV were reported to decrease with age, while
OEF and CBF/CBV did not change with age.36 Thus, the degree of
hemodynamic compromise evaluated with OEF and CBF/CBV
may not be affected by the inadequate matching for age.

CONCLUSIONS
In the hemispheres with asymptomatic or remote (⬎6 months)
symptomatic atherosclerotic LAICOD, those with chronic hemodynamic compromise, specifically MP or decreased CBF/CBV,
appear to be at high risk for cerebral ischemic events under stan-

dard medical therapy. This small subgroup of patients with higher
risk LAICOD may need aggressive medical management and can
be identified by detecting increased MTT by using perfusion MR
imaging or CT imaging in routine clinical practice.
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Perivascular Spaces Are Associated with Atherosclerosis:
An Insight from the Northern Manhattan Study
J. Gutierrez, T. Rundek, M.S.V. Ekind, R.L. Sacco, and C.B. Wright

ABSTRACT
BACKGROUND AND PURPOSE: Perivascular spaces are potential spaces found between brain blood vessels and surrounding leptomeninges that have been associated with cardiovascular risk factors and dementia, but less is known about their relationship to atherosclerosis. We tested the hypothesis that perivascular spaces are associated with atherosclerosis.
MATERIALS AND METHODS: Participants from the Northern Manhattan Study who remained stroke-free were invited to participate in
an MR imaging substudy. Parenchymal hypointensities of ⬍3 mm identiﬁed on brain axial T1-weighted MR imaging were scored as
perivascular spaces. A semiquantitative score was created to express the degree of brain involvement. Generalized linear models were
used to assess statistical associations with carotid plaque as a surrogate marker of atherosclerosis.
RESULTS: The studied sample included 706 participants (mean age, 72.6 ⫾ 8.0 years; 60% women, 61% Hispanic, 68% with hypertension,
19% with diabetes, and 57% with high cholesterol). The perivascular spaces score ranged from 0 to 19 with 52% of the sample having a
perivascular spaces score of ⱕ4. In unadjusted analysis, perivascular spaces were associated with age (␤ ⫽ 0.01 per year, P ⫽ ⬍ .001),
non-Hispanic black race-ethnicity (␤ ⫽ 0.16, P ⫽ .02), hypertension (␤ ⫽ 0.24, P ⫽ ⬍ .001), and carotid plaque (␤ ⫽ 0.22, P ⬍ .001). In
multivariable analysis, only age (␤ ⫽ 0.01, P ⫽ .02), hypertension (␤ ⫽ 0.17, P ⫽ .01), and carotid plaque (␤ ⫽ 0.22, P ⫽ ⬍ .001) remained
independently associated with perivascular spaces.
CONCLUSIONS: Perivascular spaces were more frequently found in older participants, in those with hypertension, and in the presence of
carotid plaque. These results suggest that mechanisms leading to atherosclerosis might also lead to an increased number of perivascular
spaces. These results need conﬁrmation in prospective studies.
ABBREVIATIONS: PVS ⫽ perivascular spaces; HTN ⫽ hypertension

P

erivascular spaces in the brain have been described for more
than a century, but their pathologic significance has not been
settled.1,2 A definition of PVS can be summarized as a potential space
between blood vessels created by surrounding leptomeninges as they
travel through the CSF space and penetrate the brain parenchyma,
acting as an isolating sheath from the CSF compartment.3 Among
some physiologic functions attributed to PVS are the trafficking of
inflammatory cells to and from the brain and drainage of interneuronal
fluid to the systemic circulation through the lymphatic system.4,5
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When these spaces dilate, they can be observed directly in
postmortem brain sections or on brain MR imaging or CT.6
Pathologic and radiologic studies that have evaluated the significance of PVS have yielded conflicting results. In some cases, PVS
have been described as an age-related phenomenon without
pathologic associations, while in others, they are more frequently
found in individuals with disease.7-9 The reasons underlying these
discrepancies are various, including the heterogeneous populations studied and differing study methods. The importance of
correctly identifying PVS and understanding their pathophysiology is highlighted by their association with a worse cardiovascular
profile, cerebral small-vessel disease (leukoaraiosis), and worse
cognition.10,11 Whether PVS are biomarkers of cardiovascular
risk-factor severity and indicators of a pathophysiologic process
or simply innocent bystanders remains to be clarified.
If PVS are more frequent in individuals with cardiovascular risk
factors, then atherosclerosis should be more prevalent in those with
PVS. However, this hypothesis has not been tested. In addition, few
AJNR Am J Neuroradiol 34:1711–16
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community-based studies have examined the prevalence of PVS in
the general population or their association with vascular risk factors
and atherosclerosis.6,11 We examined the prevalence and correlates
of PVS in the urban Northern Manhattan population that includes
Hispanic white and non-Hispanic black individuals known to be at
greater risk of stroke than non-Hispanic whites.12

MATERIALS AND METHODS
The Northern Manhattan Study includes a prospective population-based cohort of participants enrolled from the Northern
Manhattan neighborhood between 1993 and 2001 by using random digit dialing. An overall response rate was 68% as previously
described.13 Eligible participants were stroke-free at baseline,
aged 40 years or older, and had resided in Northern Manhattan
for at least 3 months in a household with a telephone. Between
2003 and 2008, all surviving participants remaining stroke-free
were invited to participate in an MR imaging substudy. Participants were eligible if they were older than 55 years of age and had
no contraindication to MR imaging. For this analysis, only subjects with MR images in DICOM format were included because
the software used did not support other formats. All participants
signed written informed consent, and the study was approved by
the local institutional review board.
Data were obtained from participants (99%) or proxies by
using standardized data-collection instruments. Participants selfidentified their ethnicity as Hispanic or non-Hispanic and race as
white, black, or other. Standard techniques were used to measure
blood pressure, height, weight, and fasting glucose levels. “Hypertension” was defined as a systolic blood pressure of 140 mm Hg or
a diastolic blood pressure of ⱖ90 mm Hg, physician diagnosis, or
self-report of a history of hypertension or antihypertensive use.
“Diabetes mellitus” was defined as fasting blood glucose of ⱖ126
mg/dL or self-report of such a history or insulin or hypoglycemic
use. “Dyslipidemia” was defined as total cholesterol of ⬎200
mg/dL or use of cholesterol-lowering medications. Smoking was
categorized as never, former, and current smoker (within 1 year).
“History of cardiac disease” was defined as self-report of atrial
fibrillation, myocardial infarction, angina, or coronary artery bypass grafting. Carotid plaque in any of the carotid artery segments
(the common carotid artery, bifurcation, and internal carotid artery) was assessed by high-resolution B-mode carotid sonography
(LOGIQ 700; GE Healthcare, Milwaukee, Wisconsin) using a
standardized sonography imaging protocol with excellent interand intrareader reliability, as previously described.14 It was defined as an area of focal wall thickening ⬎50% greater than the
surrounding wall thickness and coded as “present” or “not.”
Imaging was performed on a dedicated 1.5T research MR imaging system (Philips Healthcare, Best, the Netherlands) by using
a standardized protocol. The MR imaging sequences used in the
current study were axial FLAIR and axial T1. The 3D T1 image
had a section thickness of 1.5 mm with no gap, a TE of 2.1 ms, a TR
of 20 ms, and a flip angle of 20°. The FLAIR images were acquired
in the multi-section turbo spin-echo mode with an FOV of 250
mm, a rectangular FOV of 80%, an acquisition matrix of 192 ⫻
133 scaled to 256 ⫻ 256 in reconstruction, a 3-mm section thickness with no gap, a TE of 144 ms, a TR of 5500 ms, an inversion
recovery delay of 1900 ms, and a flip angle of 90°.
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Parenchymal hypointensities observed in 3D axial T1 with an
effective diameter of ⬍3 mm and an absent FLAIR hyperintensity
were considered to represent perivascular spaces (Fig 1). Due to
the large number of small hypointensities observed in some cases, we
used a semiquantitative score to express the degree of brain involvement per section: 0 ⫽ no voids observed in the region, 1 ⫽ 1–3 voids,
and 2 ⫽ ⱖ4 voids. The supratentorial brain was divided into 12
sections: 1 section for the white matter of each lobe (ie, frontal, temporal, parietal, and occipital) and 4 sections in the basal ganglia. The
brain stem and the cerebellum were considered as 1 separate region
(14 sections, with a possible score ranging from 0 to 28; Fig 2). Intrarater reliability was assessed in a 10% random sample and was found
to be excellent for the PVS score (rating by J.G., first author; intraclass
correlation coefficient ⫽ 0.90).

Statistical Analysis
Differences among participants studied in this analysis versus
those excluded were evaluated with Student t tests for continuous
variables and 2 tests for categoric variables. The main outcome
variable was the PVS score, but we also used the median of the
PVS distribution to categorize the presence of PVS for secondary
analysis. We built separate generalized linear models with the
continuous PVS score as the outcome and sample demographic,
clinical, and ancillary characteristics as the predictor variables. In
a secondary analysis, we evaluated the continuous PVS score by
anatomic region to see whether the association differed by location and the dichotomized PVS score to evaluate the effect size of
predictors on the prevalence of PVS by using odds ratios. We used
Poisson distributions to fit the continuous PVS score (count) distribution and binomial distributions for the dichotomized PVS
score to obtain the odds ratios and their 95% confidence intervals.
A P value ⱕ.05 was considered statistically significant by using
type III effects in the generalized linear models. A random sample
of 10% was used to assess intrareader reliability by using an intraclass correlation coefficient or  value, depending on the type of
variable measured. The analysis was performed with SAS software, Version 9.2 (SAS Institute, Cary, North Carolina).

RESULTS
Population Characteristics
Of 1290 participants who underwent brain MR imaging, we rated
PVS in 706 participants (limited to data available in the DICOM
format). The sample mean age was 71.6 ⫾ 8.0 years, 60% were
women, 61% were Hispanic, 20% were non-Hispanic black, and
19% were non-Hispanic white. Hypertension was present in 68%;
diabetes, in 19%; hypercholesterolemia, in 57%; smoking, in 52%
(36% were former smokers and 16% current smokers); and a
history of cardiac disease, in 16%. There were no advanced
plaques (those producing hemodynamic stenosis of ⬎40%)
among subjects included in this study. Small, nonstenotic carotid
plaque was found in 55% of the participants. Those individuals
included in this analysis were slightly older and more likely to be
non-Hispanic black and less likely to have dyslipidemia (Table 1).

Perivascular Spaces Score
The PVS score ranged from 0 to 19, with 52% of the sample having
a PVS score of ⱕ4 (median ⫽ 4; Fig 3, Table 1)., The percentage of

same variables in a multivariate model
with binomial distribution to predict the
prevalence of PVS (ie, PVS score ⱖ5) reproduced the same independent association of PVS with age (OR, 1.03; 95% CI,
1.06 –1.05), HTN (OR, 1.58; 95% CI,
1.05–2.38), the presence of carotid
plaque (OR, 1.71; 95% CI, 1.18 –2.47),
and taking cholesterol-lowering medications (OR, 0.65; 95% CI, 0.44 – 0.94).

Perivascular Spaces by Anatomic
Region
Analysis of the PVS scores demonstrated
variation in the degree of involvement
by anatomic region. While ⬎73% of
participants had PVS in either the subcortical white matter or basal ganglia,
only 18% of the sample had infratentorial lesions. Using the same multivariable model used for the global PVS
scores, we found important differences
in the PVS score by anatomic locations
(Table 2). Perivascular scores in the subcortical white matter were more frequent in women than in men. They were
not associated with HTN or hypercholesterolemia but were associated with
the presence of carotid plaque. The basal
ganglia PVS were more frequent in those
with a history of cardiac disease and less
frequent in the context of dyslipidemia.
FIG 1. A, Multiple hyperintensities appear in both caudate heads and the corona radiata white The infratentorial PVS score was greater
matter tracts, suggestive of perivascular spaces. B, Small voids (hypointensities) can be observed among current smokers and hypertenin the lateral margins of both putamina. C, Example of multiple perivascular spaces high in the
sive participants. The effect estimates for
medial frontal convexity. D, A small perivascular space is observed in the pons.
the association of carotid plaque with
participants with PVS scores of ⬎4 increased with age. It was 39%
the infratentorial PVS score had the same magnitude as in other
in those between 55 and 64.9 years, 48% in those 65–74.9 years, 55%
anatomic regions but did not reach statistical significance.
in those 75– 84.9 years, and 57% in those 85 years or older. The
proportion of participants who had nonstenotic carotid plaque and a
DISCUSSION
PVS score of ⬎4 was 55% compared with 40% in those without
Our study demonstrates that PVS were more frequent in older
carotid plaque. In unadjusted analysis, the PVS score was higher with
participants, in the presence of HTN, and in those with carotid
older age (␤ ⫽ 0.01, P ⫽ ⬍ .001), black race (␤ ⫽ 0.16, P ⫽ .02), HTN
atherosclerotic plaques. Carotid plaque was found to be among
(␤ ⫽ 0.24, P ⫽ ⬍ .001), and the presence of carotid plaque (␤ ⫽ 0.22,
the strongest and most consistent predictors of PVS, suggesting a
P ⬍ .001). It was lower in participants who reported taking antihybiologic link between PVS and atherosclerosis, though we cannot
pertensive medications (␤ ⫽ ⫺0.19, P ⫽ .04), antihyperglycemics
evaluate causality in this observational study. It seems unlikely
(␤ ⫽ ⫺0.23, P ⫽ .008), and cholesterol-lowering drugs (␤ ⫽ ⫺26,
that the development of PVS causes atherosclerosis, but the bioP ⫽ .003). Being male was marginally associated with a lower PVS
physics are poorly understood. For example, it is not known
score (␤ ⫽ ⫺0.11, P ⫽ .06).
whether a tendency to form PVS might influence the response of
No associations were noted between the PVS score and systolic
an arterial tree to variations in blood flow or wall shear stress that
blood pressure, diastolic blood pressure, pulse pressure, dyslipimight encourage local atherosclerotic plaque formation. It also
demia, low-attenuation lipoprotein cholesterol levels, diabetes,
seems unlikely that small, nonstenotic carotid plaques observed in
current or former smoking, body mass index, or history of cardiac
our study had an impact on cerebral hemodynamics that might
disease. In multivariable analysis, age (␤ ⫽ 0.01, P ⫽ .02), HTN
have affected PVS formation because flow is not thought to be
(␤ ⫽ 0.17, P ⫽ .01), and the presence of carotid plaque (␤ ⫽ 0.22,
altered until the degree of stenosis reaches ⬎80%.15 Even in the
P ⫽ ⬍ .001) were significant predictors of a higher PVS score
case of carotid stenosis of ⬎80%, it is unlikely that dampening
(Table 2), while taking cholesterol-lowering medications was a
predictor of lower PVS scores (␤ ⫽ ⫺0.23, P ⫽ .01). Using the
of cerebral blood flow underlies the association between PVS
AJNR Am J Neuroradiol 34:1711–16
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teries can be associated with increased
pulsatility to richly vascularized organs, such as the brain.18,19 In turn,
greater pulsatility in brain penetrator
arteries could lead to PVS as a consequence of atherosclerosis and aging.16
This hypothesis requires further
investigation.
Hypertension seems to be one of the
most consistent cardiovascular risk factors associated with the presence and
number of PVS.10,20,21 In a similar population-based MR imaging study of dementia and stroke-free participants, the
presence and severity of PVS were associated with HTN.10 Additionally, the severity of their PVS score was associated
with other markers of small-vessel disease such as white matter hyperintensities and male sex. Other studies, though
from more selected populations, have
also reproduced the association of PVS
and HTN.20,21 The reasons underlying
this association are difficult to explain
with cross-sectional data, but it is plausible that an increase in intraluminal
FIG 2. Division used to score perivascular spaces by anatomic regions. R indicates right; L, left; A,
pressure might lead to greater extravasaanterior; P, posterior; F, frontal; T, temporal; P, parietal; O, occipital; CE, cerebellum; BS, brain stem.
tion of fluid through the small arteries
into these spaces. This hypothesis is supTable 1: Characteristics of the studied sample compared with the NOMAS MRI subsample
ported by rat experiments in which susNOMAS MRI Study
NOMAS MRI Study
tained HTN led to increased permeabilIncluded Sample
Excluded Sample
ity of endothelial cells and fluid-induced
(n = 706)
(n = 585)
P Valuea
damage to surrounding brain parenAge (yr)
71.6 ⫾ 8.0
69.4 ⫾ 9.9
⬍.01
chyma.22 Due to the close proximity of
Female sex (%)
60.4
60.5
.95
Ethnicity (%)
PVS to brain parenchyma, elevated pulNon-Hispanic white
15.9
13.5
⬍.01
satility in these areas could lead to enNon-Hispanic black
20.3
13.7
largement of perivascular spaces.16 Also,
Hispanic
61.1
71.1
small penetrating arteries receive their
Hypertension (%)
68.5
64.6
.15
flow from large arteries, with a large
Diabetes (%)
18.9
20.0
.61
Hypercholesterolemia (%)
56.6
63.2
.02
drop in caliber that might expose the
Current smoking (%)
15.9
16.2
.86
smaller vessels to greater pulsatility and
Previous cardiac disease (%)
16.3
16.9
.77
mechanical forces. For example, from an
Carotid plaque (%)
55.0
55.5
.85
average MCA diameter of 3.0 mm, the
Perivascular spaces score
Mean
5.0
Not applicable
Not applicable diameter of lenticulostriate arteries
Median
4.0
drops to 0.5– 0.9 mm.23,24 Furthermore,
25th percentile
2.0
a bifurcation angle between 70 and 110°
50th percentile
4.0
is associated with increased wall shear
75th percentile
7.0
stress in the branching vessel (the lenticNote:—NOMAS indicates the Northern Manhattan Study.
a
ulostriate arteries leave the MCA at an
Two-tailed t test was used to obtain P values for age differences, while the 2 test was used for all other
comparisons.
angle of approximately 90°).25 This
16,17
and HTN.
The association of PVS with carotid plaque may
greater angle could partially explain why one of the most common
represent a shared association with atherosclerotic risk factors.
anatomic locations of PVS is the basal ganglia, at the origin of the
Another explanation may be that PVS are an epiphenomenon
lenticulostriates.10,26-28
of the presence of atherosclerosis in other vessels. Other posHowever, other factors might be involved. The association of
sible mediators in the development of PVS may be arterial
HTN with PVS has not always been reproduced, and the brain
stiffness and pulse-wave reflection, because both increase with
stem is the least affected region, even though a similar drop in
age and atherosclerosis. Increased arterial stiffness in large ardiameter occurs from the basilar artery to small penetrators.6,27,28
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FIG 3. Distribution of PVS scores in the studied sample.

An alternate explanation for the predisposition of the basal ganglia
to develop PVS might be the existence of the more complex, doubled-layered microstructure of the PVS compartments in this region
compared with the cortex.29 More studies are needed to assess this
hypothesis.
The prevalence of PVS in our sample increased with age after
adjusting for other covariates; this finding suggests that PVS
might be a manifestation of aging. The high prevalence of PVS in
older individuals compared with the lower prevalence in younger
groups supports this finding.10,30 However, PVS are also found in
children, in whom their presence has been associated with behavioral and neurologic symptoms.9,31 Perivascular spaces associated
with neuropsychiatric abnormalities in children are most likely of
a different etiology than those of middle-aged and older individuals with cardiovascular risk factors. While serotonin has been

invoked to explain the relationship between PVS and migraine in
children, inflammation has been cited as the leading process in the
presence of PVS in patients with multiple sclerosis and other brain
inflammatory processes.7,31-33 Although low-attenuation lipoprotein cholesterol levels were not associated with PVS, taking
cholesterol-lowering medications was a strong negative predictor
of PVS in this study. We found that taking antihypertensive or
hypoglycemic medications was also associated with a lower PVS
score. These findings taken together might suggest that controlling vascular risk factors leads to a reduction in PVS prevalence. A
role of inflammation in the development of PVS is also possible in
adults with cardiovascular risk factors. The link between PVS and
inflammation will be pursued in our cohort in the future.
The analysis of PVS by brain anatomic areas revealed consistent findings across all locations for most of the included variables
except smoking. Current smoking was associated with greater infratentorial PVS scores. Rather than suggesting a biologic relationship of smoking with PVS in the posterior circulation, this
association might represent misclassification of small infarcts as
PVS in the brain stem and cerebellum. Although PVS are present
in the brain stem, the occurrence of infarcts is considered more
likely.23,28,34 The lack of a significant association between carotid
plaque and infratentorial PVS might be related to the lower prevalence of PVS in this region.
This study has noteworthy limitations. Our study included a
stroke-free, unselected population with a high prevalence of cardiovascular risk factors, but it may not be generalizable to other
nonurban US populations and further studies are needed in other
groups. Using axial images as the only plane for measuring PVS
diameters could underestimate the volumes of thin, vertically oriented voids of ⬎3 mm, but the use of FLAIR to look for evidence
of gliotic changes suggestive of infarction minimizes misclassification. The lack of prospective data hampers inferences about the

Table 2: Adjusted ␤ coefﬁcientsa of predictors of the overall perivascular space scores and by anatomic regions
Perivascular Space Score by Anatomic Region
Subcortical White
Matter

Overall Score
Age
Male sex
Race
White
Black
Hispanic
Body mass index
Smoking
Never
Former
Current
Hypertension
Antihypertensive medications
Diabetes
Hypoglycemic medications
Hypercholesterolemia
Cholesterol-lowering
medications
History of cardiac disease
Carotid plaque

Basal Ganglia

Infratentorial

␤ Coefﬁcient
0.01
⫺0.11

P Value
.02
.12

␤ Coefﬁcient
0.008
⫺0.21

P Value
.15
.01

␤ Coefﬁcient
0.01
0.05

P Value
.02
.52

␤ Coefﬁcient
0.02
⫺0.35

P Value
.19
.08

Ref
0.004
⫺0.11
⫺0.004

.96
.17
.53

Ref
0.11
⫺0.06
⫺0.004

.37
.57
.61

Ref
⫺0.07
⫺0.15
⫺0.003

.51
.10
.64

Ref
⫺0.47
⫺0.20
⫺0.008

.12
.40
.63

Ref
0.02
0.08
0.17
⫺0.11
0.03
⫺0.18
⫺0.12
⫺0.24

.35
.78
.01
.09
.71
.19
.21
.02

Ref
0.05
0.14
0.11
⫺0.13
0.06
⫺0.19
0.01
⫺0.22

.55
.20
.20
.13
.51
.10
.93
.08

Ref
⫺0.05
⫺0.04
0.20
⫺0.09
⫺0.003
⫺0.03
⫺0.14
⫺0.22

.52
.61
.02
.24
.96
.79
.02
.08

Ref
0.35
0.76
0.59
⫺0.28
⫺0.04
⫺0.31
⫺0.16
⫺0.76

.07
.001
.008
.24
.88
.40
.38
.04

0.07
0.22

.32
⬍.001

⫺0.02
0.29

.81
⬍.001

0.15
0.16

.05
0.02

0.26
0.22

.23
.21

Note:—Ref indicates reference group.
a
Coefﬁcients were adjusted for all other demographic variables plus medications to treat hypertension, diabetes, and hypercholesterolemia.
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cause of PVS. More important, it remains unknown whether PVS
have a role as a biomarker for identifying individuals at high risk
of developing cerebrovascular disease that would require a different diagnostic and treatment approach. Additional limitations to
this study include the survivor bias of the MR imaging cohort and
a lack of data on the inter-rater reliability of our PVS scoring
system, though the intrarater reliability was high.

11.

12.

13.

CONCLUSIONS
In this population-based race/ethnically diverse sample, we found
that PVS were associated with age and several vascular risk factors
and were strongly related to carotid plaque. Prospective data are
needed to confirm the importance of these subclinical MR imaging findings in relation to cardiovascular risk, dementia, and
other clinical outcomes.
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Morphologic Characteristics of Atherosclerotic Middle
Cerebral Arteries on 3T High-Resolution MRI
X.J. Zhu, B. Du, X. Lou, F.K. Hui, L. Ma, B.W. Zheng, M. Jin, C.X. Wang, and W.-J. Jiang

ABSTRACT
BACKGROUND AND PURPOSE: There are limited studies on the morphologic characteristics of MCA atherosclerotic stenosis. Our aim
was to quantitatively assess the remodeling pattern and plaque distribution of atherosclerotic MCAs with 3T high-resolution MR imaging.
MATERIALS AND METHODS: Eighty-seven consecutive patients with symptomatic atherosclerotic stenoses at the M1 segment of the MCA on
DSA (50%–99%) were enrolled. The remodeling index was calculated as the Vessel Area at Maximal Lumen Narrowing/Reference Vessel Area. A
remodeling index ⱖ 1.0 was deﬁned as positive remodeling, and a remodeling index ⬍ 1.0, as negative remodeling. Plaque distribution at the
maximal lumen narrowing site was classiﬁed on the basis of the involvement of the superior, inferior, dorsal, or ventral MCA wall.
RESULTS: Forty-three of 87 patients were excluded due to poor imaging quality (n ⫽ 8) or scan plane obliquity secondary to a tortuous
M1 segment of the MCA or an MCA ostium lesion or angled lesion (n ⫽ 35). Of 44 patients in the ﬁnal analysis, negative remodeling was
found in 19 (43.2%) lesions, and positive remodeling, in 25 (56.8%) lesions. At maximal lumen narrowing sites, lesions with negative
remodeling had less vessel area, wall area, and percentage of plaque burden (P ⬍ .0001) and a lower eccentricity index (P ⫽ .023), compared
with lesions with positive remodeling. The plaque involved the superior and dorsal walls in 15 (34.1%) of 44 patients.
CONCLUSIONS: 2D high-resolution MR imaging can help assess the remodeling pattern and plaque distribution of MCA stenosis, but the
imaging and postprocessing protocol for remodeling assessment needs to be improved in the tortuous course of the MCA and in MCA
ostium or angled lesions.
ABBREVIATIONS: MLN ⫽ maximal lumen narrowing; NR ⫽ negative remodeling; PR ⫽ positive remodeling; PTAS ⫽ percutaneous transluminal angioplasty and
stenting; SAMMPRIS ⫽ Stenting versus Aggressive Medical Management for Preventing Recurrent Stroke in Intracranial Arterial Stenosis

P

revious studies of coronary arteries confirmed that vessels may
respond to plaque growth by either outward enlargement of the
vessel wall (positive remodeling) or vessel shrinkage (negative re-
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modeling).1 Pre-existing remodeling was important in the immediate success and clinical outcome following coronary interventions.2,3
In addition, the existence of plaque close to a branch vessel ostium
has been shown to increase the risk of branch occlusion after coronary stent placement.4 In light of the disappointing results5 of the
Stenting versus Aggressive Medical Management for Preventing Recurrent Stroke in Intracranial Arterial Stenosis (SAMMPRIS) trial,
we are reminded that lesion morphology of the intracranial artery
may also be a prominent factor that influences the rate of periprocedural complications.6,7 Knowledge of the wall characteristics of the
MCA may be useful in interpreting the data of the SAMMPRIS trial,
selecting patients for percutaneous transluminal angioplasty and
stenting (PTAS), and designing individualized operating plans.
High-resolution MR imaging has been increasingly used in recent
years to identify the wall features of the intracranial artery.8-12 However, the remodeling pattern and the plaque distribution of MCA
atherosclerotic stenosis remains poorly understood. The aim of this
prospective study was to quantitatively investigate remodeling patterns and plaque distribution in patients with symptomatic MCA
stenosis with 3T high-resolution MR imaging.
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Wisconsin) and an 8-channel phased array head coil. 3D time-of-flight MRA was
performed purely for image positioning
with the following parameters: TR/TE ⫽
21/3.2 ms, FOV ⫽ 16 ⫻ 16 cm, thickness ⫽ 1 mm, matrix ⫽ 256 ⫻ 256, and
NEX ⫽ 1. On the basis of the MRA, the
scan plane was angled to ensure that the
cross-sectional images were perpendicular
to the M1 segment of the MCA (Figs 1A, 2A,
and 3A). Then, proton attenuation–
weighted images of 12–17 sections were acquired with an FSE sequence. The parameters for proton attenuation–weighted
images were as follows: TR/TE ⫽ 4000/12.9
ms, FOV ⫽ 16 ⫻ 16 cm, thickness ⫽ 2 mm,
matrix ⫽ 384 ⫻ 256, NEX ⫽ 2, and echotrain length ⫽ 10. The cross-sectional voxel
size was 0.6 ⫻ 0.6 mm on time-of-flight images and 0.4 ⫻ 0.6 mm on proton attenuation–weighted images. Fat suppression
was applied to reduce fat signal from the
surrounding scalp. A zero-fill interpolation
512-matrix technique was used to enhance
spatial resolution. The total imaging time
was 7–10 minutes.

FIG 1. An example of an excluded case. MRA (A) shows the obvious angled stenosis located at
the distal M1 segment near M2 of the MCA. Suitable cross-sectional images can be obtained at
the proximal (B, arrow) and MLN (C, arrow) but not the distal (D, arrow) site.

MATERIALS AND METHODS
Patients
This observational cross-sectional study was approved by our institutional ethics committees. Before each high-resolution MR
imaging examination, written informed consent was obtained.
Patients were enrolled in this study according to the following
criteria: 1) ischemic stroke or TIA in the target MCA territory
within 90 days; 2) 50%–99% stenosis at the M1 segment of the
MCA on DSA; and 3) ⱖ2 atherosclerotic risk factors, including
hypertension, hypercholesterolemia, diabetes mellitus, cigarette
smoking, and obesity as described previously.10 According to the
traditional clinical definition, we defined ischemic stroke as a new
focal neurologic deficit of sudden onset lasting ⬎24 hours and not
caused by hemorrhage, and TIA is the acute onset of a focal neurologic deficit lasting ⬍24 hours. We excluded patients with the
following conditions: 1) contraindications to MR imaging; 2)
nonatherosclerotic vasculopathy, such as dissection, arteritis, or
Moyamoya disease; 3) fewer than 2 atherosclerotic risk factors; 4)
coexistent ⬎50% supra-aortic cerebrovasculature stenosis on
DSA; and 5) evidence of cardioembolism.
Between December 2009 and May 2011, eighty-seven consecutive patients with symptomatic atherosclerotic stenosis at the M1
segment of the MCA on DSA (50%–99%) were enrolled in this study.

Imaging Protocol
Cross-sectional imaging was performed by using a 3T MR imaging scanner (Signa, TwinSpeed 3T; GE Healthcare, Milwaukee,
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Morphologic Measurement and
Calculation of the MCA Wall

Two trained readers with ⬎1 year of experience in reading intracranial MR images, blinded to the clinical information of the patients, assessed
image quality by consensus by using a previously developed
4-point scale (1 ⫽ poor quality, 4 ⫽ excellent).13 Images of poor
image quality were excluded from the final analysis. Quantitative
measurement was performed on the proton attenuation–
weighted images with a score of ⱖ2 by using FuncTool II software
(GE Healthcare) from a Sun ADW4.3 workstation (GE Healthcare). The images were zoomed to 400%. The window width and
level were adjusted to optimize the conspicuity of the vessel contour. In the MCA cross-sectional images, the contour of the outer
wall and lumen at the maximal lumen narrowing site and reference site was traced manually to measure the vessel area and luminal area by reader 1, blinded to the clinical information of the
patients. The reference sites used were the nearest plaque-free or
minimally diseased segments proximal and distal to the maximal
lumen narrowing (MLN) sites.
Due to the vessel tapering, the reference vessel area was calculated
as the average of the distal and proximal vessel area, and luminal area,
was calculated as the average of the distal and proximal luminal area.
Wall area was calculated by Vessel Area ⫺ Luminal Area. Plaque size
was estimated by Wall Area at the MLN site ⫺ Reference Wall Area.
Because plaque size varies with vessel size and larger vessels usually
have larger plaques, we used the percentage of plaque burden to correct for vessel sizes. The percentage of plaque burden was calculated
by using the following formula: (Plaque Size/Vessel Area at MLN
site) ⫻ 100%. The degree of stenosis on high-resolution MR imaging

nal area, maximal wall thickness, and
minimal wall thickness at MLN sites of
the initial 10 consecutive patients 2
months later. Subjects, included 2 patients (score 2), 6 patients (score 3), and 2
patients (score 4).

Statistical Analysis

FIG 2. A 37-year-old man with hypertension, hypercholesterolemia, and cigarette smoking
history who presented with aphasia, a cognitive disorder, and right-side numbness for 60 days.
MRA (A) shows stenosis located at the straight M1 segment of the MCA. The proximal (B, arrow),
MLN (C, arrow), and distal (D, arrow) site of the left MCA are shown. The vessel area or luminal
area is measured (demonstrated by the magniﬁed view in the inset). The reference vessel area is
12.3 mm2, and the remodeling index at the MLN site is 0.8 ⬍ 1.00 (NR). The eccentricity index is
0.6. B, The plaque location is mainly on the ventral wall (arrow). The wall area is 7.6 mm2 at the
proximal, 9.1 mm2 at the MLN, and 6.9 mm2 at the distal site. The reference wall area is 7.2 mm2.
Plaque size is 1.9 mm2, and percentage of plaque burden is 19.1%.

was calculated as follows: (1 ⫺ Luminal Area at the MLN Site/Reference Luminal Area) ⫻ 100%.1 The remodeling index was calculated
as follows: Vessel Area at MLN Site/Reference Vessel Area. Positive
remodeling (PR) was defined as a remodeling index ⱖ 1.0; negative
remodeling (NR), as a remodeling ⬍ 1.0.1 Patterns of the remodeling
were classified into 2 subgroups (PR and NR).
The thickest and thinnest wall segments on the cross-sectional
image at the MLN site were identified by visual inspection, and
maximal and minimal wall thicknesses were measured manually
by the same reader (reader 1). The eccentricity index of the MLN
site was calculated as follows: (Maximal Wall Thickness ⫺ Minimal Wall Thickness)/Maximal Wall Thickness.14 The maximal
wall thickness at the reference site was the average of maximal wall
thickness distal and proximal to the MLN site. All cross-sectional
images at MLN sites were classified on the basis of their plaque
orientation being centered on the superior, inferior, dorsal, or
ventral side of the vessel.15 Each cross-sectional image at the MLN
site was grouped into 1 of the 4 quadrants. In cases in which the
plaque was distributed on ⬎1 quadrant, the quadrant with the
maximal wall thickness was chosen.
To assess interobserver variability and intraobserver variability, the 2 readers independently remeasured the vessel area, lumi-

The intraclass correlation coefficient was
used to find the intraobserver or interobserver reproducibility for the measurements of vessel area, luminal area, maximal wall thickness, and minimal wall
thickness. Continuous variables were described as means ⫾ SD or as an interquartile range (if not normally distributed).
The continuous variable between the 2
groups was compared by using the Student t test or Mann-Whitney U test (when
the continuous variable was not normally
distributed). Categoric variables were
compared by using the 2 test or Fisher
exact test. The Statistical Package for the
Social Sciences, Version 11.5 (SPSS, Chicago, Illinois) was used as the statistical
analysis software. All reported P values
were 2-sided, and a P value ⬍ .05 was considered statistically significant.

RESULTS
Patients

From the 87 patients enrolled in this
study, 8 (9.2%) were excluded due to poor
image quality and 79 (90.8%) had images
suitable for analysis (image quality, ⱖ2)
to depict the MCA wall. In the final analysis, 35 patients were also excluded because cross-sectional images
perpendicular to the MCA at reference sites (n ⫽ 34) or at the
MLN site (n ⫽ 1) could not be acquired due to a tortuous course
of the MCA or a lesion at the MCA ostia or an angled lesion (Fig
1). Therefore, 44 patients (39 men and 5 women) were included in
the final analysis. There were no significant differences in the clinical characteristics between the included patients and excluded
patients (Table 1). The mean age of included patients was 47.8 ⫾
9.9 years. The image quality was 2 in 8 patients, 3 in 26 patients,
and 4 in 10 patients. The mean time from qualifying events to
high-resolution MR imaging was 33.8 ⫾ 19.0 days.

Morphologic Measurement and Calculation of the
MCA Wall
The intraobserver and interobserver reproducibility was high for
measurements of the vessel area, luminal area, maximal wall
thickness, and minimal wall thickness (Table 2).
At the reference site, the vessel area was 14.8 ⫾ 3.3 mm2, the
luminal area was 5.3 ⫾ 1.8 mm2, the wall area was 9.5 ⫾ 1.7 mm2,
and the maximal wall thickness was 0.9 ⫾ 0.1 mm. At the MLN
site, the vessel area was 15.4 ⫾ 4.8 mm2, the luminal area was
0.8 ⫾ 0.6 mm2, and the wall area was 14.6 ⫾ 4.7 mm2. Thus,
AJNR Am J Neuroradiol 34:1717–22
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FIG 3. A 74-year-old man with hypertension and hypercholesterolemia who presented with
aphasia for 27 days. MRA (A) shows stenosis located at the nearly straight M1 segment of the
MCA. The proximal (B, arrow), MLN (C, arrow), and distal (D, arrow) site of left MCA are
surrounded by more CSF due to age-related brain involution compared with the case in Fig 2.
The vessel area or lumen area is measured (demonstrated by the magniﬁed view in the inset).
The reference vessel area is 21.5 mm2, and the remodeling index at the MLN is 1.1 ⬎ 1.00 (PR). The
eccentricity index is 0.7. B, The plaque location is mainly on the ventral and superior walls
(arrow). The wall area is 12.3 mm2 at the proximal, 22.3 mm2 at the MLN, and 12.3 mm2 at the distal
site. The reference wall area is 12.3 mm2. Plaque size is 10.0 mm2, and the percentage of plaque
burden is 42.7%. Compared with the case in Fig 2, this case has a larger vessel area, wall area,
plaque size, percentage of plaque burden, and eccentricity index.
Table 1: Clinical characteristics between included patients and
excluded patients
Included
Excluded
Patients
Patients
P
Characteristics
(n = 44)
(n = 43)
Value
Age (yr) (mean) (SD)
47.8 (9.9)
47.7 (11.4)
.966
Men (No.) (%)
39 (88.6)
37 (86.1)
.716
Hypertension (No.) (%)
29 (65.9)
26 (60.5)
.599
Hypercholesterolemia (No.) (%)
42 (95.5)
42 (97.7)
1.000
Diabetes mellitus (No.) (%)
8 (18.2)
10 (23.3)
.559
Smoking (No.) (%)
30 (68.2)
31 (72.1)
.690
Obesity (No.) (%)
7 (15.9)
3 (7.0)
.332
Three or more risk factors (No.) (%)
23 (52.3)
22 (51.2)
.918
Stroke as qualifying event (No.) (%)
27 (61.4)
26 (60.5)
.932
NIHSS scores at admission
0.0 (0.0–1.0) 0.0 (0.0–1.0) .916
(median) (interquartile range)
Time from qualifying event to
33.8 (19.0)
33.3 (21.2)
.905
high-resolution MRI, days
(mean) (SD)

plaque size was 5.1 ⫾ 4.5 mm2, percentage of plaque burden was
28.1 ⫾ 21.1%, degree of stenosis was 82.8 ⫾ 14.2%, and remodeling index was 1.1 ⫾ 0.3. At the MLN sites, the maximal wall
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thickness was 2.5 ⫾ 0.6 mm, the minimal
wall thickness was 1.0 ⫾ 0.3 mm, and the
eccentricity index was 0.6 ⫾ 0.2.
NR was found in 19 (43.2%) lesions
(Fig 2), and PR, in 25 (56.8%) lesions (Fig
3). There was no significant difference in
the clinical characteristics between the lesions with NR and PR (Table 3). The wall
morphologic characteristics are outlined
in Table 4. At MLN sites, lesions with NR,
compared with lesions with PR, had less
vessel area, wall area, plaque size, and percentage of plaque burden (P ⬍ .0001). At
the same time, lesions with NR had a significantly lower maximal wall thickness
(P ⬍ .0001) and eccentricity index than
did lesions with PR (0.5 versus 0.6, P ⫽
.023). However, there was no difference in
the luminal area, minimal wall thickness,
and degree of stenosis between the lesions
with NR and PR. At reference sites, NR
lesions had greater maximal wall thickness than PR lesions, with a trend toward
significance; however, there was no significant difference in vessel area, luminal
area, and wall area between the 2 groups.
Plaques were located at the superior
wall in 10 (22.7%) patients, the dorsal wall
in 5 (11.4%) patients, the inferior wall in 13
(29.6%) patients, and the ventral wall in 16
(36.4%) patients (Fig 2). In total, the plaque
involved the superior and dorsal walls in
34.1% of patients (Fig 3).

DISCUSSION

The use of high-resolution MR imaging
could permit evaluation of the remodeling of intracranial arteries.8-12 A previous study showed that the
remodeling index could be assessed quantitatively with 1.5T
high-resolution MR imaging.8 Compared with 1.5T, a 3T MR
imaging system has higher SNR and has recently been used to
identify the remodeling pattern of intracranial arteries.10,11 The
results showed that NR and PR also occur in the MCA and basilar
arteries.10,11 However, the remodeling index depends on the reference vessel area. Using only proximal or distal segments as a
reference site in previous studies may have resulted in underestimation or overestimation of the remodeling index due to the natural tapering of the MCA.11 In contrast, we used the average of
reference site areas distal and proximal to the stenosis for remodeling calculation to help overcome the obstacle of natural tapering of the MCA. In addition, the positioning of 2D sections
in 1 scan for the tortuous MCA makes 2D images more prone
to obliquity artifacts, especially for the reference sites, leading to the overestimation of the true vessel area and wall thickness. To minimize errors, we excluded 35 patients because
cross-sectional images perpendicular to the long axis of the
MCA were unavailable.

Table 2: Intraobserver and interobserver variability
Intraclass Correlation Coefﬁcient
(95% CI)
Vessel area
Luminal area
Maximal wall thickness
Minimal wall thickness

Intraobserver
0.917 (0.666–0.979)
0.833 (0.329–0.959)
0.962 (0.847–0.991)
0.876 (0.501–0.969)

Interobserver
0.906 (0.620–0.977)
0.898 (0.589–0.975)
0.916 (0.663–0.979)
0.851 (0.399–0.963)

Table 3: Clinical characteristics between the NR and PR groups
NR Group
PR Group
P
Characteristics
(n = 19)
(n = 25)
Value
Age (yr) (mean) (SD)
48.0 (8.4)
47.8 (11.0)
.951
Men (No.) (%)
15 (79.0)
24 (96.0)
.198
Hypertension (No.) (%)
13 (68.4)
16 (64.0)
.759
Hypercholesterolemia (No.) (%)
19 (100)
23 (92.0)
.498
Diabetes mellitus (No.) (%)
5 (26.3)
3 (12.0)
.409
Smoking (No.) (%)
11 (57.9)
19 (76.0)
.202
Obesity (No.) (%)
5 (26.3)
2 (8.0)
.219
Three or more risk factors (No.) (%)
12 (63.2)
11 (44.0)
.208
Stroke as qualifying event (No.) (%)
13 (68.4)
14 (56.0)
.402
NIHSS scores at admission,
0.0 (0.0–2.0) 0.0 (0.0–0.5) .419
median (interquartile range)
Time from qualifying event to 33.8 (17.4)
33.8 (20.5)
1.000
high-resolution MRI (days)
(mean) (SD)
Table 4: Wall characteristics of symptomatic atherosclerotic
MCA stenosis
NR Group PR Group
P
Variablesa
(n = 19)
(n = 25) Value
At reference site
15.5 (3.3)
14.3 (3.2)
.228
Vessel area (mm2)
5.5 (1.6)
5.2 (1.9)
.516
Luminal area (mm2)
10.0 (1.8)
9.1 (1.6)
.103
Wall area (mm2)
Maximal wall thickness (mm)
1.0 (0.1)
0.9 (0.1)
.058
At MLN site
12.4 (3.3)
17.8 (4.5) ⬍.0001
Vessel area (mm2)
0.8 (0.6)
0.8 (0.5) 0.804
Luminal area (mm2)
11.6 (3.3) 16.9 (4.3) ⬍.0001
Wall area (mm2)
1.6 (2.3)
7.8 (3.8) ⬍.0001
Plaque size (mm2)
Percentage of plaque burden (%) 9.9 (16.8) 42.0 (11.1) ⬍.0001
Degree of stenosis (%)
84.5 (13.8) 81.5 (14.6)
.497
Maximal wall thickness (mm)
2.1 (0.5)
2.8 (0.5) ⬍.0001
Minimal wall thickness, (mm)
0.9 (0.3)
1.0 (0.2)
.381
Eccentricity index
0.5 (0.2)
0.6 (0.1)
.023
Remodeling index
0.8 (0.1)
1.3 (0.3) ⬍.0001
a

Variables are expressed as mean and SD.

Our findings emphasized that NR was almost as frequent as PR
in symptomatic atherosclerotic MCA stenosis and NR lesions had
less wall area and percentage of plaque burden. At reference sites,
NR lesions had greater maximal wall thickness than PR lesions,
with a trend toward significance; however, the difference may
have no meaning, given the in-plane resolution. In addition,
the remodeling pattern was associated with the eccentricity
index, and PR lesions had a larger eccentricity index (0.6 versus
0.5, P ⫽ .023). These findings have potential implications for
the mechanisms of arterial PR because it has been thought that
in coronary atherosclerosis, PR mainly occurs as a consequence of the outward stretch of the vessel wall behind the
plaque, as a direct response to the plaque release of
metalloproteinases.1

Intracranial atherosclerotic stenosis is associated with a high
risk of recurrent stroke, despite treatment with aspirin and standard management of vascular risk factors. Intracranial PTAS
emerged as a valuable tool for patients refractory to medical therapy.16,17 In the PTAS procedure, the operators select the size of
the balloon or stent on the basis of the reference vessel diameter
during luminal imaging. However, for the patients with NR, sizing of the balloon may not take into account the diminished outer
wall diameter and may increase the risk of vessel injury or even
rupture when the balloon is inflated. Previous studies with coronary intervention have shown that patients with PR had the
highest rate of major adverse cardiac events; in contrast, patients with NR may face high rates of in-hospital complications, including postinterventional dissection.2,3 The consequences of SAMMPRIS suggest that the remodeling pattern may
also be a prominent factor that influences the rate of periprocedural complications. In future studies, we will use a wall imaging
technique to study the remodeling pattern of other intracranial
arteries (such as the ICA) and will assess the influence of local
remodeling patterns on periprocedural complications in patients
with intracranial PTAS.
Intracranial PTAS also showed that patients presenting with
perforator ischemia may have an increased risk of perioperative
stroke.6 PTAS restores the luminal diameter by pushing the
plaque outward against the wall of the artery, which can cause
plaque shifting, occluding the penetrating arteries. An eccentric plaque location on the superior and dorsal walls of the MCA,
where most of perforators arise, may increase the risk of perforator occlusion. In this study, 34.1% of the lesions mainly involved
the superior and dorsal MCA walls. These findings are meaningful. Patients with perforator syndromes were also included in
SAMMPRIS. This feature may help explain the high risk of perioperative stroke. Patients with plaques near penetrating artery
orifices may face a higher risk of perforator stroke. For those patients, a subsized balloon with low balloon inflation pressure may
help reduce the risk of perforator stroke.18
We found that measurement reproducibility for vessel and luminal areas in the MCA was lower than the results of a previous study of
the basilar artery.10 This finding seemed due to the confluence of the
MCA with adjacent brain parenchyma, with little surrounding CSF
reducing the conspicuity of its outer wall. By contrast, abundant CSF
around the basilar artery may improve wall conspicuity. We obtained
good measurement reproducibility with more CSF surrounding the
MCA due to age-related brain involution, especially compared with
the relatively young volunteers in a previous study.19
We excluded nearly half of the patients from final analysis in
this study, with most cases related to obliquity of the scan plane
and tortuous vessels. This choice caused a high exclusion rate and
makes the current protocol inefficient for assessment of remodeling in clinical practice. Approaches to arterial wall imaging involving 3D acquisitions with short time durations are promising.19 These techniques, with the aid of multiple planar
reconstruction, may help reduce the number of excluded cases
and may be ideal for assessment of arterial remodeling in tortuous
intracranial vessels.
Other limitations are as follows: First, values of vessel area and
wall thickness may be overestimated. The overestimation may
AJNR Am J Neuroradiol 34:1717–22
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arise from lower in-plane and through-plane spatial resolution.
This would lead to partial volume effects, resulting in an overestimation of the true vessel area and wall thickness, especially for
reference sites. Another significant issue was that no effective
technique for inflow and CSF suppression was applied in this
study. Incomplete inflow or surrounding CSF suppression might
mimic the vessel wall, causing an additional overestimation of the
true vessel wall thickness. Second, although the proximal and distal minimally diseased vessels were also selected as reference sites
in some cases, the number of lesions with negative remodeling
may have been overestimated or underestimated due to remodeling of the reference sites in response to early-stage atherosclerosis.

CONCLUSIONS
2D high-resolution MR imaging can help assess the remodeling
pattern and plaque distribution of MCA stenosis, but the imaging
and postprocessing protocol for remodeling assessment needs to
be improved in the tortuous course of the MCA or MCA ostium
lesions or angled lesions due to artifacts and technical challenges
related to obliquity.
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Multiparameter MR Imaging in the 6-OPRI Variant of Inherited
Prion Disease
E. De Vita, G.R. Ridgway, R.I. Scahill, D. Caine, P. Rudge, T.A. Yousry, S. Mead, J. Collinge, H.R. Jäger, J.S. Thornton, and H. Hyare

ABSTRACT
BACKGROUND AND PURPOSE: Inherited prion diseases represent over 15% of human prion cases and are a frequent cause of early onset
dementia. The purpose of this study was to deﬁne the distribution of changes in cerebral volumetric and microstructural parenchymal
tissues in a speciﬁc inherited human prion disease mutation combining VBM with VBA of cerebral MTR and MD.
MATERIALS AND METHODS: VBM and VBA of cerebral MTR and MD were performed in 16 healthy control participants and 9 patients
with the 6-OPRI mutation. An analysis of covariance consisting of diagnostic grouping with age and total intracranial volume as covariates
was performed.
RESULTS: On VBM, there was a signiﬁcant reduction in gray matter volume in patients compared with control participants in the basal
ganglia, perisylvian cortex, lingual gyrus, and precuneus. Signiﬁcant MTR reduction and MD increases were more anatomically extensive
than volume differences on VBM in the same cortical areas, but MTR and MD changes were not seen in the basal ganglia.
CONCLUSIONS: Gray matter and WM changes were seen in brain areas associated with motor and cognitive functions known to be
impaired in patients with the 6-OPRI mutation. There were some differences in the anatomic distribution of MTR-VBA and MD-VBA
changes compared with VBM, likely to reﬂect regional variations in the type and degree of the respective pathophysiologic substrates.
Combined analysis of complementary multiparameter MR imaging data furthers our understanding of prion disease pathophysiology.
ABBREVIATIONS: IPD ⫽ inherited prion disease; MD ⫽ mean diffusivity; MTR ⫽ magnetization transfer ratio; VBA ⫽ voxel-based analysis; VBM ⫽ voxel-based
morphometry

H

uman prion diseases are rapidly progressive, uniformly
fatal neurodegenerative disorders1 that can be inherited
(IPD), occur sporadically, or be caused by iatrogenic or dietary
infection. The discovery of variant Creutzfeldt-Jakob disease2
has not been followed by a major epidemic; however, the exis-

Received September 17, 2012; accepted after revision December 11.
From the Lysholm Department of Neuroradiology (E.D., T.A.Y., H.R.J., J.S.T.) and
National Prion Clinic (D.C., P.R., S.M., J.C., H.H.), National Hospital for Neurology and
Neurosurgery, London, United Kingdom; and Neuroradiological Academic Unit, Department of Brain Repair and Rehabilitation (E.D., T.A.Y., H.R.J., J.S.T.), Dementia Research Centre (G.R.R.), Wellcome Trust Centre for Neuroimaging (G.R.R.), TRACK-HD
(R.I.S.), and MRC Prion Unit, Department of Neurodegenerative Disease (D.C., P.R., S.M.,
J.C., H.H.), University College London Institute of Neurology, London, United Kingdom.
This study was supported by the UK Medical Research Council. Some of this work was
undertaken at University College London Hospitals/University College London, which
received a proportion of funding from the National Institute for Health Research
Comprehensive Biomedical Research Centres funding scheme. The Dementia Research
Centre is an Alzheimer’s Research UK Coordinating Centre and has also received
equipment funded by Alzheimer’s Research United Kingdom. The Wellcome Trust
Centre for Neuroimaging is supported by core funding from the Wellcome Trust
079866/Z/06/Z. TRACK-HD is funded by the CHDI Foundation, a not-for-proﬁt organization dedicated to ﬁnding treatments for Huntington disease.
Please address correspondence to John Thornton, PhD, consultant clinical scientist (Magnetic Resonance Physics), University College London Hospitals NHS
Foundation Trust, National Hospital for Neurology and Neurosurgery, Lysholm

tence of subclinical infections3 and the evidence for secondary
transmission by blood transfusion4,5 reinforce the public
health relevance of these conditions.
Most of the literature on prion disease imaging has focused on the
acquired and sporadic forms rather than IPD. In prevalence studies,
15% of prion disease cases are IPD, a cause of early-onset dementia,
with more than 30 different prion protein gene (PRNP) mutations
identified.6 The clinical phenotypes vary widely, with some mutations having a phenotype similar to sporadic Creutzfeldt-Jakob disease (eg, E200K), whereas others can mimic hereditary ataxias (eg,
P102L) or Alzheimer disease (eg, some cases of 4-OPRI).7 The findings on conventional MR imaging are similarly variable.
In the United Kingdom, large kindreds presenting with 6 additional repeats in the octapeptide region (6-OPRI mutation),
have been followed up for more than 2 decades with detailed
reports of clinical symptoms8 and neuropsychological features9
but without systematic analysis of imaging findings. These paDepartment of Neuroradiology, Box 65, Queen Square, London WC1N 3BG;
e-mail: john.thornton@ucl.ac.uk
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tients characteristically present with frontoparietal dysfunction
progressing for 7–15 years (mean, 11 years) that culminates in an
akinetic mute state. Visuospatial, frontal executive, and nominal
skills are significantly impaired in this patient group, and apraxia
is an important early feature.
Brain atrophy has rarely been quantified in IPD, apart from a
case report of a presymptomatic P102L gene carrier demonstrating early parietal atrophy10 and a recent demonstration of parietal
and occipital cortical thinning in patients with the 6-OPRI mutation.9 Quantitative MR imaging techniques such as MTR and MD
mapping have revealed significant regional and whole-brain differences between patients with symptomatic prion disease and
control participants.11-14 However, these studies used region-ofinterest or histogram analyses, possibly missing or diluting regionally specific changes.
VBA of structural images (VBM)15 or MR imaging measures
such as MD or MTR overcome these limitations because they do
not require a priori anatomic hypotheses. These tools have not
been applied in IPD, except for patients with the E200K
mutation.16-18
We performed VBM, MTR-VBA, and MD-VBA in a cohort of
patients with IPD who have the 6-OPRI mutation, some of whom
were previously studied with alternative methods.12,13 We hypothesized that this multiparametric approach would localize
brain abnormalities corresponding to known clinical symptoms
and neuropsychological deficits and, further, that MTR and MD
would quantify microstructural changes even in areas without
significant volume loss on VBM.

MATERIALS AND METHODS

Table 1: Patient demographics and clinical data
Control Group
6-OPRI Group
N
16 (8 M)
9 (4 M)
Age (y)
37.1 ⫾ 10.7
38.1 ⫾ 3.6
MMSE
30 (30–30)
19 (11–27)
CDR
⫺
8 (2–14)

P Value
⫺
ns
⬍.001
.002a

Note:—CDR indicates Clinical Dementia Rating Scale; M, male; N, number; MMSE,
Mini-Mental State Examination; ns, not signiﬁcant (Pⱖ0.1); 6-OPRI, 6-octapeptide
repeat insertion. Age values are mean ⫾ SD. MMSE and CDR values are median
(range).
a
All comparisons were performed with the Mann-Whitney U test, except for CDR,
for which the Wilcoxon test vs CDR ⫽ 0 was performed.

1) Structural T1-weighted imaging (3D inversion recoveryspoiled gradient recalled-echo sequence [TR, 6.4 ms; TE, 14.5
ms; TI, 650 ms; flip angle, 15°; number of 1.5-mm partitions,
124; FOV, 24 ⫻ 18 cm2; matrix, 256 ⫻ 192; total acquistion
time, 9 minutes, 48 seconds]).
2) DWI with diffusion-weighting (“b”) (single-shot echo-planar
imaging [TR, 10 s; number of 5-mm sections, 30; FOV, 26 ⫻
26 cm2; matrix, 96 ⫻ 128]) with diffusion-weighting factors
(“b-values”) of 0 (B0) and 1000 s/mm2 (b ⫽ 1000: TE, 101 ms;
1 average; acquistion time 1 minute, 20 seconds) and of 0 and
3000 s/mm2 (b ⫽ 3000: TE, 136 ms; 3 averages; acquisition
time 4 minutes) applied sequentially along 3 orthogonal axes.
MD was calculated as:
MD 1k,3k ⫽ ln(S0/S1k,3k)/b1k,3k22
where S0 and S1k,3k are respectively the local signal intensities of
the B0 and mean of DWI (b ⫽ 1000 or b ⫽ 3000) acquired in 3
orthogonal directions (as only 3 gradient sensitization directions
were used, this variable is actually an approximation of the mean
diffusivity that could be measured with 6 or more directions).

Patients
Patients attended the National Prion Clinic at the National Hospital for Neurology and Neurosurgery, London, United Kingdom, and were recruited into the UK MRC PRION-1 trial.19 Ethical approval was granted by the Eastern Multicentre Research
Ethics Committee, Cambridge, United Kingdom.
Full neurologic, Mini-Mental State Examination,20 and Clinical Dementia Rating Scale sum of boxes⫽821 were recorded.
Where several individual patient MR imaging datasets were available, the dataset acquired when the patient’s Clinical Dementia
Rating Scale was closest to the group median (Clinical Dementia
Rating Scale⫽8) was selected. This approach allowed us to have a
more homogeneous cohort and minimize the Clinical Dementia
Rating Scale SD across the patient group.
Nine individuals with the 6-OPRI mutation were studied
(6-OPRI group: mean age, 38.1 ⫾ 3.6 years; median MiniMental State Examination, 19 [range 11–27]; all codon
129MM). Sixteen healthy volunteers with no history of neurologic disorder were included (Controls group: mean age,
37.1 ⫾ 10.7 years; all Mini-Mental State Examination, 30);
Table 1.

MR Imaging Acquisition
MR imaging was performed at 1.5T (GE Healthcare, Milwaukee,
Wisconsin) by using the standard transmit/receive head coil. Sequences included the following:
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3) MTR imaging (interleaved 2D, gradient-echo sequence, similar to the EuroMT sequence23 [TR, 1500 ms; TE, 15.4 ms; flip
angle, 70°; number of 5-mm sections, 30; FOV, 24 ⫻ 18 cm2;
matrix, 256 ⫻ 192; acquisition time 12 minutes]). Magnetization transfer presaturation was achieved with a Gaussian pulse
of duration 12.8 ms and peak amplitude 23.2 T giving a nominal bandwidth of 125 Hz, applied 2 kHz off water resonance.
Scans with and without presaturation were interleaved for
each TR period, ensuring exact coregistration of the pixels on
saturated (Msat) and unsaturated (M0) images.24 MTR was
calculated from M0 and Msat images as MTR ⫽ (1–Msat/
M0) ⫻ 100 in percentage units.
4) Fast spin-echo T2-weighted (TR, 6000 ms; TE, 106 ms; number of 5-mm sections, 22; FOV, 24 ⫻ 18 cm2; matrix, 256 ⫻
224; 2 averages) and FLAIR imaging (TR, 9897 ms; TE, 161 ms;
TI, 2473 ms; number of 5-mm sections, 22; FOV, 24 ⫻ 24 cm2;
matrix, 256 ⫻ 224).

Imaging Analysis: Qualitative Analysis by Visual
Inspection
The T2-weighted, FLAIR, and DWI images were reviewed independently (in an unblinded fashion) by 2 consultant neuroradiologists with experience in prion disease. Pathologic signal
changes were assessed in the caudate, putamen, and thalamus and
in the cortex of the frontal, parietal, temporal, and occipital lobes.
When a discrepancy was identified, the images were re-reviewed

in a consensus reading and a  statistic calculated to assess the
level of agreement.

Imaging Analysis: Quantitative MR Imaging
VBM Spatial Preprocessing. Spatial processing for VBM was performed for structural data by using SPM8 (http://www.fil.ion.
ucl.ac.uk/spm) as follows:
1) SPM8’s “unified segmentation,” combining segmentation, bias
correction, and normalization to the Montreal Neurological Institute space into a single generative model (SPM “Segment”).25
The rigid normalization transformation component was used to
produce approximately aligned images for the following step.
2) Generation of a cohort specific template for gray matter and
WM segments by using the DARTEL toolbox in SPM826 using all
participants.
3) Warping and resampling of individual gray matter and WM
segments, normalizing them to the cohort-specific template. Local intensities for each voxel were modulated (ie, multiplied by the
ratio of voxel volume before and after normalization) to account
for normalization-associated volume changes.27
MTR-VBA Preprocessing. Rigid transformations between individual Msat images and corresponding T1 datasets were estimated
and then combined with the warps computed for the T1 data to
normalize individual MTR maps to the cohort VBM T1-template.
As voxel MTR values are not directly related to voxel volume, data
were not modulated.
MD-VBA Preprocessing. The MD (b ⫽ 3000 s/mm2) dataset was
rigidly aligned with the MD (b ⫽ 1000 s/mm2) dataset (based on
the corresponding B0 acquisitions). Affine transformations between MD and corresponding T1 images were estimated with the
tool in NiftyReg (http://sourceforge.net/projects/niftyreg/)28,29
to partially correct echo-planar imaging-associated geometric
distortion (based on the MD (b ⫽ 1000 s/mm2) B0 acquisitions).
These transforms were then combined with the warps computed
for the T1 data to normalize (with no modulation) individual MD
(b ⫽ 1000 s/mm2) and MD (b ⫽ 3000 s/mm2) maps to the cohort
VBM T1-template.

Statistical Analysis
An isotropic 6-mm full width at half maximum Gaussian kernel
was applied to each of the 6 normalized datasets (gray matter,
WM, MTR, MD (b ⫽ 1000 s/mm2), and MD (b ⫽ 3000 s/mm2)).
An “objective” masking strategy30 defined the voxels for subsequent statistical analysis on gray matter and WM segments separately; the resulting masks were combined for MTR and MD data
analysis. For each dataset, the analysis involved an analysis of covariance consisting of diagnostic grouping (6-OPRI or controls)
with individual age and total intracranial volume (estimated as
the sum of gray matter, WM, and CSF segments) as covariates
(using the same covariates for all analyses allowed for a more
consistent model across modalities). Group differences between
covariates were assessed with the 2-sample Mann-Whitney U test
(PASW Statistics 18, SPSS, Chicago Illinois).
SPM-t maps (P ⬍ .05) after family-wise error multiple-comparison correction (with no cluster-extent threshold), and effect-

size maps showing group differences as percentages of the control
group mean were produced. We also computed the affine transformation between the DARTEL space (in which the SPM results
were computed) and Montreal Neurological Institute space. Using these parameters, we also transformed the SPM maps and
effect-size maps onto Montreal Neurological Institute space for
visualization. Results are thus displayed in the Montreal Neurological Institute space overlaid on the average of the warped and
smoothed T1 volumes. All are presented by using the neurologic
convention (right hemisphere displayed on the right).

ROIs
To quantify differences in MR imaging measures, 3 ROIs were
defined on the right hemisphere of the average warped and
smoothed T1-volume, in the thalamus, head of the caudate, and
putamen (ROI volume range, 0.59 – 0.60 mL). The ROIs were
then verified for individual datasets to ensure that the smoothing
had not introduced CSF contamination. The ROI mean from the
corresponding warped and smoothed datasets for each patient
was computed and between-group differences assessed by the
2-sample Mann-Whitney U test. To account for multiple comparisons over the 3 regions (but not the 4 metrics, as these tests are
being compared with each other, rather than simply being
searched over), P ⬍ .01 was considered significant.

RESULTS
Between controls and patients with 6-OPRI, differences in age
were not significant, in contrast to Mini-Mental State Examination and Clinical Dementia Rating Scale (Table 1). The total intracranial volumes were 1.42 ⫾ 0.14 L (mean ⫾ SD) in controls
and 1.41 ⫾ 0.20 L in patients with 6-OPRI and were not significantly different.

Qualitative Analysis
On initial assessment, both raters agreed that there was no pathologic signal change in 7 of the 9 patients. There were discrepancies
in 2 patients where DWI signal hyperintensity in the frontal cortex
was noted in 1 patient and FLAIR signal hyperintensity in the
perihabenular region noted in another patient ( score, 0.835).
On consensus review of these cases, it was decided that the findings were artifactual and that there was no evidence of pathologic
signal change.

Quantitative Analysis
VBM. Within the supratentorial cortex, extensive bilateral symmetric gray matter volume reduction was seen in the perisylvian
cortex: central opercular, insular cortex, middle and superior
temporal gyri; parietal cortex: angular, supramarginal, and postcentral gyrus; and occipital cortex: lingual gyrus and cuneus. Less
extensive gray matter reduction was also seen in the left superior
frontal gyrus and cingulate gyrus. Within the deep gray nuclei,
significant gray matter reduction was seen in the caudate and
putamen bilaterally and within the posterior fossa; the cerebellar
cortex bilaterally also showed significant gray matter reduction
(Fig 1A).
The areas of significant WM reductions are more sparse and to
a smaller extent. Significant areas of WM volume reduction inAJNR Am J Neuroradiol 34:1723–30
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FIG 1. SPM-t maps for patients with the 6-OPRI mutation compared with control participants. SPM-t maps showing signiﬁcant differences
between symptomatic patients with the 6-OPRI mutation (n ⫽ 9) and healthy control participants (n ⫽ 16) for family-wise error P ⬍ .05. A, gray
matter: controls ⬎6-OPRI, t ⱖ 6.60. B, WM: controls ⬎6-OPRI, t ⱖ 6.07. C, MTR: controls ⬎6-OPRI, t ⱖ 6.86. D, MD (b ⫽ 1000 s/mm2): controls
⬍6-OPRI, t ⱖ 7.03. E, MD (b ⫽ 3000 s/mm2): controls ⬍6-OPRI, t ⱖ 6.96. The color bar represents the t value range.

Table 2: Signiﬁcant clusters for WM VBM (Controls > 6-OPRI)
Peak P Value
k
(FWE corr)
Peak T
Peak Z
x
175
⬍.001
10.59
6.16
⫺34
176
.003
7.61
5.22
⫺52
.005
7.37
5.12
⫺56
7
.017
6.66
4.83
⫺54
6
.019
6.61
4.81
⫺39
46
.006
7.25
5.08
⫺25
45
.007
7.16
5.04
⫺26
.03
6.35
4.69
⫺20
18
.035
6.27
4.66
⫺13
97
.001
8.25
5.45
57
.017
6.67
4.83
49
.018
6.66
4.83
47
148
.002
7.82
5.29
37
.003
7.72
5.26
37
57
.009
7.01
4.98
26
60
.012
6.86
4.92
13
27
.004
7.58
5.21
2
3
.034
6.29
4.66
⫺5
10
.022
6.54
4.78
5

y
⫺4
⫺43
⫺42
⫺29
⫺57
⫺31
⫺29
⫺34
6
⫺35
⫺39
⫺48
⫺12
⫺29
⫺31
8
⫺22
⫺19
⫺17

z
⫺31
⫺3
⫺12
⫺8
30
⫺13
⫺8
6
⫺3
⫺13
⫺9
⫺11
⫺22
⫺13
⫺6
⫺3
19
30
30

Description
L temporal fusiform and parahippocampal gyri
L middle temporal gyrus
L middle temporal gyrus
L middle temporal gyrus
L angular gyrus
L hippocampus
L hippocampus and L parahippocampal gyrus
L thalamus
L pallidum
R middle temporal gyrus
R inferior temporal gyrus
R inferior temporal gyrus
R temporal fusiform gyrus
R temporal fusiform gyrus
R hippocampus
R pallidum
Midline-body of corpus callosum
L body of corpus callosum
R body of corpus callosum

Note:—FWE corr indicates family-wise error corrected; L, left; MNI, Montreal Neurological Institute; R, right. k is the number of voxels within each cluster. All clusters of voxels
above a voxel-level threshold FWE P ⱕ .05 of size k ⬎ 2 are shown. For the largest clusters, the table shows up to 3 local maxima more than 8 mm apart. The x, y, and z coordinates
are in the MNI space. Peak-t and Peak-z values are within each cluster.
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FIG 2. Effect size maps for all patients compared with control participants and patients with
6-OPRI compared with control participants. Effect size maps demonstrating the percentage
difference between patients with 6-OPRI and controls in (A) gray matter volume and (B) WM
volume calculated as 100*(controls-all patients)/controls displayed in the Montreal Neurological
Institute space.

volved the anterior temporal lobes, the body of the corpus callosum, and hippocampus bilaterally (Fig 1B). A complete list of the
coordinates and corresponding anatomic locations of the significant cluster peaks (for clusters with size k ⬎ 2) is presented in
Table 2.
The effect maps (Fig 2A, 2B) demonstrated that the largest
percentage differences were present in the insular cortex, middle
and superior temporal gyri, angular and supramarginal gyri, lingual gyrus, and cuneus.
MTR. Significant MTR reductions in the 6-OPRI group were topographically similar in the supratentorial cortex to those seen on
VBM, with extensive involvement of the perisylvian regions, and
parietal and occipital cortices bilaterally, as described above (Fig 1C).
Within the deep gray nuclei, significant MTR reductions were seen in
the posteromedial thalamus bilaterally only. In the posterior fossa,
extensive involvement of the cerebellar cortex was seen.
Regarding the number of suprathreshold voxels, changes were
more anatomically extensive on MTR-VBA than on VBM in the
perisylvian regions, cuneus, and precuneus, where there is the
impression of involvement of the subcortical WM, with significant reductions in the posteromedial thalamus, not seen on VBM.
However, MTR-VBA did not detect significant MTR reductions
in the caudate nucleus, putamen, or middle temporal gyri where
VBM showed differences (Fig 1C).
MD. MD (b ⫽ 1000 s/mm2). The largest clusters and most significant MD (b ⫽ 1000 s/mm2) increases were seen in the gray matter and subcortical WM of the perisylvian, parietal, and occipital
lobes (Fig 1D) and in the posteromedial thalamus bilaterally. Regarding the number of suprathreshold voxels, changes were more
anatomically extensive on MD-VBA than on VBM, similar to MTRVBA. No significant differences were seen in the cerebellar hemispheres (as seen on MTR) or in the basal ganglia (as seen on VBM).
MD (b ⫽ 3000 s/mm2). Areas of significant MD (b ⫽ 3000
s/mm2) increase overlapped those seen with MD (b ⫽ 1000

s/mm2), although the extent and significance were generally smaller (Fig 1D,E).
Reduced significance could arise from
either reduced effect size (group difference) or increased variability. We investigated these influences by evaluating
the non-normalized group difference,
and a form of coefficient of variation
given by the square root of the mean
squared residuals (SPM ResMS Image)
divided by the average of the 2 group
means from the analysis of covariance
model. Both the group difference and
the coefficient of variation were larger
for MD (b ⫽ 1000 s/mm2) (data not
shown), suggesting that the higher significance of MD (b ⫽ 1000 s/mm2)
changes is the result of a greater effect
size than for MD (b ⫽ 3000 s/mm2) and
not simply a higher signal-to-noise
ratio.

ROI Analysis
Mean values for patients with 6-OPRI differed significantly from
controls in all 3 ROIs for tissue-segment volumes, MTR, and MD
(b ⫽ 1000 s/mm2), and in the thalamic ROI only for MD
(b ⫽ 3000 s/mm2) (Table 3).

DISCUSSION
This systematic study is the first to describe the distribution of
gray matter and WM volume changes and voxelwise MTR and
MD changes in patients with IPD who have the 6-OPRI mutation.
We demonstrated anatomically specific mean tissue attenuation
reduction in these patients that are consistent with previous qualitative reports. Using MTR and MD, we detected cortical and
subcortical microstructural changes both coincident with and
spatially independent of tissue volume changes. Some of these
changes seem to be specific to the 6-OPRI IPD mutation.

Local Volume Reductions Assessed with VBM
Brain atrophy occurs in all forms of prion disease,8,31 but most
reports are based on visual inspection rather than objective quantification. In an early case report, a presymptomatic P102L gene
carrier demonstrated widespread supratentorial and cerebellar
volume loss with relative sparing of the mesial temporal lobe
structures.11 In a recent study of patients with the 6-OPRI mutation, significant cortical thinning was seen in the precuneus, inferior parietal cortex, supramarginal gyrus, and lingula.9 Our study
confirms these findings, with gray matter volume loss in such
patients predominantly involving the perisylvian cortex, precuneus, and lingual gyrus and without significant involvement of
the mesial temporal lobe structures.
These cortical changes relate well to clinical symptoms documented in patients with the 6-OPRI mutation. Apraxia is an important early feature and is generally associated with lesions to the
dominant parietal lobe and, specifically, the supramarginal gyrus.
Visuoperceptual and visuospatial impairments known to be sensitive to right parietal damage are also common in this patient
AJNR Am J Neuroradiol 34:1723–30
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Table 3: Mean values for tissue segment volumes, MTR, MD (b ⴝ 1000 s/mm2), and MD
(b ⴝ 3000 s/mm2) in selected ROIs
Control
6-OPRI
Brain Region
Group
Group
P Valueb
Right thalamus
0.66 ⫾ 0.07
0.57 ⫾ 0.05
.002
WM (tv)a
MTR (%)
40.6 ⫾ 1.2
38.9 ⫾ 1.1
.002
0.81 ⫾ 0.03
0.88 ⫾ 0.05
⬍.001
MD1K (⫻10⫺3mm2/s)
0.63 ⫾ 0.01
0.67 ⫾ 0.03
⬍.001
MD3K (⫻ 10⫺3mm2/s)
Right caudate
GM (tv)
0.74 ⫾ 0.07
0.50 ⫾ 0.08
⬍.001
MTR (%)
37.6 ⫾ 1.1
33.8 ⫾ 2.2
⬍.001
0.79 ⫾ 0.03
0.88 ⫾ 0.10
.001
MD1K (⫻ 10⫺3mm2/s)
0.63 ⫾ 0.02
0.64 ⫾ 0.03
NS
MD3K (⫻ 10⫺3mm2/s)
Right putamen
GM (tv)
0.92 ⫾ 0.12
0.60 ⫾ 0.12
⬍.001
MTR (%)
38.6 ⫾ 1.0
36.8 ⫾ 1.1
.001
0.78 ⫾ 0.02
0.83 ⫾ 0.07
.008
MD1k (⫻ 10⫺3mm2/s)
0.65 ⫾ 0.01
0.63 ⫾ 0.03
.04
MD3k (⫻ 10⫺3mm2/s)
Note:—GM indicates gray matter; MD1k, mean diffusivity (b⫽1000 s/mm2); MD3k, mean diffusivity (b⫽3000 s/mm2);
NS, not signiﬁcant (p ⱖ0.1); tv, modulated tissue segment fractional volume. Values are mean ⫾ SD over subject group
of the individual ROI means.
a
WM is reported here because the SPM8 segmentation routine classiﬁes the thalamus as a predominantly WM
structure.
b
P values are reported for the Mann-Whitney U test.

group.8 The explanation for the prominent cognitive features of
memory loss and frontal executive dysfunction in this patient
group32 is more complex.
Although the effect size maps (Fig 2) demonstrated some percentage difference in the mesial temporal lobes and prefrontal
cortices, these volume losses were less marked compared with
those in the cortical areas described above and did not prove to be
statistically significant on VBM. Some of the memory and executive deficits seen in patients with 6-OPRI mutations could be explained by subcortical pathologic changes affecting the cortical
circuits involved in these cognitive functions. This finding would
be supported by the subcortical gray matter volume loss seen in
the caudate nuclei and putamina, as well as the MD and MTR
changes in the posteromedial thalami.
Thalamic and striatal involvement is well established in all
forms of human prion disease.33 The putamen and caudate nuclei
receive input from diverse cortical areas, including the prefrontal
and limbic structures with nonmotor output from the striatum
projecting, via the mediodorsal and ventrolateral thalamic nuclei,
to the dorsolateral prefrontal cortex, lateral orbitofrontal cortex,
and the anterior cingulate.34

Voxel-Based Analyses of MTR and MD
The MTR-VBA and MD-VBA did not show significant change
in the basal ganglia; however, they demonstrated significant
MTR reduction and significant MD increase in the posteromedial thalamus (not detected by VBM), cortical gray matter areas corresponding to those displaying VBM changes, and also
in adjacent subcortical WM where no significant volume
changes were detected. This finding suggests that MTR and
MD data are a useful complement to T1-weighted structural
data and are potentially more sensitive to subcortical WM and
thalamic changes in prion diseases.
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MTR-VBA
Our MTR findings are consistent with a
previous study in which decreases in
whole-brain and whole— gray matter
segment MTR compared with controls
were observed in patients with symptomatic prion disease, correlating with
disease severity.13 An association between decreased postmortem gray matter MTR and increased spongiosis was
also seen in that study. One possible explanation for the differences in regional
distribution of changes shown by MTRVBA and VBM here is the potential of
MTR to reflect microstructural pathologic changes (such as spongiosis), occurring before or independent of macroscopic volume loss.

MD-VBA

Our findings of increased cerebral MD
in patients with the 6-OPRI mutation
have been reported in patients with IPD,11,35 specifically in the
cerebellar cortex in patients with the E200K mutation18 and in
the thalamus in variant Creutzfeldt-Jakob disease,36,37 thought
to reflect increased gliosis.35,36 Opposite findings of decreased
MD have been reported in sporadic Creutzfeldt-Jakob disease
and in patients with the E200K mutation, specifically within
the basal ganglia and thalamus,11,14 thought to reflect spongiform change. A relationship between macroscopic atrophy and
microscopic changes reflected in increased MD may be expected; in other neurodegenerative disorders, whole-brain or
regional MD values usually increase in association with brain
atrophy.38,39 This increase in diffusivity has been associated
with loss of neuronal cell bodies, synapses, and dendrites, causing an expansion of the extracellular space where water diffusivity is fastest.40 Also, in prion diseases, this increase in diffusivity could reflect areas where neuronal loss and gliosis are
becoming dominant over spongiform change but is too subtle
to be detected by VBM.
High b-value DWI, relatively more sensitive to slowly diffusing tissue water components,41 provided greater pathologic
sensitivity for spongiform change than conventional b-value
DWI in a previous study of sporadic Creutzfeldt-Jakob disease11 and in patients with IPD who have the E200K mutation
frequently mimicking the sporadic Creutzfeldt-Jakob disease
phenotype.14
However, in the former study11, high b-value DWI was not
more sensitive than conventional b-value DWI in the detection of
increased ADC values in the pulvinar nucleus in patients with
variant Creutzfeldt-Jakob disease, thought to have histopathologic features of gliosis. It is likely that in the context of gliosis and
neuronal loss, fast diffusion components dominate the mean diffusivity so that high b-value DWI is less sensitive, as was observed
in our study.

ROI Analysis
Although MD-VBA and MTR-VBA did not reveal significant
changes in the basal ganglia, significant ROI MD increases and MTR
decreases were seen in the thalamus, putamen, and caudate in the
6-OPRI subgroup relative to control participants. Voxel-based analyses may not provide a complete substitute but, rather, a complement to ROI analysis, the latter potentially avoiding smoothing
across interregional or tissue boundaries. Cross-boundary smoothing in VBA complicates interpretation and can either reduce or increase statistical power, depending on whether the greatest underlying changes respect the observable tissue boundaries. Intergroup
differences revealed on VBA and VBM may identify pathologically
specific affected regions. These differences may then be more sensitively investigated on a subject-by-subject basis by ROI analysis,
which may provide the most straightforward and interpretable way
to monitor disease progression.

Study Limitations
Patients with the 6-OPRI mutation were the largest mutation subgroup to undergo MR imaging scanning in the PRION-1 trial, and
our current study represents the largest group of such patients for
which consistent multiparameter MR imaging measurements are
available. Nevertheless, given the relatively small group size, our
analysis should be considered preliminary.
Some types of IPD (E200K, V201I) have clinical and radiologic
features similar to sporadic Creutzfeldt-Jakob disease,42 but apart
from patients carrying the P102L mutation,9 the imaging features
of other mutations are not well described in the literature. A comparison of 6-OPRI MR imaging findings with those from other
IPD mutations would be particularly informative. Although we
had access to another small set (n ⫽ 8) of patients with IPD who
had other mutations, the subgroups were too small (n ⫽ 4, n ⫽ 1,
n ⫽ 1, n ⫽ 1, n ⫽ 1) to achieve statistical power sufficient to provide robust conclusion on differences and similarities among mutations. Future trials enrolling larger patient numbers will be necessary for this type of analysis.
Our data suggest that in a number of brain regions, MTR
and MD appear more sensitive to pathologic changes than the
tissue-volume data inferred from the T1-weighted acquisition.
A future study with a larger dataset may confirm this observation by seeking significant changes after adjusting for local
atrophy by using voxelwise covariates (also known as biologic
parametric mapping).43,44 Furthermore, for our current data
we underline that the specific sensitivities (and statistical
power) of the individual voxel-based analyses also depend on
the acquisition signal-to-noise ratios in the respective protocols (eg, determined by specific sequence parameters, including nominal voxel sizes). We used the standard acquisition
parameters optimized for each method at our institution; our
current study was not designed to systematically compare protocols with matched signal-to-noise ratios.
Although the voxel-based analyses were performed on normalized images with a nominal isotropic resolution (1.5 mm),3
the DWI and MTR source data were acquired with a larger section
thickness (5 mm) compared with the nominal 1.5-mm partition
of the 3D structural images. Partial-volume averaging from CSF at
the brain surface may thus be partly responsible for the larger

clusters detected proximal to the brain-CSF interfaces on MTRVBA and MD-VBA. With this problem in mind, we took care to
ensure that CSF contamination did not influence the manually
drawn ROIs.

CONCLUSIONS
Our study is the first multiparameter voxel-based analysis of cerebral atrophy and microstructural changes in the 6-OPRI IPD
mutation by using quantitative MR imaging. With VBM, we demonstrated regionally specific volume loss corresponding anatomically to clinical symptoms and providing an anatomic basis for
the memory and executive function deficits seen clinically. We
also showed that VBA of MTR and MD can detect microstructural
changes in anatomic regions that do not demonstrate volume loss
on VBM. This finding is likely to reflect a diverse anatomic distribution of histopathologic change driven by varying pathophysiologic processes. Combining regional measures from different but
complementary MR imaging modalities can identify brain regions preferentially involved in the pathophysiology of prion disease and may provide markers of value in monitoring future therapies. Comparison of our data on patients with the 6-OPRI
mutation with existing literature suggests that the distribution of
structural and microstructural changes presented here is specific
to this particular IPD mutation.
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COMMENTARY

Imaging of the 6-OPRI Mutation Prion Disease: An Entity
Distinct from Typical Creutzfeldt-Jakob Disease?

I

n the article “Multi-parameter MR Imaging in the 6-OPRI Variant of Inherited Prion Disease,” featured in this issue, De Vita et
al1 evaluate a particular mutation of human prion disease, thereby
making an essential contribution to our understanding of the
clinical and radiologic spectrum of this disorder. The surprising
results suggest that the 6-octapeptide repeat insertion (6-OPRI)
mutation does not demonstrate the typical imaging findings of
some genetic variants of Creutzfeldt-Jakob disease (CJD), such as
the E200K variant, which Prohovnik and colleagues established as
clinically and radiographically equivalent to sporadic CJD in a
study using high-b-value diffusion-weighted imaging and which
other authors illustrated with the V210I mutation.2,3 Because it is
not yet known whether this finding applies to other mutations,
the study of De Vita et al may help in further understanding the
diversity of familial CJD populations.
The group of individuals studied was found to have an inherited prion disease related to a 6-OPRI mutation in a cohort of
families in the United Kingdom. Although the sample size was
small, no other group has access to such a substantial number of
cases with this particular mutation. The present study aimed to
explore underinvestigated aspects of cerebral degeneration in this
condition, namely systematic voxel-based morphometry, magnetization transfer, and more standard diffusivity methods.
When one reviews this article, it seems that more questions are
raised surrounding the nature of this particular cohort of familial
CJD. These findings and, more important, the lack of findings
characteristic of sporadic CJD in other inherited prion diseases
suggest that the 6-OPRI is distinctive, with divergent clinical and
imaging findings. Could this constitute a great enough difference
to be classified independent of other familial forms of CJD? Do
these divergent imaging findings explain the prominent early cognitive and neurodevelopmental-pattern deficits in this specific
mutation, which make it different from other familial prion diseases? CJD and other associated prion diseases related to the abnormal conformation of a normal protein found in the brain,
though uncommon, feature prominently in the differential diagnosis in patients with presenile dementia. Sporadic, familial, iatrogenic, and variant (or new variant) forms of CJD exist. An extensive body of neuroimaging research during the past 2 decades

rapidly established the importance of MR imaging, particularly
diffusion-weighted imaging, in solidifying the diagnosis of CJD.4
Multiple forms of familial CJD exist, with associated genetic mutations, and constitute a substantial minority of cases. The presence of autosomal dominant inherited mutations in cohorts of
families with CJD offers the unique opportunity to model progression of imaging changes before symptoms.
Previous imaging evidence of this particular mutation demonstrated cortical thinning within predominantly the posterior
frontal and parietal lobes.5 This present study extended the findings of this previous work in using voxel-based analysis of advanced MR imaging in several patients with 6-OPRI mutations.
The authors discovered volume reductions, decreases in magnetization transfer ratio, and diffusivity increases within subcortical
gray matter structures as well as some cortical structures including the perisylvian cortex and precuneus.
There are some clinical differences between patients with
6-OPRI and those with other prion-related mutations such as
P102-L that may explain the divergent imaging profile. Patients
with this particular mutation have lower premorbid cognitive
functioning, which may predate the neurodegenerative changes.
It is perhaps for this reason that cortical thinning and now the
notable volume reduction and increased diffusivity in the cortical
and subcortical gray matter structures feature prominently in this
particular mutation, despite the absence of more typical morphologic imaging findings. This study notably differs from the imaging findings seen in other reported forms of familial CJD, including the E200K mutation and V210I, both of which are thought to
resemble sporadic CJD with prototypical restricted diffusion in
the basal ganglia and thalamus.3 Although there are substantial
similarities among sporadic CJD, variant CJD, and several genetic
variants on MR imaging,3 it is surprising that the 6-OPRI mutation appears to be very different from all other variants.
The authors of this work as well as others in the field of prion
disease imaging benefitted greatly from the work of our late colleague, Isak Prohovnik, who, before his passing, assisted greatly in
critiquing and amending the work of De Vita et al.1 Dr Prohovnik’s own research, particularly in establishing an extensive
prospective imaging cohort of patients with the E200K mutation,
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advanced the field of CJD imaging tremendously. In building on
the pioneering work of our esteemed colleague, Isak Prohovnik,
and applying his multidisciplinary approach combining clinical
and imaging resources to the study of 6-OPRI, the authors of this
study further advance our understanding of the diversity of prion
diseases.
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ORIGINAL RESEARCH

BRAIN

Sensorimotor Cortex Gamma-Aminobutyric Acid
Concentration Correlates with Impaired Performance in
Patients with MS
P.K. Bhattacharyya, M.D. Phillips, L.A. Stone, R.A. Bermel, and M.J. Lowe

ABSTRACT
BACKGROUND AND PURPOSE: Abnormalities in GABA concentration [GABA] have been associated with several neuropsychiatric disorders,
and research has suggested that GABA may play a role in sensorimotor cortex function. We sought to determine whether identifying a change
in [GABA] within the sensorimotor cortex of patients with MS has any effect on motor function and would provide information about the
adaptive/compensatory mechanisms involved in the attempt to maintain motor function during disease progression.
MATERIALS AND METHODS: In 19 healthy controls and 30 patients with MS, we assessed task performance with the MS Functional
Composite scale and its components (T25FW test, 9HPT, and PASAT). With in vivo MR spectroscopy, we measured [GABA] in the
sensorimotor cortex and determined correlations between [GABA] and task performance. We also assessed the association between
[GABA] and cortical activation volume after a bilateral ﬁnger-tapping task.
RESULTS: [GABA] was inversely correlated with 9HPT scores in patients with MS, indicating a worsening of performance with increased
[GABA]. No signiﬁcant correlation was observed between [GABA] and T25FW or PASAT scores. [GABA] was directly correlated with
primary motor cortex activation volume after the ﬁnger-tapping task in patients with MS.
CONCLUSIONS: These results suggest that cortical [GABA] may be a marker of function and reorganization/adaptation of cortical gray
matter in MS.
ABBREVIATIONS: 9HPT ⫽ Nine-Hole Peg Test; GABA ⫽ ␥-aminobutyric acid; GM ⫽ gray matter; PASAT ⫽ Paced Auditory Serial Addition Test; PRESS ⫽
point-resolved spectroscopy sequence; T25FW ⫽ Timed 25-Foot Walk Test

S

pectroscopic measurement of GABA has garnered attention in
recent years because of the role of GABA as a major inhibitory
transmitter in the human brain. Abnormalities in GABA concentration [GABA] have been associated with several neuropsychiatric disorders,1 and recent reports have suggested that GABA may
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play a role in sensorimotor cortex function in both healthy and
disease states.2-9 In particular, GABA may be involved in brain
plasticity, cortical adaptation, and reorganization in neurodegenerative disease processes. Reduction in GABA inhibition has been
reported to facilitate long-term potentiation-like activity in the
motor cortex.3,4 GABAergic inhibition has been identified as one
of the mechanisms operating in use-dependent plasticity in the
intact human motor cortex, which suggests similarities between
the mechanisms underlying this form of plasticity and long-term
potentiation.2 The GABA agonist lorazepam is associated with
suppression of profound reorganization in the somatosensory
cortex, as demonstrated with motor-learning paradigms.8
[GABA] reduction in the sensorimotor cortex of healthy controls
during motor learning has been reported5; and decreases in
[GABA] in the sensorimotor cortex have been observed in patients with focal dystonia.6 Reduction of [GABA] in the sensorimotor cortex induced by acute deafferentation has also been reported.7 A recent study reported a positive correlation between
the decrease in primary motor cortex (M1) [GABA] and the degree of motor learning as well as the motor learning–induced
fMRI signal change within the M1.9
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MS frequently produces significant motor impairment in affected patients. Damage to both GM and WM components of the
motor system has been reported in patients with MS.10,11 Functional imaging studies have suggested that adaptive and/or compensatory mechanisms are involved in the attempt to maintain
motor function during disease progression.10,12-14 These studies
generally have demonstrated an increase in the extent of functional cortical activation in patients with MS versus controls during performance of specific tasks; this increased brain activation
has been interpreted as cortical reorganization and/or adaptation.
Given the role of GABA in other disease processes, we hypothesized that identifying a change in [GABA] within the sensorimotor cortex of patients with MS would provide us with additional
information about the ongoing disease process and these compensatory mechanisms.
In this study, we measured the sensorimotor cortex [GABA] in
healthy controls and in patients with MS with MR spectroscopy.
These [GABA] values were correlated with the MS Functional
Composite15 scores and with scores of the individual components
of the scale involving ambulatory, arm function, and cognitive
tasks. Additionally, to investigate the potential role of GABA in
cortical reorganization, we assessed the association between
[GABA] and cortical activation volume following a bilateral finger-tapping task.

MATERIALS AND METHODS
Nineteen healthy controls and 30 patients with relapsing-remitting MS participated in this study. The patients had their last doses
of steroids at least 8 weeks before the MR imaging and were clinically stable, with no changes in the Expanded Disability Status
Scale for at least 8 weeks before imaging. From these participants,
datasets for 8 controls and 13 patients were discarded because of
unacceptable subject motion.16,17 GABA signal was either too low
or inconclusive in the datasets for 1 control and 4 patients (the
spectra were either too noisy to fit with the Advanced Method for
Accurate, Robust, and Efficient Spectral fitting,18 or had other
comparable peaks present in the edited spectra, possibly due to
poor editing). Data from the remaining 10 healthy controls (8
women, 2 men; mean age ⫽ 38.4 ⫾ 13.6 years; mean MS Functional Composite ⫽ 0.408 ⫾ 0.445) and 13 patients with MS (10
women, 3 men; mean age ⫽ 47.2 ⫾ 8.3 years; disease duration ⫽
9.5 ⫾ 7.0 years; mean Expanded Disability Status Scale score ⫽
3.15 ⫾ 2.30; mean MS Functional Composite ⫽ 0.212 ⫾ 0.559)
were included in this study. Sixteen of a total 96 time points were
discarded in 1 acceptable dataset because of motion, while no
other dataset had to be discarded among the acceptable studies.
The local institutional review board approved the study procedures, and all patients and controls provided informed consent.

Behavioral Study
The behavioral study consisted of MS Functional Composite testing with 3 components: 1) the T25FW test, a measure of ambulation in which the time required for the subject to walk 25 feet back
and forth is recorded; 2) the 9HPT, a measure of arm function and
fine-motor coordination, in which the time taken by the subject
to pick up and place 9 dowels in 9 holes is recorded19; and 3) the
PASAT, a measure of cognition in which the subject is presented
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with a series of 60 numbers spaced 2 seconds apart and asked to
add the 2 most recent numbers and the number of correct responses is recorded.20 The z score for each component and the
total MS Functional Composite score for each subject were calculated with the methods outlined by the National Multiple Sclerosis Society Clinical Outcomes Assessment Task Force.15,21,22

MR Imaging Study
MR images were obtained on a 3T Trio scanner (Siemens,
Erlangen, Germany). A circularly polarized head coil was used.
All patients and healthy volunteers were scanned with a sequence based on the MEGA-PRESS sequence that was designed
by Mescher et al.23
To identify motion-corrupted data for all controls and the first
25 patients with MS, we used water signal– based interleaved navigator pulses,17 a methodology that has been identified as an effective way to discard only the portion of data from a scan that is
motion-corrupted and to therefore reduce possible misinterpretation of the edited spectra. For the last 5 patients with MS, we
used an alternative method of motion detection. This method
identified motion by collecting data in weak water-suppression
mode to detect residual water-signal fluctuation.16 This change in
the motion-identification method was implemented to improve
the signal and ease of acquisition and has similar efficacy in detecting motion compared with the first method. Because the main
MEGA-PRESS module used in the 2 methods is the same, a
change in motion-detection method does not influence the measured GABA concentration. This was verified by scanning phantoms containing GABA of a known concentration. Three percent
or more change in water signal is indicative of unacceptable motion in both methods.16,17
The complete protocol consisted of the following scans, as
discussed in our previous work24:
1) A localizer scan.
2) Gradient-echo field mapping.
3) A whole-brain T1-weighted magnetization-prepared rapid
acquisition of gradient echo scan with the following parameters:
144 axial sections; thickness ⫽ 1 mm; FOV ⫽ 25.6 ⫻ 25.6 cm;
TR ⫽ 1900 ms; TE ⫽ 1.89 ms; flip angle ⫽ 8 °; 256 ⫻ 128 matrix;
readout bandwidth ⫽ 125 kHz; and scan time ⫽ 8 minutes 5
seconds.
4) An fMRI scan: The gradient-echo echo-planar fMRI scan
parameters were as follows: TR ⫽ 2000 ms; TE ⫽ 30 ms; flip
angle ⫽ 90°; number of transverse sections ⫽ 32; and section
thickness ⫽ 4 mm without any intersection gap. Subjects performed self-paced bilateral finger tapping (index finger simultaneously in opposition to the thumb on each hand) in blocks of
interleaved 32-second ON and 32-second OFF patterns. The
voxel at the motor cortex was selected by using the real-time fMRI
Student t statistic activation map-generation program Neuro 3D
(Siemens). A single voxel (2 ⫻ 2 ⫻ 2 cm3) centered at the area of
maximum activation in the precentral gyrus of the right hemisphere was selected for the spectroscopy scans from pixels with
t ⱖ 4.0 (P ⬍ .001).
5) A MEGA-PRESS– based GABA editing scan with a water
signal– based interleaved navigator scan17 by using the following
parameters: voxel ⫽ 2 ⫻ 2 ⫻ 2 cm3; TR ⫽ 2700 ms; TE ⫽ 68 ms;

number of excitations ⫽ 96; flip angle ⫽ 90°; unsuppressed waterexcitation flip angle ⫽ 20°; edit pulse frequency ⫽ 1.90 ppm (the
other 180° pulse was placed at 1.50 ppm to minimize macromolecule contamination25); edit pulse width ⬃ 44 Hz (duration ⫽ 20
ms); and scanning time ⫽ 8 minutes 39 seconds The navigatorbased sequence was replaced with MEGA-PRESS in weak watersuppression mode for the last 5 patients.16
6) A metabolite nulling scan with an 180° inversion pulse
added to the sequence used in scan 5 with a TI of 650 ms.24 Even
though pulsing at 1.90 and 1.50 ppm minimizes macromolecule
contamination, this scan was added to ensure minimization of
any residual macromolecule contamination resulting from shotto-shot B0 variation.26
7) A PRESS scan with TR ⫽ 2700 ms and number of excitations ⫽ 48.
8) A PRESS scan with TR ⫽ 2700 ms, number of excitations ⫽
1, and no water suppression.
9) Repeat of the localizer scan.
A bite-bar was used during all scans to reduce head motion.
The MR spectroscopy data were analyzed with the jMRUI software package (http://www.mrui.uab.es/mrui)27; we described the
steps of this data analysis in detail in a previous study.24 In brief,
the data analysis consisted of the following: 1) discarding the first
4 measurements from each scan to ensure steady-state magnetization and identifying and discarding motion-corrupted data on
the basis of fluctuation of the unsuppressed navigator water/residual water signal; 2) performing zero-order phase correction; 3)
performing frequency-shift correction of the individual subspectra by using residual water as a reference; 4) summing the phaseand frequency-corrected subspectra; 5) performing residual
water suppression with a Hankel-Lanczos singular-value decomposition filter28; 6) performing apodization with a 5-Hz Gaussian
filter; and 7) performing zero-filling. Finally, the OFF-resonance
spectrum was subtracted from the ON-resonance spectrum to
obtain the final edited spectrum.
Next, as we previously described,24 the GM, WM, and CSF
contributions to the voxel composition were determined with the
fMRI of the Brain Automated Segmentation Tool (http://fsl.
fmrib.ox.ac.uk/fsl/fslwiki/FAST) algorithm29 of the fMRI of the
Brain Software Library (http://www.fmrib.ox.ac.uk/analysis/
techrep/tr04ss2/tr04ss2/node19.html)30; the anatomic 3D magnetization-prepared rapid acquisition of gradient echo scan was
used as the base image, and a mask was applied at the voxel location. The fraction volumes of gray matter, white matter, and CSF
(fGM_vol, fWM_vol, and fvol_CSF) were used to perform absolute
quantification of the GABA level.
The absolute GABA level was obtained following a 2-step process as described in our previous study24:
1) The [GABA]/[Cr] ratio was obtained in the first step from
scans 5 and 6 by using the equation:
[GABA] (G* ⫺ M)
⫽
,
[Cr]
ICr ⫻ EE
where G* is the area under the 3.01-ppm peak in the edited spectrum, M is the area under the 2.99-ppm residual macromolecule
peak in the metabolite-nulled spectrum after correcting for the
relaxation effects, ICr is the area under the 3.93-ppm peak (meth-

ylene Cr) in the OFF-resonance spectrum, and EE is the editing
factor. All areas were measured by using the Advanced Method for
Accurate, Robust, and Efficient Spectral fitting algorithm.17 The
editing factor EE was calculated following the method used by
Terpstra et al26 by comparing the unmodulated GABA relative to
the glycine signal from a PRESS scan (TR ⫽ 2700 ms, TE ⫽ ms)
with that from a MEGA-PRESS scan of the same voxel of a phantom containing GABA and glycine. Terpstra et al26 had assumed
an identical T2 of Cr methyl and C4H GABA resonances, and T2
of Cr methyl and methylene resonances were reported at the occipital lobe by Mlynárik et al31at 3T. Assuming the T2 of Cr resonances in occipital and motor areas to be similar, we calculated
the difference in T2 relaxation effect between Cr methyl and
methylene at TE ⫽ 68 ms to be negligible, and the T2 of the Cr
methylene and of the C4H GABA resonances was assumed to be
identical in this study. In addition, the potential difference in the
T1 relaxation effect at TR ⫽ 2700 ms was assumed to be negligible
in this study, in line with the assumption of comparable T1 of all
metabolites23 and our observation of similar T1 of GABA and Cr
from phantom scans. In this study, we used the methylene resonance of Cr instead of the methyl resonance because the latter can
introduce a systematic error in [GABA]/[Cr] measurement.32
2) Next, the creatine concentration, [Cr], was determined
from scans 7 and 8 by using the following equation as in
Gasparovic et al33:
[Cr] ⫽ ICr ⫻
(fGM ⫻ RH2O_GM ⫹ fWM ⫻ RH2O_WM ⫹ fCSF ⫻ RH2O_CSF)
⫻
SH2O_obs (1 ⫺ fCSF) ⫻ RCr
2
⫻ H2O,
#HCr
where ICr is the area under the 3.93-ppm peak in scan 7, and fGM,
fWM, and fCSF are the fractions of GM, WM, and CSF water respectively. RH2O_GM, RH2O_WM, and RH2O_CSF are the relaxation
attenuation factors for water in GM, WM, and CSF respectively;
SH2O_obs is the area under the unsuppressed water peak in scan 8;
RCr is the relaxation attenuation factor for Cr methylene resonance; #HCr (n ⫽ 2) is the number of protons in Cr methylene;
and [H2O] (55 mol/L) is the concentration of pure water. fGM,
fWM, and fCSF were calculated by using fGM_vol, fWM_vol, and
fvol_CSF as in Bhattacharyya et al24 and Gasparovic et al.33
Finally, the GABA concentration was determined by taking the
product of the [GABA]/[Cr] ratio and [Cr].
Because the water content in an MS lesion is 6.3 ⫾ 0.3% higher
than that in normal-appearing WM34 and the water content in
normal-appearing WM is approximately 2.2% higher than that in
normal WM,34 we made the necessary corrections for calculating
[GABA] in patients with MS. It should be pointed out that the
WM lesion content within spectroscopy voxels as determined
from the T1-weighted image was only approximately 0.2%.
To account for the effect of voxel composition in patients with
MS, we estimated [GABA] in GM and WM. It has recently been
shown, with linear regression analysis, that [GABA] values within
GM and WM in the sensorimotor region are 2.87 ⫾ 0.61 and
0.33 ⫾ 0.11 mmol/L, respectively, in healthy controls, which results in a GM/WM [GABA] ratio of 8.70 ⫾ 3.44.24 Because
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[GABA] in the cortical GM may vary among patients depending
on the severity of disease, we determined that it was not feasible to
perform linear regression analysis on patient data. To estimate the
GM/WM [GABA] in patients, we therefore assumed that the ratio
of GM and WM [GABA] was similar in patients with MS and
controls. In the absence of any a priori knowledge, we performed
the analysis several times by using different GM and WM [GABA]
ratios, ranging from 5 to 11.
We analyzed the fMRI data to look for a correlation between
activation volume and [GABA]. The first 4 volumes from the
fMRI time-series were discarded. The remaining data were spatially filtered by using a 64-point radially symmetric 2D Hamming
filter in the Fourier domain and were then retrospectively motioncorrected by using Analysis of Functional NeuroImages software
(AFNI; http://dbic.dartmouth.edu/wiki/index.php/AFNI).35 Data
were analyzed for activation by least-squares fitting the time-series for each pixel to a boxcar reference function plus a slope.36
Student t maps and a magnetization-prepared rapid acquisition
of gradient echo scan for each subject were transformed into the
standard stereotaxic space defined by Talairach and Tournoux37
by using AFNI.35 ROI analysis was performed by using the Human Motor Area Template (http://lrnlab.org/), a set of ROI masks
defining the M1, primary sensory cortex, dorsal premotor cortex,
ventral premotor cortex, and supplemental motor area in Talairach space.38 The number of activated voxels (Student t ⬎ 3.5,
1-sided, uncorrected P ⬍ 3 ⫻ 10⫺4) within the Human Motor
Area Template ROI mask corresponding to M1 was determined.
The right hemisphere of the brain was chosen for this analysis
because the spectroscopy voxel was selected from within the right
hemisphere for each subject.

RESULTS
Figure 1 shows spectra from 5 subjects (all patients) obtained by
using a MEGA-PRESS sequence. Table 1 shows the [GABA]/[Cr]
ratio, [Cr], and [GABA] in a 20 ⫻ 20 ⫻ 20 mm3 voxel in the
sensorimotor region of the healthy controls and patients with MS.
[GABA]/[Cr] and [GABA] were not significantly different between controls and patients (P ⫽ .10 and 0.15, respectively).
The calculated correlation coefficients between MS Functional
Composite scores (and the components of the MS Functional
Composite) and [GABA] are shown in Table 2. We observed a
very strong inverse correlation between [GABA] and the 9HPT in
patients with MS (Fig 2). Because the spectroscopy voxels were
always selected from the right hemisphere, we repeated the same
analysis by using 9HPT data for the contralateral (left) hand only.
We also repeated the analysis by using only the cortical GM
[GABA], for which we used the range of GM [GABA], as mentioned earlier. In all cases, significant inverse correlation between
9HPT scores and [GABA] was observed. Most interesting, the
control subjects’ data did not show any such correlation (P ⫽ .78).
The [GABA]/[Cr] ratio did not significantly correlate with the MS
Functional Composite or its components for either controls or
patients. Combined plots of [GABA] versus 9HPT are shown in
On-line Fig 1.
The total number of M1 voxels was 497 ⫾ 50 and 498 ⫾ 64 in
controls and patients, respectively. The number of activated voxels in the controls (124 ⫾ 92) was not significantly different from
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FIG 1. GABA-edited spectra from 5 subjects (all patients) obtained by
using MEGA-PRESS sequence. NAA and coedited glutamate (glu) and
glutamine (gln) can be seen in the spectra in addition to GABA.
Table 1: GABA and Cr concentrations in healthy controls and
patients with MSa

Controls
(n ⫽ 10)
Patients
(n ⫽ 13)
a

Voxel Composition
[GABA]/
[GABA]
% GM % WM % CSF
[Cr]
[Cr] (mM)
(mM)
37 ⫾ 7 52 ⫾ 12 11 ⫾ 8 0.15 ⫾ 0.05 9.22 ⫾ 0.85 1.43 ⫾ 0.48
34 ⫾ 7 49 ⫾ 10 16 ⫾ 5 0.19 ⫾ 0.06 9.43 ⫾ 1.43

1.71 ⫾ 0.42

Values are means.

that in patients with MS (176 ⫾ 63). The trend of our data suggests a significant correlation between the number of activated
voxels (ie, activation volume) and [GABA] in the patients with
MS (P ⫽ .05; Fig 3). No significant correlation was seen between
activation volume and [GABA] in the healthy controls (P ⫽ .81).
The [GABA]/[Cr] ratio did not have any significant correlation
with primary cortex activation volume in either controls (P ⫽ .90)
or patients (P ⫽ .16). Combined plots of [GABA] versus activation volume are shown in On-line Fig 2.

DISCUSSION
In this study, we found that [GABA] was inversely correlated with
9HPT scores in patients with MS, indicating a worsening of performance with increases in [GABA]. The [GABA] value was also
directly correlated with primary motor cortex–activation volume
after a bilateral finger-tapping task in patients with MS.

Table 2: Correlation coefﬁcients of MSFC and components with GABA concentration and the ratio of GABA and Cr concentration

Controls
(n ⫽ 10)
Patients
(n ⫽ 13)

GABA MSFC
GABA/Cr MSFC
⫺0.2233, P ⫽ .54 ⫺0.1728, P ⫽ .63

GABA 9HPT
0.1035, P ⫽ .78

GABA/Cr
GABA/Cr
GABA/Cr 9HPT GABA T25FW
T25FW
GABA PASAT
PASAT
0.1824, P ⫽ .61 ⫺0.1680, P ⫽ .64 ⫺0.0133, P ⫽ .97 ⫺0.3341, P ⫽ .35 ⫺0.3124, P ⫽ .38

⫺0.3324, P ⫽ .27 ⫺0.2052, P ⫽ .50 ⫺0.6750,a P ⫽ .01 ⫺0.4807, P ⫽ .1

⫺0.3865, P ⫽ .19

⫺0.4155, P ⫽ .16

0.0504, P ⫽ .87

0.1161, P ⫽ .71

Note:—MSFC indicates Multiple Sclerosis Functional Composite.
a
Statistically signiﬁcant.

FIG 2. Inverse correlation of sensorimotor ␥-aminobutyric acid concentration and Nine-Hole Peg Test scores in patients with multiple
sclerosis. A ﬁxed error bar of 30% is used for [GABA] in the plot.

FIG 3. Correlation of sensorimotor ␥-aminobutyric acid concentration and fMRI activation volume in patients with multiple sclerosis. A
ﬁxed error bar of 30% is used for [GABA] in the plot.

Recent histopathologic observations have suggested that
GABA receptor levels may be reduced in the motor cortex of patients with MS,39,40 whereas our results suggest that [GABA] is
increased within the motor cortex in patients who demonstrate
poorer motor performance. The reasons for these different findings
are unclear. It is possible that these varying results may reflect differences in the patient populations evaluated; the pathologic studies
included predominantly patients with late end-stage chronic MS,
whereas we included patients with relapsing-remitting MS.
The 9HPT is a clinical measure that probes dominant and
nondominant hand and finger coordination and dexterity. Thus,
this test more specifically addresses motor function in a manner
similar to finger tapping, which was used for GABA spectroscopy
voxel selection. In our study, no significant correlation was found
between [GABA] and the T25FW or PASAT components of the
MS Functional Composite in patients with MS. These results, in

conjunction with the inverse correlation between [GABA] and the
9HPT in study patients, suggest that [GABA] measurements
within a given cortical region relate directly to the expected function of the underlying parenchyma rather than reflecting a generalized effect of global disease progression.
While several investigators have studied the relationship between GABA and motor plasticity in healthy controls,2,5,9,41 the
work has focused on tasks involving motor learning. In this study,
we adopted a task that does not involve motor learning. Our observation of lack of any correlation between sensorimotor
[GABA] and M1 activation volume in healthy controls is in line
with a previous observation of no sensorimotor [GABA] modulation during unlearnable nonrepetitive tasks.5 Cortical reorganization or adaptation has been found to take place in patients with
MS as a compensatory mechanism for functioning.10,12-14 This
reorganization/adaptation is manifested by increased activation,
as measured by fMRI, involving a broader range of cortical regions in these patients versus controls. Reddy et al10 reported
increased activation in the ipsilateral sensorimotor cortex with
simple hand movements in patients with MS. In another study, a
distinct pattern of cortical activation from disability and brain
injury in MS was observed.13 The degree of adaptive cortical functional change has also been shown to be correlated with the extent
of brain injury in patients with nondisabling MS.14 The underlying mechanism responsible for this cortical reorganization or adaptation is still unknown, and a cortical marker of adaptation has
not previously been explored in great detail. Our observation of
increased cortical [GABA] with increased motor activation suggests that GABA plays a role in this cortical adaptation process.
Although the inclusion criteria for datasets in our study reduced the final sample size, the increased reliability of GABA measurements was considerable; additionally, the inverse correlation
between [GABA] and 9HPT scores and the correlation between
[GABA] and the number of activated pixels were statistically
significant.
Potential differences in self-paced finger tapping between individuals is a limitation of this study. Because motor learning has
been reported to the sensorimotor cortex GABA levels,5 we chose
self-paced finger tapping as the task for this study instead of having the subjects follow a specific pattern. Our experience with this
in past studies42,43 is that similar paradigms have sufficiently light
attention demands so that patients with MS can easily perform
them with little training and the variability in performance is
minimal.
Also some of the medications prescribed to the patients may
have some effect on GABA levels. In addition, modulation of the
occipital cortex GABA level during the menstrual period has been
reported in literature44 and may have some effect in our sensorimotor GABA measurement. However, function-specific correlaAJNR Am J Neuroradiol 34:1733–39
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tions suggest that the effect we are observing primarily arises from
the MS disease process.
In addition, heterogeneity in subject population could potentially dilute some of the changes in the components in the MS
Functional Composite. This is another potential limitation of the
study. We have reported an interesting observation that suggests
the role of the cortical GABA level in MS. At this stage, we are not
in a position to comment on the mechanism of this observation at
the cellular level or the implication of this in GABAergic drug
medications. Another limitation of this study is the small subject
population. The study was not powered to find changes in T25FW
or PASAT. Further studies are needed to explore this, and we are
pursuing that as well. However, our observation with the current
sample size strongly suggests that sensorimotor [GABA] in MS is
inversely related to the 9HPT and not correlated with the T25FW
or PASAT.
A note on multiple comparisons is in order. Although multiple
hypotheses were tested in the work reported here, we think that a
Bonferroni correction is not warranted, due to the fact that we had
a priori expectations for each of the tests. Our principal hypothesis was that a strong significant inverse correlation was observed
between [GABA] and the 9HPT in patients. Because [GABA] was
measured at the sensorimotor cortex and the 9HPT directly addresses a function that involves the sensorimotor cortex, we had a
priori expectations that these would correlate. Similarly, because
[GABA] was measured at the sensorimotor cortex and like the
9HPT, finger tapping directly addresses a function that involves
the sensorimotor cortex, we had an a priori expectation that the
volume of activation in the primary motor cortex would be correlated with [GABA]. On application of a strict multiple-comparison correction, the volume correlation loses significance. However, given the a priori nature of the comparison and the
exploratory nature of the study, we think that such a correction is
not warranted.

CONCLUSIONS
We found that [GABA] in the region of the sensorimotor cortex
associated with hand activity in patients with MS was inversely
correlated with performance on the 9HPT, a task that involves
hand coordination. Additionally, [GABA] had no significant correlation with tasks not involving hand activity and the associated
brain regions, suggesting that these results are functionally and
anatomically specific. We also observed that [GABA] was directly
correlated with activation volume in the primary motor cortex
after self-paced bilateral finger tapping. No such correlations were
observed between [GABA] and 9HPT performance or primary
motor cortex activation in healthy controls. These results suggest
that cortical [GABA] may play a role in and be a potential marker
of function and reorganization/adaptation of cortical GM in patients with MS.
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2. Bütefisch CM, Davis BC, Wise SP, et al. Mechanisms of use-dependent plasticity in the human motor cortex. Proc Natl Acad Sci U S A
2000;97:3661– 65
3. Castro-Alamancos MA, Connors BW. Short-term synaptic enhancement and long-term potentiation in neocortex. Proc Natl Acad Sci
U S A 1996;93:1335–39
4. Castro-Alamancos MA, Donoghue JP, Connors BW. Different forms
of synaptic plasticity in somatosensory and motor areas of the neocortex. J Neurosci 1995;15:5324 –33
5. Floyer-Lea A, Wylezinska M, Kincses T, et al. Rapid modulation of
GABA concentration in human sensorimotor cortex during motor
learning. J Neurophysiol 2006;95:1639 – 44
6. Levy LM, Hallett M. Impaired brain GABA in focal dystonia. Ann
Neurol 2002;51:93–101
7. Levy LM, Ziemann U, Chen R, et al. Rapid modulation of GABA in
sensorimotor cortex induced by acute deafferentation. Ann Neurol
2002;52:755– 61
8. Pleger B, Schwenkreis P, Dinse HR, et al. Pharmacological suppression of plastic changes in human primary somatosensory cortex
after motor learning. Exp Brain Res 2003;148:525–32
9. Stagg CJ, Bachtiar V, Johansen-Berg H. The role of GABA in human
motor learning. Curr Biol 2011;21:480 – 84
10. Reddy H, Narayanan S, Arnoutelis R, et al. Evidence for adaptive
functional changes in the cerebral cortex with axonal injury from
multiple sclerosis. Brain 2000;123(pt 11):2314 –20
11. Sailer M, Fischl B, Salat D, et al. Focal thinning of the cerebral cortex
in multiple sclerosis. Brain 2003;126(pt 8):1734 – 44
12. Rocca MA, Mezzapesa DM, Falini A, et al. Evidence for axonal pathology and adaptive cortical reorganization in patients at presentation with clinically isolated syndromes suggestive of multiple
sclerosis. Neuroimage 2003;18:847–55
13. Reddy H, Narayanan S, Woolrich M, et al. Functional brain reorganization for hand movement in patients with multiple sclerosis:
defining distinct effects of injury and disability. Brain 2002;125(pt
12):2646 –57
14. Rocca MA, Falini A, Colombo B, et al. Adaptive functional changes
in the cerebral cortex of patients with nondisabling multiple sclerosis correlate with the extent of brain structural damage. Ann Neurol 2002;51:330 –39
15. Cutter GR, Baier ML, Rudick RA, et al. Development of a multiple
sclerosis functional composite as a clinical trial outcome measure.
Brain 1999;122(pt 5):871– 82
16. Bhattacharyya PK, Beall EB, Lowe MJ. Residual water for motion
identification in J-difference editing. In: Proceedings of the International Society for Magnetic Resonance Workshop on Current Concepts of
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Measuring Pulsatile Flow in Cerebral Arteries Using
4D Phase-Contrast MR Imaging
A. Wåhlin, K. Ambarki, R. Birgander, O. Wieben, K.M. Johnson, J. Malm, and A. Eklund

ABSTRACT
BACKGROUND AND PURPOSE: 4D PCMRI can be used to quantify pulsatile hemodynamics in multiple cerebral arteries. The aim of this
study was to compare 4D PCMRI and 2D PCMRI for assessments of pulsatile hemodynamics in major cerebral arteries.
MATERIALS AND METHODS: We scanned the internal carotid artery, the anterior cerebral artery, the basilar artery, and the middle
cerebral artery in 10 subjects with a single 4D and multiple 2D PCMRI acquisitions by use of a 3T system and a 32-channel head coil. We
assessed the agreement regarding net ﬂow and the volume of arterial pulsatility (⌬V) for all vessels.
RESULTS: 2D and 4D PCMRI produced highly correlated results, with r ⫽ 0.86 and r ⫽ 0.95 for ⌬V and net ﬂow, respectively (n ⫽ 69
vessels). These values increased to r ⫽ 0.93 and r ⫽ 0.97, respectively, during investigation of a subset of measurements with ⬍5% variation
in heart rate between the 4D and 2D acquisition (n ⫽ 31 vessels). Signiﬁcant differences were found for ICA and MCA net ﬂow (P ⫽ .004
and P ⬍ .001, respectively) and MCA ⌬V (P ⫽ .006). However, these differences were attenuated and no longer signiﬁcant when the subset
with stable heart rate (n ⫽ 31 vessels) was analyzed.
CONCLUSIONS: 4D PCMRI provides a powerful methodology to measure pulsatility of the larger cerebral arteries from a single
acquisition. A large part of differences between measurements was attributed to physiologic variations. The results were consistent with
2D PCMRI.
ABBREVATIONS: PCMRI ⫽ phase-contrast MR imaging; ACA ⫽ anterior cerebral artery; ⌬V ⫽ volume of arterial pulsatility; PC-VIPR ⫽ phase contrast with vastly
undersampled isotropic projection reconstruction; ⌬HR ⫽ change in heart rate

E

xcessive arterial pulsatility has been linked to poorer cognitive
performance and brain atrophy among the elderly.1 Therefore, evaluation of this association is important for understanding
pathophysiological processes related to cerebral aging and dementia. The pulsatility index, the resistive index, or a volume
corresponding to vessel distention can be used to describe arterial
pulsatility.
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Whereas the indexes describe a mixture of vascular impedance, resistance, and compliance,2,3 the volume of arterial pulsatility represents the magnitude of accumulated downstream cyclic
vessel distention, assuming a stationary downstream capillary
flow,4,5 that is, the cyclic increase in arterial volume from the
measurement level to the capillaries. Therefore, this measure is
sensitive to the balance of factors such as downstream and upstream arterial compliance and cardiac stroke volume and thus
provides a mechanically relevant alternative for analyzing vascular pulsatility.6
Traditionally, intracranial vascular pulsatility is estimated by
use of Doppler sonography techniques1 or 2D PCMRI scans.4
These methods are associated with laborious workflows and rely
on a trained neurovascular imager to make skillful interpretations
and vessel localizations during the acquisition. 4D PCMRI allows
a desirable separation of image acquisition and image interpretation because flow is collected over a large volume and subsequently analyzed off-line.7
Heavily accelerated 4D PCMRI makes it possible to assess arterial flow in the entire intracranial space while maintaining an
acceptable scan time.8,9 This approach significantly eases the

workflow, possibly reduces total scan time, and ensures the
proper capture of all vessels in the prescribed imaging volume.
Such 4D PCMRI techniques for intracranial measurements have
been validated in vivo,10,11 but evaluations regarding pulsatile
hemodynamics are lacking.
In the present study, we apply a radially undersampled 4D
approach, PC-VIPR,12 to assess the volume of arterial pulsatility
in major cerebral vessels. The main objective was to evaluate the
agreement with conventional 2D PCMRI acquisitions.

MATERIALS AND METHODS
Subjects
Ten healthy volunteers (7 male) were recruited (age [mean ⫾
SD], 37 ⫾ 9 years; range, 29 –53 years). The local ethical review
board approved the study, and written informed consent was obtained from all participants.

MR Imaging
All scans were performed by use of a clinical 3T scanner (Discovery MR 750; GE Healthcare, Milwaukee, Wisconsin) with a 32channel head coil. The imaging protocol started with a 3D timeof-flight acquisition, reconstructed in axial, sagittal, and coronal
directions to provide vessel localization for the successive 2D PCMRI sequences. Second, 4D PCMRI data were acquired by use of
a balanced 5-point13 PC-VIPR sequence, prescribed to cover the
entire intracranial space. We used 16,000 radial projections; acquisition resolution, 300 ⫻ 300 ⫻ 300; imaging volume, 22 ⫻
22 ⫻ 22 cm; reconstruction resolution, 320 ⫻ 320 ⫻ 320 mm
(zero padded interpolation); velocity encoding, 110 cm s⫺1; TR/
TE, 6.5/2.7 ms; flip angle, 8°. Dynamic images were reconstructed
by retrospective gating from the recorded peripheral pulse signal
by use of temporal interpolation similar to view sharing in Cartesian acquisitions.14 Besides 3D velocity information for the 20
reconstructed time positions, a time-average composite complex
difference image was reconstructed to provide anatomic detail of
the vascular system. During the 9-minute 4D PCMRI acquisition,
5 2D PCMRI scans were planned by means of the time-of-flight
images. The first measured left and right ICA and basilar artery at the
level of the carotid C3-C4 segment15 (velocity encoding 80 cm s⫺1).
The second and third 2D PCMRI sequences measured the M1 segment of left and right MCA respectively (velocity encoding, 110 cm
s⫺1). The fourth and fifth 2D PCMRI sequences measured the A1
segment of left and right ACA, respectively (velocity encoding, 90 cm
s⫺1). Other 2D PCMRI parameters were TR/TE, 7.6 – 8.5/4.1–5.0 ms;
3-mm section thickness; 15° flip angle; in-plane resolution, 0.5 ⫻ 0.5
mm; 6 views per segment; and 2 averages. Thirty-two phases were
reconstructed. Retrospective gating with peripheral sensor was used
for all acquisitions.
Because the ICA has no branches close to the measurement
location, this vessel segment provided the opportunity to investigate the internal consistency of the 4D PCMRI measurements.
This consistency check was implemented by performing an additional segmentation, upstream and strictly separated (ie, no overlap) from the first segmentation, at carotid level C2-C3, in all
ICAs. The separation distance between the 2 sections was approximately 1.5–2 cm, in the direction along the ICA.

FIG 1. 2D representation of the segmentation procedure. Dashed
lines represent the vessel lumen; yellow pixels are the segmentation
result. White pixels represent pixel intensity of ⱖ18%. Dark pixel is the
user-deﬁned reference pixel whose velocity direction was used to
label a segment of length l. Segmentation was not updated between
cardiac frames. Typical segmentations of the ICA, basilar artery, MCA,
and ACA contained 230, 110, 80, and 60 pixels, respectively.

Segmentation
A novel in-house– developed software was used for all 4D PCMRI
segmentations. To segment a desired vessel in the 4D PCMRI, a
reference pixel was selected by the user in a maximum intensity
projection of the time-average composite complex difference image. A region-growing algorithm included neighboring connected pixels fulfilling 2 conditions: 1) a pixel value of ⱖ18% of
the maximum time-averaged complex difference value (observed
in the entire 320 ⫻ 320 ⫻ 320 volume) and 2) the pixel was
located within a desired section of the vessel.
The second condition was assessed by means of the
relationship:
兩r i 䡠 v 0 兩 l
ⱕ
储v 0 储
2
where ri is a vector pointing from the reference pixel to the i:th
pixel, v 0 is the vessel direction estimated by the velocity direction
in the reference pixel, and l is the desired segment length (Figs 1
and 2). The threshold of 18% was selected because a precalibration series indicated that this value provided complete vessel coverage without inclusion of neighboring static tissue. The segment
length l was selected as 5 pixel widths because this distance was
similar to the section thickness of the 2D PCMRI scans.
At this processing stage, the flow for each time frame was calculated by use of the spatial average velocity (calculated from the
average velocity vector within the segment) of the section multiplied by the area of the vessel, estimated from dividing the segment volume by l. Area overestimations originating from misalignment between v 0 and the velocity direction of the complete
segment were eliminated by use of a correction factor (cosine of
misalignment between reference pixel direction and average direction of final segmentation). Interpolated velocity images, perpendicular to the vessel direction, were produced to ensure that
no branching occurred within the section of interest. To investigate the reproducibility of the 4D segmentation procedure, the
entire dataset was analyzed on 2 occasions. The results from the
second occasion were only used in the reproducibility analysis.
AJNR Am J Neuroradiol 34:1740 – 45
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FIG 2. Maximum intensity projection image. Colored sections show
segmentations produced for comparison with the 2D PCMRI data.

As a criterion standard reference, the 2D PCMRI data were
analyzed by means of Segment v1.8 software (http://segment.
heiberg.SE). The cross-sectional area of the artery was delineated manually by use of the magnitude images, and the size
and position of the segmented area were kept constant during
the cardiac cycle. The segmented area was drawn generously
large to ensure proper capture of the complete vessel. In total,
7 vessels in 10 subjects were assessed, yielding a total of 70
vessels. However, 1 subject lacked a right A1 ACA segment (the
right ACA was supplied by the left ACA through the anterior
communicating artery). Therefore, all comparisons were based
on 69 vessel segments.

Net Flow and Pulsatility
Net flow rates and the volume of ⌬V were calculated by use of the
same procedure for both 4D and 2D PCMRI waveforms. Net flow
was derived as the temporal mean flow rate. On the basis of the
assumption that capillary flow is nonpulsatile, the volume variation of the downstream arterial vessel distention, required to
dampen the pulsatile arterial flow, can be estimated. This was
performed by subtracting the net flow from the flow waveform
and then calculating the cumulative integral over the remaining
waveform (Fig 3). The difference between the maximum and
minimum of this volume variation was defined as ⌬V4-6 and corresponds to the cyclic distention of downstream arteries required
to convert the pulsatile arterial flow to a nonpulsatile capillary
flow. Mathematically, this can be expressed as:
⌬V ⫽

冕

共q共t兲 ⫺ q 兲dt

systole

where q(t) is the flow rate and q is the net flow rate in the
direction of the vessel. Here, systole is defined as the time of the
cardiac cycle where the flow rate is higher than the net flow rate
(ie, q(t) ⬎q ).

Statistical Analyses
The agreement between 4D and 2D PCMRI was assessed by
means of correlation and Bland-Altman plots. The paired-samples t test was used to test systematic differences between the
methods. To investigate the influence of physiologic variations,
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FIG 3. Arterial hemodynamics provided from a 4D PCMRI quantiﬁcation. A, Flow curves for vessels evaluated in this study. The right ICA,
MCA, and ACA are shown. Cardiac phase 1–20 represents the time
positions in the cardiac cycle of the reconstructed frames. B, ICA ⌬V
calculation. Subtraction of net ﬂow and calculation of the cumulative
integral on the remaining waveform yield the cyclic volume variation
of downstream arteries required to convert the pulsatile right ICA
waveform to a nonpulsatile capillary ﬂow. ICA ⌬V was deﬁned as the
maximum minus minimum of this volume variation.

we also performed all analyses on a subset of measurements in
which the difference in heart rate between the 4D and 2D acquisition (⌬HR) was ⬍5% (n ⫽ 31). In the complete ensemble of
measurements, the heart rate was 64 versus 63 bpm for the 4D and
2D PCMRI acquisitions, respectively, with a standard deviation of
the difference of 7 bpm. In the subset of measurements with ⌬HR
⬍5%, heart rate was 68 versus 68 bpm for the 4D and 2D PCMRI
acquisitions, respectively, with a standard deviation of the difference of 2 bpm. The reproducibility of the 4D segmentation procedure was investigated by use of the coefficient of variation of the
2 repeated measurements.

RESULTS
Correlation plots for the net flow and ⌬V analysis are provided in
Fig 4. When analyzing all vessels simultaneously, the correlations
were r ⫽ 0.86 and r ⫽ 0.95 for ⌬V and net flow, respectively (n ⫽
69 vessels). These values increased to r ⫽ 0.93 and r ⫽ 0.97, respectively, when investigating only the subset with ⌬HR ⬍ 5%
(n ⫽ 31 vessels).
Corresponding Bland-Altman plots are shown in Fig 5. There
were no significant statistical differences between 4D and 2D PCMRI-derived ⌬V or net flow when considering the entire ensemble of vessels (P ⫽ .11 and P ⫽ .98, respectively). The relative 95%
limits of agreement were larger for ⌬V than for net flow. The
repeated analyses on the subset of measurements with small differences in heart rate had greater influence on the limits of agreements for pulsatility than for net flow.

was 5% and 3% for ⌬V and net flow
measurements, respectively. The internal consistency analyses along the ICA
showed average differences of 0.000 ⫾
0.034 mL (mean ⫾ SD) and 0.090 ⫾
0.230 mL/s for ICA ⌬V and net flow, respectively. These differences were not
statistically significant (P ⫽ .83 and P ⫽
.10, respectively, n ⫽ 20). The correlation between the distal and proximal
measurements were r ⫽ 0.94 and r ⫽
0.94 for ICA ⌬V and net flow, respectively. The typical time required for all
2D PCMRI sequences, including the
time-of-flight sequence for vessel localization, was 24 minutes. This was almost
3 times longer than the time required for
the 4D PCMRI acquisition.

DISCUSSION
This study evaluated the use of 4D PCMRI for assessing pulsatile flow in
FIG 4. Correlation between 4D and 2D PCMRI quantiﬁcations of pulsatility and net ﬂow. A, ⌬V large cerebral arteries. The combinaquantiﬁcations for all vessels. B, ⌬V quantiﬁcations, excluding measurements with large differ- tion of the PC-VIPR sequence and the
ences in heart rate. C, Net ﬂow quantiﬁcations for all vessels. D, Net ﬂow quantiﬁcations, exclud- proposed segmentation algorithm
ing measurements with large differences in heart rate.
produced estimations of the volume of
arterial pulsatility and net flow consistent with results obtained from 2D
PCMRI. These results support the
concept of the use of a single 4D PCVIPR acquisition to effectively assess
pulsatility in many intracranial arteries, despite the disadvantage of the use
of a single velocity sensitivity setting
for all vessels instead of individually
optimized sensitivity, as in the 2D PCMRI approach. The downside of the
use of a single velocity sensitivity may
be more significant in patients with
stenotic arteries and a wider variation
in flow velocities. For such investigations, a dual velocity encoding16 optimization may be warranted. Furthermore,
future studies should evaluate 4D PCVIPR performance in more distal
branches, for example, smaller arteries,
FIG 5. Agreement between 4D and 2D PCMRI quantiﬁcations of pulsatility and net ﬂow. Solid lines as such measurements would be of great
represent average difference; dashed lines represent 95% limits of agreements. The relative difference
was calculated as (2D ⫺ 4D)/([2D ⫹ 4D]/2). A, ⌬V quantiﬁcations for all vessels. B, ⌬V quantiﬁcations, value when characterizing the cerebral
excluding measurements with large differences in heart rate. C, Net ﬂow quantiﬁcations for all vessels. collateral circulation.
D, Net ﬂow quantiﬁcations, excluding measurements with large differences in heart rate.
There were no obvious qualitative
differences between the 4D and 2D PCMRI images influencing the interpretation of the data. The 4D
Table 1 and Table 2 show mean values and differences
vessel segmentation algorithm was highly reproducible and did
for ⌬V and net flow, respectively. Significant differences apnot require demanding calculations, for example, the waveforms
peared for the ICA and MCA when all measurements were
appeared instantly as the user selected a reference pixel in the
taken into account in the analysis. These differences were atmaximum intensity projection (Fig 2).
tenuated when considering the stratified subset with ⌬HR
PC-VIPR net flow quantifications have previously been vali⬍5%.
dated. Phantom measurements have demonstrated high accuracy
The coefficient of variation of the 4D segmentation procedure
AJNR Am J Neuroradiol 34:1740 – 45
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The 4D PCMRI ICA internal consistency analyses demonstrated an internal
P Value
variance (squared standard deviation of
.504
the difference between the 2 measure.656
ments) explaining approximately onethird of the variance of differences
.006
found between 4D and 2D PCMRI ac.102
quisitions, both for ⌬V and net flow.
.268
.668
The remaining two-thirds of variance
.116
found between 2D and 4D PCMRI for
.074
the ICA measurements probably repreNote:—BA indicates basilar artery; ICA, internal carotid artery; MCA, middle cerebral artery; ACA, anterior cerebral
sented a mixture of 2D PCMRI internal
artery; ⌬HR, difference in heart rate; ⌬V, volume of arterial pulsatility.
a
variance and physiologic fluctuations
Indicates proximal ICA measurement for internal consistency analyses.
caused by the separation in time between the 2 acquisitions.
Table 2: 4D and 2D PCMRI-based estimations on arterial net ﬂow
There are several factors that potenNet Flow 4D
Net Flow 2D
Difference
tially generate differences between 4D
Mean ⴞ SD
Mean ⴞ SD
Mean ⴞ SD
Vessel Type n
(mL/s)
(mL/s)
(mL/s)
P Value
and 2D PCMRI measurements. First,
All
BA
10
2.15 ⫾ 0.58
2.18 ⫾ 0.49
0.03 ⫾ 0.34
.787
the 4D PCMRI acquisitions were signifICA
20
3.72 ⫾ 0.70
4.02 ⫾ 0.62
0.29 ⫾ 0.40
.004
icantly longer than a single 2D scan. If
a
20
3.81 ⫾ 0.71
ICA
the time of peak flow and flow ampliMCA
20
2.54 ⫾ 0.36
2.26 ⫾ 0.34
⫺0.28 ⫾ 0.29
⬍.001
tude are unstable between heartbeats,
ACA
19
1.47 ⫾ 0.52
1.44 ⫾ 0.49
⫺0.02 ⫾ 0.21
.627
this could generate a more pronounced
⌬HR
BA
4
2.16 ⫾ 0.89
2.02 ⫾ 0.74
⫺0.13 ⫾ 0.39
.538
⬍5%
ICA
8
4.04 ⫾ 0.51
4.32 ⫾ 0.51
0.28 ⫾ 0.43
.108
temporal smoothing in the 4D scan beMCA
8
2.58 ⫾ 0.27
2.46 ⫾ 0.42
⫺0.12 ⫾ 0.23
.173
cause the reconstructed cardiac cycle
ACA
11
1.55 ⫾ 0.61
1.49 ⫾ 0.61
⫺0.06 ⫾ 0.26
.427
represents an average of all acquired
Note:—BA indicates basilar artery; ICA, internal carotid artery; MCA, middle cerebral artery; ACA, anterior cerebral
heartbeats. Additionally, the resolution
artery; ⌬HR, difference in heart rate; ⌬V, volume of arterial pulsatility.
a
differs between the 2 methods. PotenIndicates proximal ICA measurement for internal consistency analyses.
tially, this causes some degree of partial
volume effects, normally displayed as a
flow overestimation in vessels with a
small diameter/pixel size ratio.5 In the present study, significant
of the PC-VIPR sequence,8 and results agree with net flow and
average velocity measurements by 2D PCMRI8,11 and transcranial
differences between 4D and 2D PCMRI for ICA and MCA flows
Doppler.11 For peak systolic and diastolic velocities, previous indisappeared when eliminating measurements with large differvestigations have displayed a 10% underestimation and a 9%
ences in heart rate, but a tendency of 4D PCMRI to underestimate
overestimation, respectively, compared with 2D PCMRI.11 ProbICA and overestimate MCA flows persisted. However, even if this
ably, this is an effect from different temporal resolutions. Given
represented actual offsets, the magnitudes were smaller than 10%,
the agreement between 4D and 2D PCMRI found in the present
whereby for most applications this will not constitute a limiting
study, we hypothesize that ⌬V calculations are less influenced by
factor.
differences in temporal resolution.
It should be noted that the flow calculation method of the 4D
In the present study, arterial pulsatility measurements
data assumes that the vessel is straight and not curved within the
appeared more challenging (ie, wider limits of agreement) commeasurement section. This mimics requirements associated with
pared with net flow measurements. However, the limits of agree2D PCMRI acquisitions. In this study, we ensured that flow was
ment for arterial pulsatility were narrowed by approximately onecaptured in straight vessel sections, without branches. Future
third when calculated from measurements with a small difference
studies focusing on flow in more complex-shaped arteries may
in recorded heart rate. These data indicate that a large part of the
benefit from more sophisticated procedures to characterize flow
variation between the 2 measurements was a result of physiologic
in the 4D data.
variations, in agreement with previous data.5
The standard deviation of the difference between 2D and 4D
CONCLUSIONS
PCMRI for ICA ⌬V and net flow was 0.06 mL and 0.40 mL/s,
4D PCMRI provided a practical methodology to estimate pulsarespectively. A previous study conducted with the use of repeated
tility of large cerebral arteries. The results were consistent with 2D
2D PCMRI acquisitions showed intrasubject standard deviations
PCMRI estimations. The simple workflow requires minimal proof 0.067– 0.070 mL and 0.32– 0.33 mL for ICA ⌬V and net flow,
spective planning, and the output allows comprehensive analysis
respectively.5 This indicated that 2D and 4D PCMRI were associof pulsatile intracranial hemodynamics. Therefore, 4D PCMRI is
ated with the same level of measurement variability, supporting
an important tool for future investigations regarding altered inthat at least for the ICA, 4D PCMRI can replace 2D PCMRI withtracranial vascular pulsatility.
out compromising measurement performance.
Table 1: 4D and 2D PCMRI-based estimation of arterial pulsatility
⌬V 4D
⌬V 2D
Difference
Vessel Type n Mean ⴞ SD (mL) Mean ⴞ SD (mL) Mean ⴞ SD (mL)
All
BA
10
0.20 ⫾ 0.08
0.21 ⫾ 0.08
0.01 ⫾ 0.05
ICA
20
0.35 ⫾ 0.10
0.36 ⫾ 0.10
0.01 ⫾ 0.06
20
0.35 ⫾ 0.10
ICAa
MCA
20
0.23 ⫾ 0.05
0.20 ⫾ 0.05
⫺0.03 ⫾ 0.04
ACA
19
0.14 ⫾ 0.08
0.12 ⫾ 0.08
⫺0.02 ⫾ 0.05
⌬HR
BA
4
0.16 ⫾ 0.07
0.17 ⫾ 0.07
0.01 ⫾ 0.01
⬍5%
ICA
8
0.33 ⫾ 0.05
0.33 ⫾ 0.05
⫺0.01 ⫾ 0.03
MCA
8
0.21 ⫾ 0.04
0.20 ⫾ 0.04
⫺0.02 ⫾ 0.03
ACA
11
0.14 ⫾ 0.06
0.13 ⫾ 0.06
⫺0.02 ⫾ 0.03
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Hemodynamic Effects of Developmental Venous Anomalies
with and without Cavernous Malformations
A. Sharma, G.J. Zipfel, C. Hildebolt, and C.P. Derdeyn

ABSTRACT
BACKGROUND AND PURPOSE: Association between developmental venous anomalies is well known, but remains unexplained. Our aim
was to study possible hemodynamic differences around developmental venous anomalies with and without cavernous malformations.
MATERIALS AND METHODS: In this prospective study approved by the institutional review board, PWI was performed in 24 patients with
25 DVAs (10 with and 15 without CMs) who consented to participate. We calculated relative cerebral blood volume, relative cerebral blood
ﬂow, and relative mean transit time for the brain surrounding the DVA tributaries in reference to contralateral mirror image locations.
Corresponding control values (cCBV, cCBF, and cMTT) were generated in a similar fashion for remote ipsilateral regions with normal venous
drainage, also in reference to contralateral mirror image locations. Perfusion parameters for DVAs and control regions were tested for
differences between groups with the t test for independent or paired samples (or the nonparametric equivalents). Similar testing was done
for perfusion parameters for DVAs with and without CMs.
RESULTS: Normal-appearing brain surrounding DVAs showed increased rCBV (median ⫽ 2.98; range ⫽ 1.39 – 6.61), increased rCBF (median ⫽ 2.00, range ⫽ 0.79 – 4.43), and increased rMTT (mean ⫽ 1.46; 95% conﬁdence interval, 1.32–1.59). These were signiﬁcantly higher than
median cCBV (0.99; 95% conﬁdence interval, 0.89 –1.06; P ⬍ .01), median cCBF (1.00; 95% conﬁdence interval, 0.94 –1.27; P ⬍ .01), and mean
cMTT (1.00; 95% conﬁdence interval, 0.98 –1.02; P ⬍ .01), respectively. Mean rMTT (1.70; 95% conﬁdence interval, 1.46 –1.93) for DVAs with
CMs was higher than mean rMTT (1.29; 95% conﬁdence interval, 1.19 –1.40; P ⬍ .01) for DVAs without CMs.
CONCLUSIONS: DVAs are strongly associated with altered hemodynamics. Signiﬁcant differences in these hemodynamic alterations for
DVAs with and without CMs suggest their possible role in the formation of CMs.
ABBREVIATIONS: cCBF ⫽ relative CBF for control brain parenchyma with normal venous drainage; cCBV ⫽ relative CBV for control brain parenchyma with normal
venous drainage; CM ⫽ cavernous malformation; cMTT ⫽ relative MTT for control brain parenchyma with normal venous drainage; DVA ⫽ developmental venous
anomaly; r ⫽ relative (for CBV, CVF, MTT)

D

evelopmental venous anomalies are considered developmental variations in the venous drainage pathway for a portion of the brain parenchyma.1-4 DVAs are generally discovered
incidentally and are considered benign. While there have been
some reports of DVAs presenting with hemorrhage or neurologic
symptoms,4-7 it is unclear and controversial whether this associ-
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ation reflects a causal relationship. There is a clear association
between DVAs and cavernous malformations, and perhaps hemorrhage, with cavernous malformations found in up to 33%– 48%
of DVAs in some series.3,8
The reasons behind the tendency of some DVAs to be associated with symptoms or to develop CMs are not fully understood.
Various mechanisms have been proposed for clinical manifestations of DVAs, including mechanical compression of the adjacent
brain parenchyma, diminished venous outflow across the brain
parenchyma drained by the DVA, increased flow related to arterialization of the DVA, stenosis of the draining vein, or the tortuosity of the venous tributaries.2,9 While ⱖ1 of these factors may be
at play in affecting risk of hemorrhage or CM formation in a given
DVA, all these factors are likely to affect the hemodynamics of the
blood flow in the brain parenchyma that the DVA is draining. In
small case series of 3– 4 cases, previous authors have shown that
such altered hemodynamics may be manifest in the perfusion

maps generated from the PWI.10,11 A more in-depth study into
such perfusion abnormalities may help to better characterize focal
hemodynamic alterations in the brain tissue drained by the DVAs
and their potential association with hemorrhage/CM formation.
Our purpose was to study the perfusion alteration in the brain
parenchyma drained by DVAs by using PWI and to investigate
differences in the perfusion parameters around DVAs with and
without CMs.

MATERIALS AND METHODS
This prospective study was approved by our institutional review
board and conducted in compliance with the Health Insurance
Portability and Accountability Act. All patients signed written
consent documents to participate.

Patient Selection
The inclusion criteria were the presence of a brain DVA (with or
without a CM) diagnosed on prior MR imaging, in the absence of
other structural abnormalities of the brain. Potential candidates
for the study were identified at our vascular-neurosurgery clinic
and by searching the radiology report data base of our institution
by using the terms “developmental venous anomaly,” “DVA,”
“venous anomaly,” and “venous angioma.” The exclusion criteria
were the following: 1) inability to clearly delineate the intraparenchymal course of the venous tributaries of the DVA; 2) midline
location of the DVA that precluded a comparison with the contralateral normal brain tissue; 3) claustrophobia, contrast reaction, estimated glomerular filtration rate of ⬍60 mL/min, or any
other contraindication to contrast-enhanced MR imaging; and 4)
age younger than 18 years.
All qualifying patients were contacted via telephone and invited to participate in the study. A patient who agreed to participate underwent contrast-enhanced MR imaging that included
PWI. We were able to identify 66 eligible patients. Of these, 24 (11
men and 13 women) opted to participate and underwent MR
imaging between July 2009 and May 2011. The patients ranged
from 21 to 75 years of age. At the end of the study, we had 15 DVAs
without and 10 with CMs. Eighty-eight percent of DVAs (22/25)
were supratentorial, most involving the frontal lobe (6/25, 24%).
For DVAs without CMs, the presenting symptoms included headaches in 7 DVAs, and seizures in 1. Seven DVAs without CMs were
discovered incidentally. For DVAs with CM, 4 were incidentally discovered, while the presenting symptoms included headaches in 4,
seizures in 1, and slurred speech in 1. With the exception of 1 DVA
with a CM in a patient who presented with slurred speech related to
acute hemorrhage, it was unclear whether any of the symptoms were
directly related to DVAs.

Image Acquisition and Postprocessing
MR imaging was performed on a 1.5T scanner (Avanto; Siemens,
Erlangen, Germany). The scan included axial T1WI, axial FLAIR
imaging, axial SWI, PWI, and postcontrast axial and coronal
T1WI. In addition, MR venograms were obtained by using a
time-of-flight technique. PWI was performed by using a dynamic
susceptibility-weighted imaging technique with intravenous injection of 0.1 mmol/kg of gadoversetamide (OptiMARK; TycoHealthcare/Mallinckrodt, St. Louis, Missouri) at a rate of 4 mL/s.

The perfusion data were postprocessed on a postprocessing
workstation (Leonardo; Siemens) by one of the authors (A.S. with
⬎10 years of experience in neuroradiology) to generate standard
perfusion maps for relative CBV, relative CBF, and relative MTT.
The right middle cerebral artery branches within the Sylvian fissure ipsilateral to the DVA were selected to define the arterial
input function.

Calculation of Relative Perfusion Values for Brain
Parenchyma around the DVAs
For each perfusion map, we selected 3 ROIs in the brain tissue
around the DVA tributaries, using the conventional imaging sequences to exclude the venous tributaries or the CM (Fig 1). Each
region of interest provided a numeric value (along with an SD,
which was not used for analysis) representing the perfusion of the
brain in that region (Fig 1C). A corresponding value was calculated by using an identically sized region of interest in a mirror
image location in the contralateral brain (Fig 1D). The ratio of
these 2 values provided a measure of brain perfusion around a
DVA for the given region of interest, relative to the contralateral
brain with normal venous drainage. The arithmetic mean of the
ratios for the 3 ROIs was used to calculate rCBV, rCBF, and rMTT
representing the relative perfusion of brain around the DVA.

Calculation of Relative Perfusion Values for Brain
Parenchyma with Normal Venous Drainage
To assure validity of our methods, we also calculated control perfusion values for the brain with normal venous drainage (ipsilateral to the DVA), relative to the contralateral side (Fig 1D). For
these, 1-cm2 ROIs were drawn on the perfusion maps in the white
matter of the frontal lobe, parietal lobe, occipital lobe, and cerebellar hemisphere, unless one of these regions could not be included due to the presence of a large DVA. The arithmetic mean of
ratios thus generated was considered to represent control values
of relative perfusion for brain parenchyma with normal venous
drainage, designated as cCBV, cCBF, and cMTT.

Statistical Analysis
Perfusion parameters around DVAs (rCBV, rCBF, and rMTT)
were compared with corresponding control values (cCBV, cCBF,
and cMTT, respectively). In addition, rCBV, rCBF, and rMTT for
DVAs without CMs were compared with the corresponding values for DVAs with CMs. Normal curves were fitted to data distributions, and the normality of the distributions was tested with the
Shapiro-Wilk W-test. Ninety-five percent confidence intervals
(95% CIs) were calculated for normally distributed data, and medians and ranges were calculated for non-normally distributed
data. Equality of variances was tested with the O’Brien, BrownForsythe, Levene, and Bartlett tests. Differences between independent group means for normally distributed data with equal variances were tested with the Student t test. For non-normally
distributed data with equal variances, the nonparametric Wilcoxon rank sum test was used. For data with normal distributions
but nonequal variances, the t test (assuming unequal variances)
was used. For comparisons of paired group means, if the differences were normally distributed, the paired t test was used; if the
differences were non-normally distributed, the Wilcoxon rank
AJNR Am J Neuroradiol 34:1746 –51
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tical analyses were performed with JMP
Statistical Software, Release 9.0.0 (SAS
Institute, Cary, North Carolina) and
StatXact-9 statistical software for exact
nonparametric inference (Cytel, Cambridge, Massachusetts).

RESULTS
Perfusion Parameters

FIG 1. Axial contrast-enhanced T1-weighted (A) and susceptibility-weighted (B) images demonstrate a small developmental venous anomaly (arrows) in the right basal ganglia with a cavernous
malformation in the right caudate head (B). Corresponding cerebral blood volume map shows a
wide zone of higher cerebral blood volume (indicated by green on this color map) in the brain
around the DVA. Note that the elevation of CBV is not restricted to the location of the
individual venous channels of the DVA (arrows) but involves a wider conﬂuent zone of brain
around the draining vein. Note placement of regions of interest to get the objective parameters
for quantiﬁcation of perfusion around DVAs (C) and for brain with normal venous drainage (D).

For the perfusion parameters studied, Table 1 contains descriptive statistics and
the results of testing data-distribution
normality with the Shapiro-Wilk W-test.
Normal-appearing brain surrounding the
DVA showed increased rCBV (median ⫽
2.98, range ⫽ 1.39 – 6.61), increased rCBF
(median ⫽ 2.00, range ⫽ 0.79 – 4.43), and
increased rMTT (mean ⫽ 1.46; 95% confidence interval, 1.32–1.59). The differences between rCBV and cCBV (median
difference ⫽ 1.99, range ⫽ 0.34 –5.56)
were non-normally distributed (ShapiroWilk W-test, P ⫽ .04), with rCBV being
higher than cCBV (Wilcoxon signed rank
test, P ⬍ .01). The differences between
rCBF and cCBF (mean difference ⫽ 1.08;
95% confidence interval, 0.75–1.41) were
normally distributed (Shapiro-Wilk
W-test, P ⫽ .15), with rCBF being higher
than cCBF (paired t test and Wilcoxon
signed rank test, P ⬍ .01). The differences
between rMTT and cMTT (mean difference ⫽ 0.46; 95% confidence interval,
0.32– 0.59) were normally distributed
(Shapiro-Wilk W-test, P ⫽ .10), with
rMTT being higher (paired t test and Wilcoxon signed rank test, P ⬍ .01).

Comparison of DVAs with and
without CMs

For the perfusion parameters in DVAs
with and without CMs, Fig 2 contains
Table 1: Descriptive statistics for relative perfusion parameters for brain parenchyma
plots of the values for perfusion paramedrained by DVAs and for control regions with normal venous drainage
a
b
ters and Table 2 contains descriptive staPerfusion Parameter
Mean
95% CI
Median Minimum Maximum P Value
tistics and the results of testing data-disrCBV
3.26
2.61–3.91
2.98
1.39
6.61
.04
tribution normality with the ShapirorCBF
2.09
1.75–2.43
2.00
0.79
4.43
.19
rMTT
1.46
1.32–1.59
1.44
1.00
2.14
.15
Wilk W-test. Data distributions for CBV
cCBV
1.00
0.98–1.02
0.99
0.89
1.06
.15
in DVAs with and without CMs were norcCBF
1.01
0.98–1.04
1.00
0.94
1.27
⬍.01
mally distributed (Shapiro-Wilk W-test,
cMTT
1.00
0.98–1.02
1.00
0.91
1.15
.11
P ⱖ .16) and variances were equal
a
rCBV, rCBF, and rMTT represent relative cerebral blood volume, relative cerebral blood ﬂow, and relative mean
(O’Brien, Brown-Forsythe, Levene, and
transit time respectively, for brain tissue around the DVA. cCBV, cCBF, and cMTT represent corresponding control
values as measured in brain tissue with normal venous drainage (ipsilateral to the DVA).
Bartlett tests, P ⱖ .36). The mean for
b
P value for Shapiro-Wilk W-test for data distribution normality. A value ⬍ .05 indicates a non-normal distribution.
rCBV in DVAs with CMs was 3.17 (95%
confidence interval, 2.01– 4.34), and the
mean for rCBV in DVAs without CM was 3.32 (95% confidence
sum was used. For categoric data comparisons, the exact P
interval, 2.45– 4.20), with no difference between these mean valvalue for the Fisher exact test was calculated through data perues (Student t test, P ⫽ .82). The means for cCBV for DVAs with
mutation. ␣ was set at .05, and 2-tailed tests were used. Statis1748
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for cCBF in DVAs without CMs (Shapiro-Wilk W-test, P ⬍ .01).
Variances were equal (O’Brien, Brown-Forsythe, Levene, and
Bartlett tests, P ⱖ .15). The mean for rCBF for DVAs with CMs
was 1.82 (95% confidence interval, 1.21–2.43), and the mean for
rCBF in DVAs without CMs was 2.28 (95% confidence interval,
1.85–2.70), with no difference between these mean values (Student t test, P ⫽ .18). The means for cCBF in DVAs with and
without CMs were not significantly different (Wilcoxon signed
rank test, P ⫽ .23).
Data distributions for MTT in DVAs with and without CMs
were normal (Shapiro-Wilk W-test, P ⱖ .35), and variances were
equal (O’Brien, Brown-Forsythe, Levene, and Bartlett tests, P ⱖ
.36). The mean for rMTT in DVAs associated with a CM was 1.70
(95% confidence interval, 1.46 –1.93), and the mean for rMTT in
DVAs not associated with a CM was 1.29 (95% confidence interval, 1.19 –1.40). Variances were not equal (O’Brien and Levene
tests, P ⱕ .04). The mean for rMTT in DVAs with a CM was higher
than the mean for rMTT in DVAs without an associated CM (t test
assuming unequal variance, P ⬍ .01). The means for cMTT in
DVAs with and without a CM were not significantly different
(Student t test, P ⫽ .75).
The location of DVAs did not differ significantly between the
CM and non-CM groups (Fisher exact test, P ⫽ .46).

DISCUSSION

FIG 2. Ninety-ﬁve percent mean diamond plots for rCBV (A), rCBF (B),
and rMTT (C) for patients with and without cavernous malformations.
The horizontal line is the grand mean. The heights of the diamonds
represent the 95% conﬁdence intervals, and the widths of the diamonds are proportional to the sample sizes. If the overlap line of one
diamond is closer to the mean of another diamond than is the overlap
line of that diamond, there is no difference between the groups.

and without CMs were not significantly different (Student t test,
P ⫽ .08).
Data distributions for CBF in DVAs with and without CMs
were normally distributed (Shapiro-Wilk W-test, P ⱖ .07) except

In view of the presence of some degree of altered perfusion around
all the DVAs studied, our results indicate that the presence of a
DVA is likely to be inherently associated with altered hemodynamics in the involved brain parenchyma. While supporting previous findings,10,11 our results indicate that PWI is able to detect
such perfusion alterations around most DVAs, not just anecdotal
cases. The pattern of perfusion abnormalities in our study was
also similar to that seen previously,10,11 with higher relative CBV
as well as MTT in the brain around the DVAs. A variable change in
relative CBF (Fig 3) is also in accordance with that in previous
studies.10-12
The pathogenesis of DVAs is not fully understood. Some investigators consider them to result from in utero thromboses of
the developing venous system.2,3,13,14 The dilated medullary veins
converging onto a prominent collector channel in effect serve as a
replacement of the normal venous system that would have otherwise existed in this part of the brain.2 Consistent elevation of
rMTT and rCBV seen in our study supports this model of DVA
pathogenesis of a venous outflow, inherently less robust than normal venous drainage. Similar prolongation of MTT on PWI has
been seen in the setting of other conditions affecting venous outflow, such as dural venous thrombosis or patients with SturgeWeber syndrome.15-17 This increase in the MTT for DVAs, however, appears to be due to alterations in the CBV and CBF that
follow a pattern distinct from that seen in other restrictive venous
pathologies. As per the central volume theorem, MTT is simply a
ratio of CBV and CBF.18 Prolongation of MTT in the presence of
venous outflow restriction is usually the result of venous engorgement–induced increase in CBV, along with outflow restriction–
induced reduction in CBF, as has been shown in diseases such as
Sturge-Weber syndrome.16,17
In contrast, in most of the DVAs studied by us and in previous
AJNR Am J Neuroradiol 34:1746 –51
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in the venous development. Modest reactive vasodilation in arterioles has been
demonstrated in response to venous dilation in animal studies.19 However, it is
unlikely that such a reactive change is able
to more than overcome the restrictive effects of the outflow restriction in the presence of venous outflow obstruction. The
exact explanation for increased rCBF
around DVAs remains unclear. However,
it is possible that the developmental nature of the venous anomalies (as opposed
to the acquired nature of venous obstrucNote:— ⫹, present; ⫺, absent.
a
rCBV, rCBF, and rMTT represent relative cerebral blood volume, relative cerebral blood ﬂow, and relative mean
tion in experimental models/pathologic
transit time respectively, as measured in brain tissue around the DVA. cCBV, cCBF, and cMTT represent corresponding
venous obstruction) is somehow unique
control values as measured in brain tissue with normal venous drainage (ipsilateral to the DVA).
b
in that the etiologic factors responsible for
P value for Shapiro-Wilk W-test for data distribution normality. A value ⬍ .05 indicates a non-normal distribution.
formation of DVAs are also able to induce
reports, the increase in rMTT was seen in the setting of increased
developmental changes in the arterial inflow that try to minimize
rCBV and a less pronounced increase in the rCBF. While the instasis of blood in the affected brain by increasing the CBF in the
creased rCBV is easy to explain, elevation of rCBF around many
face of increased CBV. A control cerebral blood flow indicator of
DVAs is more difficult to explain solely on the basis of alterations
close to 1 in brain parenchyma with normal venous drainage
would argue against the possibility that
these elevated relative CBF values are
somehow representing artifacts.
Pathophysiologic implications of
these results are also highlighted by the
observed differences in the perfusion parameters of DVAs with and without CMs.
A greater prolongation of MTT and a
trend toward a lesser increase (or even decrease in individual cases) of rCBF in the
CM group may be related to greater restrictive effects of DVAs in this group. Significant quantifiable differences in the
perfusion parameters around developmental venous anomalies with and without associated cavernous malformations
may reflect the role of hemodynamic factors in the development of these malformations. We hypothesize that in a large
number of DVAs, the diminished venous
capacity still has enough reserves to accommodate the physiologic needs, and
such DVAs may remain completely
asymptomatic. In other DVAs however,
the restrictive effects on the venous drainage may be enough to cause local venous
hypertension and thereby the propensity
of these vessels to bleed and result in localized hemorrhage and subsequent CM
formation. Given that the medullary veins
composing the tributaries of the DVA are
also known to have thinner walls, such
FIG 3. Axial contrast-enhanced T1-weighted image (A) demonstrates tributaries of the DVA in veins may be more prone to bleed with
the right lentiform nucleus, seen as punctate enhancing foci. Corresponding rCBV (B), rCBF (C), this local venous hypertension.20
and rMTT (D) maps demonstrate a zone of perfusion alteration around these tributaries incorDVAs generally fill later in the venous
porating otherwise normal-appearing brain tissue. Note that in this case, the alteration in rCBV
and rMTT maps was more pronounced relative to the rCBF.
phase on catheter angiography. Our findTable 2: Descriptive statistics for perfusion parameters in DVAs without and with CMs
Perfusion Parametera CM Mean 95% CI Median Minimum Maximum P Valueb
rCBV
⫺
3.32 2.45–4.20
2.98
1.39
6.61
.16
⫹
3.17
2.01–4.34
2.83
1.41
5.92
.24
rCBF
⫺
2.28
1.85–2.70
2.21
1.09
4.43
.07
⫹
1.82
1.20–2.43
1.81
0.79
3.47
.60
rMTT
⫺
1.29
1.19–1.40
1.32
1.00
1.62
.67
⫹
1.70
1.46–1.93
1.75
1.17
2.14
.62
cCBV
⫺
1.01 0.99–1.03
1.01
0.94
1.06
.22
⫹
0.98 0.95–1.02
0.98
0.89
1.05
.85
cCBF
⫺
1.02 0.98–1.06
1.01
0.95
1.27
⬍.01
⫹
0.99 0.96–1.03
0.98
0.94
1.08
.33
cMTT
⫺
1.00 0.97–1.03
1.00
0.91
1.15
.35
⫹
0.99 0.97–1.02
0.99
0.94
1.05
.99
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ings of prolonged rMTT are consistent with this observation because it has been previously demonstrated that the angiographic
circulation time is proportional to the mean transit time.21 Previously, authors have also reported some complex DVAs demonstrating early venous drainage, attributing it to microshunts
within the DVAs or possibly concomitant DVAs and arteriovenous malformations.2,22,23 We did not have any patients with
reduced rMTT as could be expected in these patients. While we
did not have angiographic correlation for our patients, it is likely
that given the rarity of such DVAs with microshunts,2 our study
failed to include any such patients.
Our study had limitations. The number of patients was relatively small, and our results may not be generalizable to all DVAs.
While PWI cannot accurately measure the actual CBV and CBF, it
does offer a robust method to evaluate the relative changes in the
perfusion of the brain. This is supported by the fact that for brain
parenchyma with normal venous drainage, relative perfusion values (cCBV, cCBF, and cMTT) were noted to be close to 1, as
would be expected. It is possible that susceptibility effects of CMs
can affect the relative perfusion values obtained in the surrounding brain parenchyma. While we cannot be certain of these additional susceptibility effects on the perfusion calculations, none of
the ROIs were placed directly in the location of the CMs. In a
similar manner, we took precautions not to place the ROIs directly on visible enhancing venous structures. Indeed, the correlation of the perfusions maps and the contrast-enhanced TIWI
showed the perfusion alterations not to be restricted to the venous
channels themselves but rather extending into the brain parenchyma in between the venous tributaries as well (Figs 1 and 3).
However, it is possible that the elevated blood pool in the surrounding brain parenchyma could itself make the quantification of the perfusion parameters in this region less reliable. In
a large number of individuals studied, the DVAs were either
completely asymptomatic or the patient had symptoms that
could not be directly ascribed to them. Similarly, acute hemorrhage was seen in only 1 DVA with an associated CM. It remains
unknown whether DVAs with more pronounced symptoms or a
greater propensity to bleed are associated with even greater hemodynamic perturbation.
CMs associated with DVAs are sometimes resected surgically.
The decision to intervene, however, involves careful assessment of
potential benefits and risks, including the risk of future expansion
or hemorrhage of the CM. If the extent of altered hemodynamics
in the surrounding brain tissue is associated with CM formation
as indicated by our study, quantitative evaluation of such altered
hemodynamics by using PWI may also provide a means for better
assessment of future growth/hemorrhage of the CM. Future longitudinal studies will be needed to test this hypothesis.
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Longitudinal Restriction Spectrum Imaging Is Resistant to
Pseudoresponse in Patients with High-Grade Gliomas Treated
with Bevacizumab
P.D. Kothari, N.S. White, N. Farid, R. Chung, J.M. Kuperman, H.M. Girard, A. Shankaranarayanan, S. Kesari, C.R. McDonald, and A.M. Dale

ABSTRACT
BACKGROUND AND PURPOSE: Antiangiogenic therapies, such as bevacizumab, decrease contrast enhancement and FLAIR hyperintensity in patients with high-grade gliomas in a manner that may not correlate with actual tumor response. This study evaluated the ability of
an advanced DWI technique, restriction spectrum imaging, to improve conspicuity within regions of restricted diffusion compared with
ADC in patients treated with bevacizumab and to demonstrate that unlike ADC, restriction spectrum imaging is less affected by bevacizumab-induced reductions in FLAIR hyperintensity.
MATERIALS AND METHODS: Restriction spectrum imaging cellularity maps and DWI were available for 12 patients with recurrent
high-grade gliomas at baseline and following initiation of bevacizumab. VOIs were drawn for regions of restricted diffusion, surrounding
FLAIR hyperintensity, and normal-appearing white matter; and intensity values within regions of restricted diffusion and FLAIR hyperintensity were normalized to normal-appearing white matter. Normalized values were compared between restriction spectrum imaging
cellularity maps and ADC at baseline and on treatment by using repeated-measures ANOVA.
RESULTS: All patients exhibited decreases in contrast enhancement and FLAIR hyperintensity following treatment. Normalized intensity
values were higher on restriction spectrum imaging cellularity maps compared with ADC in regions of restricted diffusion, whereas
intensity values were higher on ADC compared with restriction spectrum imaging cellularity maps in regions of FLAIR hyperintensity.
Bevacizumab-induced decreases in FLAIR hyperintensity had a greater effect on ADC than on the restriction spectrum imaging cellularity
maps, with the relative sensitivity of ADC to changes in FLAIR hyperintensity being ⬎20 times higher than that on restriction spectrum
imaging cellularity maps.
CONCLUSIONS: Restriction spectrum imaging is less inﬂuenced by reductions in FLAIR hyperintensity compared with ADC, which may
confer an advantage of restriction spectrum imaging over ADC for interpreting tumor response on imaging following antiangiogenic
therapy.
ABBREVIATIONS: FLAIR-HI ⫽ FLAIR hyperintensity; GBM ⫽ glioblastoma multiforme; NAWM ⫽ normal-appearing white matter; RD ⫽ restricted diffusion;
RSI-CMs ⫽ restriction spectrum imaging cellularity maps

C

urrent radiographic criteria for monitoring patients with
high-grade glioma are heavily dependent on changes in contrast enhancement and FLAIR signal on standard MR images.1
However, with greater use of antiangiogenic treatments such as
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bevacizumab, an anti vascular endothelial growth factor antibody,
using contrast enhancement as a surrogate for tumor response has
become increasingly challenging.2 Patients with recurrent highgrade glioma treated with bevacizumab often exhibit a sharp decrease
in contrast enhancement and edema without a corresponding clinical response—a phenomenon called “pseudoresponse”—due to the
ability of antiangiogenic agents to normalize hyperpermeable tumor
vasculature, thus restoring the blood-brain barrier.3,4
DWI and ADC have been proposed as imaging markers for
tumor response in the presence of antiangiogenic agents to ad-
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Demographic and treatment-related characteristics of the patient sample

Patient
1
2
3
4
5

Age (yr)/
Sex
58/F
43/M
62/F
49/M
57/F

Pathology
GBM WHO IV
AGN/WHO III/IV
GBM / WHO IV
GBM/WHO IV
GBM/WHO IV

6

63/F

GBM/WHO IV

Initial Therapy
XRT ⫹ TMZ; TMZ 5/28
XRT ⫹ TMZ; TMZ 3/14
XRT ⫹ TMZ; TMZ 3/14
XRT ⫹ TMZ; TMZ 3/14
XRT ⫹ TMZ; TMZ 5/28,
TMZ 3/14
XRT ⫹ TMZ; TMZ 5/28

7

66/M

GBM/WHO IV

8
9
10
11
12

56/M
67/M
27/F
40/M
56/M

AOA/WHO III
GBM/WHO IV
AA/WHO III
GBM/WHO IV
GBM/WHO IV

Surgery Prior to
Bevacizumab
Scan (mo)a
GTR, 1
GTR, 12
STR, 1⫹
STR, 1
STR, 6⫹

Pre and PostBevacizumab
Scans (day)b
⫺31, ⫹29
⫺22, ⫹16
⫺3, ⫹112
⫺10, ⫹22
⫺13, ⫹49

STR, 1

⫺28, ⫹46

XRT ⫹ TMZ; TMZ 5/28

STR, 5

⫺2, ⫹34

XRT ⫹ TMZ; TMZ 5/28
XRT ⫹ TMZ; TMZ 5/28
XRT ⫹ TMZ
XRT ⫹ TMZ; TMZ 5/28
XRT ⫹ TMZ; TMZ 5/28

RXN, 4⫹
GTR, 7
Bx, 2⫹
STR, 5⫹
STR, 7

⫺15 days, ⫹15
⫺7, ⫹29 days
⫺8, ⫹16
⫺37, ⫹35
⫺49, ⫹27

Post-Bevacizumab
Pathologyc
–
AA/WHO III/IV
GBM/WHO IV
–
GBM/WHO IV
GBM/WHO IV ⫹
radiation effect
GBM/WHO IV ⫹
radiation necrosis
–
–
–
–
–

Note:—AOA indicates anaplastic oligoastrocytoma; AA, anaplastic astrocytoma; XRT ⫹ TMZ, radiotherapy plus adjuvant temozolomide; TMZ 5/28, temozolomide for 5 days
every 28 days; TMZ 3/14, temozolomide for 3 days every 14 days; GTR, gross total resection; STR, subtotal resection; RXN, craniotomy and resection; Bx, biopsy; AGN, anaplastic
glioneural neoplasm; WHO ⫽ World Health Organization.
a
Months shown indicate the interval between the surgical event and the ﬁrst scan obtained during bevacizumab treatment.
b
Interval in days between the scan prior to bevacizumab treatment (pre-bevacizumab scan), and initiation of bevacizumab therapy, followed by the interval in days between
initiation of bevacizumab therapy and ﬁrst scan during bevacizumab treatment (post-bevacizumab scan).
c
Pathology after bevacizumab therapy had started.

dress this issue of pseudoresponse.5-8 Regions of increased cellularity, such as tumor, restrict water diffusion and decrease ADC
values relative to surrounding tissue.9,10 However, concomitant
edema and tumor-related necrosis increase ADC values, thereby
directly opposing the reduction in ADC associated with tumor.11,12 This offset may result in diminished conspicuity of tumor on ADC maps and difficulty distinguishing tumor from
NAWM. In the setting of antiangiogenic treatments, which can
significantly decrease edema, the interpretation of ADC values is
further complicated.13,14
To maximize sensitivity to the restricted diffusion signal
within tumor cells while excluding the hindered diffusion signal
associated with edema, we apply a new, advanced DWI technique
called “restriction spectrum imaging.”15 Whereas ADC reflects
both hindered and restricted diffusion pools within a voxel, RSI
uses multiple b-values and diffusion times to separate out the
spherically restricted water compartment from the hindered water compartment, and it has been previously shown to improve
tumor conspicuity relative to high-b-value ADC in patients with
primary and metastatic brain tumors.16 Therefore, RSI may provide a more sensitive and robust biomarker of cellularity compared with conventional DWI and ADC in the context of antiangiogenic treatments that result in significant decreases in edema.
In this study, we evaluated the ability of RSI to improve conspicuity within regions of RD compared with standard ADC in
patients with recurrent high-grade glioma treated with bevacizumab. In line with our previous work, we hypothesized that RSI
would improve conspicuity within regions of RD over standard
ADC, whereas ADC values within regions of RD would approximate those in NAWM. Moreover, we predicted that RSI would be
minimally affected by bevacizumab-induced reductions in
FLAIR-HI, whereas changes in ADC would be highly influenced
by treatment-related reductions in FLAIR-HI due to the sensitivity of ADC to fast hindered diffusion.

MATERIALS AND METHODS
Patients
All patients included in the study signed consent forms approved by
the institutional review board. From December 2010 to August 2012,
one hundred ninety-three patients with primary and metastatic brain
tumors at the UCSD Moores Cancer Center underwent a standardized MR imaging protocol that included the RSI sequence. From this
group, 12 patients met the following inclusion criteria to form the
final study cohort: 1) recurrent pathologically confirmed high-grade
glioma (World Health Organization grade III or IV); 2) at least 1
baseline RSI scan before initiating bevacizumab therapy and a follow-up RSI scan while on bevacizumab; and 3) no significant blood
products on susceptibility-weighted images that would confound
diffusion signals on the ADC or RSI scans. The average age of the final
cohort was 54 years, ranging from 27 to 67 years, with 7 men and 5
women. Nine patients had GBMs, while 3 had grade III gliomas (Table). To further avoid contamination from immediate postsurgical
effects such as hemorrhage and cytotoxic edema, we did not perform
MRI within the first 2 months following surgery.

MR Imaging
MR imaging was performed on a 3T Signa Excite HDx scanner (GE
Healthcare, Milwaukee, Wisconsin) equipped with an 8-channel
head coil. Our imaging protocol included pre- and postgadolinium
3D volumetric T1-weighted inversion recovery spoiled gradient-recalled sequences (TE/TR ⫽ 2.8/6.5 ms, TI ⫽ 450 ms, flip angle ⫽ 8 °,
FOV ⫽ 24 cm, matrix ⫽ 0.93 ⫻ 0.93 ⫻ 1.2 mm) and a 3D T2weighted FLAIR sequence (TE/TR ⫽ 126/6000 ms, TI ⫽ 1863 ms,
FOV ⫽ 24 cm, matrix ⫽ 0.93 ⫻.093 ⫻ 1.2 mm). For RSI, a singleshot pulsed gradient spin-echo EPI sequence was used (TE/TR ⫽ 96
ms/17 seconds, FOV ⫽ 24 cm, matrix ⫽ 96 ⫻ 96 ⫻ 48) with 4
b-values (b⫽0, 500, 1500, and 4000 s/mm2) with 6, 6, and 15 unique
diffusion directions for each nonzero b-value, respectively (28 total
volumes, ⬃8-minute scanning time).
AJNR Am J Neuroradiol 34:1752–57
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Preprocessing, ADC Calculation, and RSI Analysis

Statistical Analysis

Before analysis, raw RSI data were corrected for geometric distortions due to susceptibility, gradient nonlinearities, and eddy currents.17 This was followed by correction of patient motion by
using in-house software. ADC values were calculated from a tensor fit to the full dataset (all b-values and diffusion directions).
Details of the RSI model and analysis are given in White et
al.16 Briefly, the diffusion signal in each voxel was fit by using a
linear mixture model of restricted and hindered water compartments with spheric and cylindric geometries. For this article, the resulting spherically restricted water fraction formed
the basis of our RSI cellularity maps. To maximize sensitivity
and specificity to the spherically restricted water fraction, a
beam-forming filter was applied to our RSI-CMs to reduce
residual signal contamination from cylindrically restricted and
hindered water compartments.16

Intensity values within the RSI-CMs and ADC maps were transformed into z scores on the basis of the mean-intensity values
within contralateral NAWM [(Pixel Intensity of RSI-CMs or
ADC ⫺ Mean Intensity in Contralateral NAWM) / SD in Contralateral NAWM]. The z scores provided a measure of the relative
sensitivity of each technique to RD and FLAIR-HI, normalized to
NAWM. Z scores were used in all subsequent analyses. Repeated
measures ANOVAs were performed within regions of RD and
FLAIR-HI with method (RSI-CMs versus ADC) and treatment
(baseline versus on treatment) as repeating factors. This procedure allowed us to evaluate the relative sensitivity of each method
to RD and FLAIR-HI (main effect of method) and to evaluate
whether the relative sensitivity of each method to RD and
FLAIR-HI varies as a function of treatment with bevacizumab
(method by treatment interaction). The relative sensitivity to
change in FLAIR-HI versus RD was also computed for each measure and was defined as follows: Mean z Score Change in
FLAIR-HI / Mean z Score in the Region of RD.

Longitudinal Registration
For longitudinal measurement of RSI-CMs and ADC in defined regions of FLAIR-HI and NAWM, it was necessary to account for the
changes in brain shape caused by tumor growth or surgical resection.
A nonlinear registration, as described in McDonald et al,18 was used
to define a parameterized deformation between the first and second
time points (before and after initiation of bevacizumab therapy). The
T1-weighted precontrast images, weighted by T2-weighted FLAIR to
correct for regions of hypointensity, were used to guide the nonlinear
registration, and the computed deformations were then applied to
the coregistered RSI-CM and ADC volumes.

Region-of-Interest and Imaging Analysis
Volumetric ROIs were drawn manually on baseline (pre-bevacizumab) scans for the contrast-enhancing region, the FLAIR-HI
region surrounding the contrast-enhancing region, and NAWM
by using coregistered 3D T1 postcontrast and 3D FLAIR volumes
with the Amira software package (Visage Imaging, San Diego,
California). NAWM was drawn in isointense white matter contralateral to the tumor on the 3D FLAIR sequence. All manual
ROIs were approved by a board-certified neuroradiologist with 3
years of experience before image analysis. An automated region of
interest was also generated for the region of RD within the region
of contrast enhancement, and this region of interest was used to
approximate the actual area of viable tumor within the contrastenhancing region.19 Of note, this RD region of interest was generated from the RSI sequence because our prior work has shown
improved tumor conspicuity on RSI-CMs compared with ADC.16
In addition, our prior work has demonstrated that ADC tends to
underestimate the area of RD, whereas RSI-CMs are more inclusive of the total area of RD.
Determination of relevant ADC and RSI-CM values was performed in a manner similar to methods described by Gerstner et
al.20 Each patient’s baseline (pre-bevacizumab) and follow-up
(on bevacizumab) scans were used for analysis. The baseline
FLAIR region of interest was coregistered with the RSI-CMs and
ADC maps from each scan date. This coregistration allowed determination of ADC and RSI-CM values within the region of
FLAIR-HI at baseline and determination of ADC and RSI-CM
values within the region of RD at baseline.
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RESULTS
In all 12 patients who met the inclusion criteria, a visible decrease
in both contrast enhancement and FLAIR-HI was observed following initiation of bevacizumab therapy. Eight patients showed a
decrease of ⱖ50% in T1 contrast enhancement, whereas the remaining 4 patients showed a decrease of 25%–50%. Similarly, 2 of
the patients showed a corresponding decrease of ⱖ50% in
FLAIR-HI surrounding the enhancing region, whereas all 12 patients showed a decrease of at least 25% in FLAIR-HI following
treatment with bevacizumab. Figure 1 shows a sample patient at
baseline and on treatment with bevacizumab. The decrease in T1
enhancement and FLAIR-HI can be readily appreciated in this
patient following initiation of treatment. Areas of RD are more
conspicuous on RSI-CMs relative to ADC both at baseline and
following treatment, whereas ADC signal intensity following
treatment (ie, when not surrounded by FLAIR-HI) appears similar to that in NAWM. Furthermore, the large region of decreased
signal intensity on ADC following treatment appears to mirror
the decreased signal intensity on the FLAIR image (Fig 1J, -K),
whereas RSI-CM intensity changes do not appear similar to decreases in FLAIR hyperintensity (Fig 1K, -L).
Figure 2 shows the normalized values (ie, z scores) for RSICMs and ADC in regions of RD and FLAIR-HI before and on
treatment with bevacizumab averaged across patients. The repeated measures ANOVA for RD revealed a main effect of method
[F (1,11) ⫽ 18.97, P ⬍ .01], indicating that RD intensity values
were higher on RSI-CMs relative to ADC both before and on
treatment. In fact, mean RSI-CM intensity values were approximately 8 times greater than those in NAWM before and on treatment, whereas mean ADC values were only 0.47 and 1.2 times
greater than NAWM at baseline and on treatment, respectively.
The repeated measures ANOVA within the region of FLAIR-HI
revealed a main effect of method, indicating that FLAIR-HI values
were higher on ADC relative to RSI-CMs [F (1,11) ⫽ 88.8, P ⬍
.001]. However, this was qualified by a method by treatment interaction [F (1,11) ⫽ 61.1, P ⬍ .001], which revealed that decreases in FLAIR-HI that occurred on treatment with bevaci-

FIG 1. A 67-year-old man with left parietal GBM status after resection and chemoradiation. Top row shows the T1 postcontrast–T1 precontrast (A),
FLAIR (B), ADC (C), and RSI-CM (D) images before the start of bevacizumab, while the middle row shows the T1 postcontrast–T1 precontrast (E), FLAIR
(F), ADC (G), and RSI-CM (H) images after the initiation of bevacizumab. Arrowheads indicate the contrast-enhancing region (green), the surrounding
region of FLAIR-HI (yellow), and the region of RD on RSI-CMs (red). Although there is a decrease in contrast enhancement and surrounding FLAIR-HI
after the initiation of bevacizumab, the region of RD increases and becomes more conﬂuent; this change suggests worsening residual/recurrent tumor.
Moreover, this increase in the region of RD is much more conspicuous on RSI-CMs compared with the ADC. The bottom row depicts these changes on
“change maps” (change in T1 postcontrast–precontrast) (I), change in FLAIR (J), change in ADC (K), and change in the RSI-CMs (L), with red-yellow
indicating an increase in signal intensity and blue-cyan indicating a decrease in signal intensity. Note that on the ADC change map (K), the area of
increased RD is essentially masked by the decreased signal intensity within the region of surrounding FLAIR-HI.

zumab had a greater effect on ADC than on RSI-CM intensity
values. As shown in Fig 3, the change in ADC following initiation
of bevacizumab was highly correlated with the change in
FLAIR-HI (r ⫽ 0.66, P ⬍ .05). In addition, the relative sensitivity
to the change in FLAIR-HI versus RD on treatment was 23.5 times
greater for ADC than for RSI-CMs.

DISCUSSION
Here we demonstrate that RSI, a novel diffusion imaging method,
both improves conspicuity within regions of RD relative to ADC
and is less influenced by bevacizumab-induced decreases in
FLAIR-HI. As shown previously, this effect is because RSI is more
sensitive to RD, whereas ADC is more sensitive to hindered diffusion, as seen in areas of FLAIR-HI. In fact, our results suggest
that the relative sensitivity of ADC to changes in FLAIR-HI is ⬎20

times greater than that derived from RSI-CMs. Thus, RSI-CMs
not only facilitate visualization of areas of true RD associated with
tumor cellularity (Fig 1), but they should also provide a more
robust biomarker of cellularity relative to ADC in the context of
treatment-related decreases in FLAIR-HI.
The utility of ADC for detecting high-grade glioma on the basis of
increased RD has been demonstrated in both humans and in animal
models.9,11 However, concomitant edema and tumor-related necrosis increase ADC values, thereby directly opposing the reduction in
ADC associated with tumor. As a result, it can be difficult to discriminate tumor, edema, and NAWM from one another on ADC maps
because ADC values in tumor may approximate those of
NAWM.21-23 Indeed, mouse models and clinical studies of patients
with high-grade glioma have demonstrated that ADC is an unreliable
AJNR Am J Neuroradiol 34:1752–57
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FIG 2. Bar graphs depicting the mean normalized intensity values (z
scores) of the RSI-CMs (A) and the ADC (B) in regions of RD and
FLAIR-HI before and on treatment with bevacizumab. Error bars reﬂect the standard error.

FIG 3. Scatterplot of the relationship between change in ADC z
scores (on treatment–pretreatment) and change in FLAIR-HI z scores
(on treatment–pretreatment) within the regions of FLAIR-HI. Z scores
represent intensity values normalized to NAWM.

tool for differentiating tumor and surrounding edema.11,12,23,24
Therefore, when antiangiogenic therapy is administered, subsequent
reduction in edema further complicates the interpretation of ADC
maps.13,14 Although perfusion imaging has been proposed to identify residual or recurrent tumor following antiangiogenic therapy,
the results are conflicting. Whereas some studies have shown reduced
perfusion following antiangiogenic therapy purportedly due to diminished formation of new blood vessels,25,26 other studies have
shown elevated perfusion possibly due to vascular normalization.3,27
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RSI provides a tool to specifically probe the RD compartment in the
brain with minimal influence from the hindered diffusion associated
with edema or from changes in vasculature attributable to antiangiogenic agents.
One of the limitations to the approach described in this article is
that it requires 3D T1-weighted and FLAIR acquisitions and DWI
with multiple b-values, by using a specialized pulse sequence that
enables estimation and correction of spatial distortions due to B0
field variation. However, we contend that these sequences are necessary to accurately align images across sequences and with time in
patients with high-grade gliomas. In this study, we took several steps
to improve image registration across sequences and time in our patients. First, we used a method to correct for spatial distortions in EPI
data by combining EPI scans acquired with opposite phase-encoding
polarities and thus opposite spatial distortion patterns.17 Second, we
used a nonlinear registration algorithm to improve the alignment of
images with time.28,29 These methods have been previously applied
to serial MRI in large-scale clinical studies29,30 and have been shown
to have high sensitivity compared with existing methods for measuring brain changes with time.31 In addition, our study is limited by a
small sample size, heterogeneity of our patient sample, a lack of clinical follow-up, and lack of pathologic confirmation of recurrent tumor in many of our patients. A larger sample size with tissue obtained
from targeted biopsies is needed to fully understand the nature of the
local RSI signal and to determine its clinical utility. In particular, RSI,
like ADC, is not specific to tumor cellularity per se, despite the greater
sensitivity of RSI to regions of RD. For example, recent studies have
reported regions of marked persistent RD in certain patients following treatment with bevacizumab that do not appear to reflect aggressive tumor.26,32 Although the etiology of these strokelike lesions26 on
DWI/ADC remains uncertain, pathologic confirmation in a handful
of cases has revealed atypical gelatinous necrosis.32 RSI, like ADC, is
unable to differentiate these regions of RD caused by bevacizumabinduced hypoxia and radiation necrosis from those that reflect increased cellularity due to recurrent tumor.26
In our study, pathology reports from 5 patients after initiation
of bevacizumab therapy revealed that regions of diffusion restriction detected on RSI-CMs and ADC were indeed positive for recurrent high-grade glioma (Table). However, RD secondary to
atypical necrosis that arises from bevacizumab-induced hypoxia
cannot be ruled out in the remaining patients. Using other advanced imaging modalities, such as PET and perfusion imaging,
may be highly beneficial in disambiguating the true nature of
regions of persistent RD. Of note, multispectral imaging analysis
incorporating PET and perfusion to further probe these regions of
persistent RD would require highly precise image registration. In
this context, using methods that correct for spatial distortions
within each technique and coregistering images by using a nonlinear algorithm, as described above, become paramount. Applying such a multispectral approach to further interrogate regions of
RD seen on RSI-CMs and to better ascertain the specificity of the
RSI signal is currently underway in our laboratory.

CONCLUSIONS
As the clinical landscape continues to evolve for monitoring response to therapy in patients with high-grade gliomas, new imaging techniques will need to be developed that increase the

sensitivity and specificity to residual/recurrent tumor versus
treatment-induced changes. We introduce a new technique, RSI,
that increases the sensitivity to areas of RD and is less influenced
by changes in FLAIR-HI relative to standard ADC. Future research is needed by using multispectral imaging and targeted biopsies in a large cohort of patients to determine the specificity of
RSI to tumor and to evaluate its overall prognostic value.
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Automated Posterior Cranial Fossa Volumetry by MRI:
Applications to Chiari Malformation Type I
A.M. Bagci, S.H. Lee, N. Nagornaya, B.A. Green, and N. Alperin

ABSTRACT
BACKGROUND AND PURPOSE: Quantiﬁcation of PCF volume and the degree of PCF crowdedness were found beneﬁcial for differential
diagnosis of tonsillar herniation and prediction of surgical outcome in CMI. However, lack of automated methods limits the clinical use of
PCF volumetry. An atlas-based method for automated PCF segmentation tailored for CMI is presented. The method performance is
assessed in terms of accuracy and spatial overlap with manual segmentation. The degree of association between PCF volumes and the
lengths of previously proposed linear landmarks is reported.
MATERIALS AND METHODS: T1-weighted volumetric MR imaging data with 1-mm isotropic resolution obtained with the use of a 3T scanner
from 14 patients with CMI and 3 healthy subjects were used for the study. Manually delineated PCF from 9 patients was used to establish a
CMI-speciﬁc reference for an atlas-based automated PCF parcellation approach. Agreement between manual and automated segmentation of
5 different CMI datasets was veriﬁed by means of the t test. Measurement reproducibility was established through the use of 2 repeated scans
from 3 healthy subjects. Degree of linear association between PCF volume and 6 linear landmarks was determined by means of Pearson correlation.
RESULTS: PCF volumes measured by use of the automated method and with manual delineation were similar, 196.2 ⫾ 8.7 mL versus 196.9 ⫾ 11.0
mL, respectively. The mean relative difference of ⫺0.3 ⫾ 1.9% was not statistically signiﬁcant. Low measurement variability, with a mean absolute
percentage value of 0.6 ⫾ 0.2%, was achieved. None of the PCF linear landmarks were signiﬁcantly associated with PCF volume.
CONCLUSIONS: PCF and tissue content volumes can be reliably measured in patients with CMI by use of an atlas-based automated
segmentation method.
ABBREVIATIONS: CMI ⫽ Chiari malformation type I; PCF ⫽ posterior cranial fossa

T

he current radiologic definition of CMI is based on the degree of
tonsillar herniation below the foramen magnum. However, imaging data with x-ray,1 CT,2 and MR3-7 gathered over the last several
decades documented that CMI is also associated with a smaller than
normal PCF. In most studies, length (1D)5,6 and area (2D)8 measurements of certain PCF landmarks manually delineated on x-ray film1
or on a midsagittal MR imaging6 were used for estimates of the
PCF size. Volumetric (3D) assessment of the PCF, either with
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CT2 or MR imaging,4 further confirmed reduced PCF volume in
patients with CMI compared with healthy controls. Through the use
of manual delineation of the PCF and the brain tissue boundaries,
Milhorat et al4 reported a smaller PCF volume as well as CSF volume,
whereas the hindbrain volume was normal, leading to the notion of
an overcrowded PCF. In a more recent study, they reported a small
PCF volume only in “classic” CMI but not in “CMI mimicking”
etiologies, thereby emphasizing the importance of the PCF volume
for differential diagnosis of tonsillar herniation.7
Lirng et al9 used manual delineation of the PCF in MR imaging
followed by image intensity-based segmentation of brain tissue
and CSF to assess the effect of age and sex on the PCF volume and
crowdedness in healthy subjects. They found that overall, men
had a larger PCF and hindbrain volume, whereas women demonstrated a higher degree of crowdedness, which may explain the
higher frequency of CMI in women.
Two other studies further suggest that the size of the PCF is also a
strong predictor for surgical treatment outcome in CMI. Badie et al3
reported that a smaller ratio of the PCF volume relative to the supra-

tentorial volume is associated with a better surgical outcome. A more
recent study by Noudel et al10 used a semi-automated method to
demonstrate that the response to the PCF decompression surgery is
correlated with preoperation volume of PCF and the overall increase
in the PCF volume after operation but not with the degree of tonsillar
herniation or other tested morphologic measures. These limited data
suggest that measurements of the PCF volume are likely to enhance
both the diagnostic and prognostic reliability in CMI.
Despite the potential diagnostic and prognostic values of the
PCF morphology, volumetric assessments of the PCF size are not
commonly used in clinical practice because manual delineation of
the PCF on multiple images is time-consuming. Manual length
measurements of different landmarks of the PCF are less timeconsuming and are more commonly used as surrogate measures
of the PCF volume.11 The most common 1D measurements are
the lengths of the supraocciput and the clivus bones and the
McRae and Twining lines at the midsagittal plane.4,6 However,
these measurements are highly subjective and are strongly influenced by the MR imaging technique. Furthermore, it is not clear
how well these linear (1D) measures correlate with the overall
volume of the PCF. With the increasing evidence for the diagnostic potential of PCF measurement, there is a need for a robust
automated method for reliable segmentation of the PCF. Moreover, because MR imaging is the primary technique used for diagnosis of CMI, it is important that such a method is available for
MR imaging data.
A new approach for automated PCF parcellation is presented. The proposed parcellation uses atlas-guided segmentation, which has been successful in other cerebral regions. In
addition to a measurement of the entire PCF volume, the
method also provides measurements of the hindbrain tissue
and CSF volumes. The robustness of the method is assessed by
comparison with manual delineation in CMI data. Additionally, the degree of association between PCF volumes and linear
landmarks is assessed.

FIG 1. The 6 linear landmarks of the PCF superimposed on a midsagittal T1-weighted MR imaging from a patient with CMI: herniation (HR),
McRae line (MC), clivus (CL), Twining line (TW), cerebellum (CR), and
supraocciput (SO).

acquisition parameters: TR/TE/TI of 1900/2.89/900 ms, flip angle
of 9°, FOV of 25.6 ⫻ 25.6 cm, and matrix size of 256 ⫻ 256,
resulting in 1-mm isotropic resolution. Images were acquired in
the sagittal orientation.

Linear Measurements of the PCF
Lengths of 6 midsagittal PCF structures were measured on the
midsagittal T1-weighted image by a trained expert with 5 years of
experience (S.H.L.). These structures were characterized as follows: 1) McRae line measured from the basion and the opisthion,
2) clivus length measured from the basion to the inferior
boundary of the dorsum sellae, 3) Twining line measured from
the dorsum sellae to the internal occipital protuberance, 4) height of
the cerebellum, 5) supraocciput measured from internal occipital
protuberance to opisthion, and 6) tonsillar herniation measured
from the McRae line to tip of the cerebellar tonsil. An example of
these markers overlaid on a midsagittal T1 MR image is shown in Fig
1.

MATERIALS AND METHODS
Subjects

Manual Segmentation of PCF Volume

PCF volumes were measured by use of MR imaging data from 3
healthy subjects who were scanned twice on 2 separate days (1
woman; age range, 29 –36 years; mean age, 34 ⫾ 3 years) and 5
symptomatic patients with CMI (3 women; age range, 23– 48
years; mean age, 37 ⫾ 10 years). MR imaging data from an additional 9 symptomatic patients with CMI (7 women; age range,
20 – 68 years; mean age, 37 ⫾ 15 years) were used to create the
CMI-specific atlas. All patients had cerebellar tonsillar herniation
of at least 5 mm below the foramen magnum and presented with
suboccipital headaches and numbness in the upper and/or lower
extremities. Six patients had Valsalva-induced headaches. All subjects provided written informed consent, and the study was approved by the institutional review board.

The PCF was manually outlined on every sagittal section by use of
the 3D Slicer software (http://www.slicer.org) by a single trained
expert (A.M.B.) to avoid interobserver variability. Manual delineations were further reviewed and edited when needed by a neuroradiologist (N.N.). The PCF was anatomically bounded by tentorium cerebelli, occipital bone, clivus, and foramen magnum.
The volume of the PCF was calculated by summation of the volume of each voxel within the manually created mask on each
sagittal section.

MR Image Acquisition
The MR images used in the study were acquired with a 3T scanner
(Magnetom Trio; Siemens, Erlangen, Germany). The structural
analysis was performed on 3D T1-weighted image (magnetization
prepared rapid acquisition of gradient echo) with the following

CMI-Speciﬁc PCF Atlas
A PCF reference atlas, specific for CMI, was created from T1weighted images of 9 patients (7 women; age range, 20 – 68 years;
mean age, 37 ⫾ 15 years). PCF labels were manually delineated on
each subject image by an expert (A.M.B.) and were reviewed and
confirmed for reliability by a neuroradiologist (N.N.). The T1weighted images were then affine-registered to Montreal Neurological Institute 152 space12 and averaged to create the atlas template. The delineated PCF region from each of the 9 subjects was
AJNR Am J Neuroradiol 34:1758 – 63
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Automated Segmentation of PCF
Volume
Automated segmentation of the PCF
volume is achieved by use of the previously described CMI reference atlas.
First, a global linear transformation is
applied to register the atlas template to
the subject dataset by use of the FLIRT
tool from FSL software package (http://
www.fmrib.ox.ac.uk/fsl).13 Only the
brain region is used for the global registration to avoid adverse effects of cranial
and extracranial structures on registration.14 After the global linear transformation, a more precise local alignment
with a nonlinear registration is achieved
by use of the FMRIB Nonlinear Image
Registration Tool (FNIRT) from FSL,15
which is based on minimizing a sum-ofsquares cost function by use of a Levenberg-Marquardt modification of the
Gauss-Newton method. Finally, the PCF
mask is mapped to the subject MR imaging through the inverse of the registration
to automatically segment the PCF volume.

Automated Segmentation of Brain
Tissue
The proposed PCF parcellation method
quantifies the volumes of tissue content
of the PCF, which include the brain
stem, cerebellum, medulla, and pons.
Each pixel inside the PCF mask is labeled
as gray matter, white matter, or CSF, by
use of an algorithm that is based on the
hidden Markov random field model and
expectation maximization.16 The cerebellar tonsils extending beyond the foramen magnum are excluded as the result
FIG 2. Chiari-speciﬁc atlas template and the boundary of the PCF compartment (red outline) of PCF masking. A flow chart of the FSL
shown in sagittal (A and B) and axial (C and D) planes. A 3D volumetric rendering of the PCF mask implementation of the process for PCF
(blue) generated from the atlas template and surrounding cranium (white) are shown in E and F.
segmentation and measurement of the
PCF tissue volume is shown in Fig 3.
The intensity-based segmentation of the PCF tissues was compared with FreeSurfer-based (http://surfer.nmr.mgh.harvard.edu)
segmentation of the hindbrain. The details of the FreeSurfer segmentation method are provided by Fischl et al.17 FreeSurfer segmentation is an atlas-based segmentation method, which used
both the intensity distribution and the spatial relationships of
previously defined brain regions. Labeled brain regions in the
brain stem and gray and white matter in left and right cerebellum
were combined and used as the hindbrain volume in this study.
FIG 3. Flow chart illustrating the FSL implementation of the automated process for PCF segmentation and measurement of the PCF tissue volume.

then projected to the atlas space to generate an averaged PCF
mask superimposed on the atlas space. The average reference atlas
and the superimposed PCF regions are shown in Fig 2.
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Assessment of Automated Segmentation Accuracy and
Reliability
The accuracy of the automated segmentation was assessed by
comparing the automatically segmented PCF with manual seg-

The reliability of the automated segmentation across scan sessions was
tested by means of MR imaging data
from the 3 healthy subjects who were
scanned twice on 2 separate days. The
mean absolute percentage difference of
the 2 measurements was calculated by
dividing the absolute difference of the 2
measurements by their mean. A paired,
2-tailed t test was applied to determine
the significance of differences between
volume measurements obtained by use
of 2 methods.
The posterior fossa brain tissue volFIG 4. Outline of the PCF mask (red) generated by use of the proposed method on midsagittal (A) ume was measured in 5 patients with
and axial (B) planes of T1-weighted MR imaging of a patient with CMI.
CMI by use of the proposed automated
method and compared with measurements obtained by means of FreeSurfer. The mean percentage
difference between 2 measurements and degree of spatial overlap
was calculated. In addition, the derived crowdedness index, defined as the ratio of the tissue volume and the PCF compartment
volume, were compared as well. Finally, linear association between PCF volumes and the length of the 6 different linear PCF
markers were assessed by calculating the Pearson correlation coefficient and significance level by use of the data from the 14
patients with CMI. All statistical calculations were performed by
use of MedCalc statistical software (MedCalc, Mariakerke,
Belgium).

FIG 5. Comparison of PCF volume obtained manually and with the
automated segmentation in CMI. The Dice similarity coefﬁcient (DSC)
and the relative percent change obtained for each of the 5 patients
are shown above the volume bars.
Table 1: Repeated automated PCF volumes measurements
PCF
PCF
Relative
Age/
Volume (mL),
Volume (mL),
Percentage
Subject
Sex
Scan 1
Scan 2
Difference
1
36/M
186.1
186.8
0.4%
2
29/M
207.5
205.9
0.8%
3
36/F
194.7
195.6
0.5%

mentation in 5 patients with CMI. Percentage volume difference
between the manual and the automated segmentations were calculated to test for systematic differences. Additionally, the Dice
similarity coefficient was used to evaluate the degree of spatial
overlap between the automatically and manually segmented PCF.
The Dice similarity coefficient is defined as
DSC ⫽

2*V共 A 艚 M兲
V共 A兲 ⫹ V共M兲

where A and M denote automated and manual segmentations,
and V denotes volume of the region. The value of Dice similarity
coefficient ranges between 0 –1, representing no overlap to complete spatial overlap, respectively. A Dice similarity coefficient
value ⬎0.7 is considered as a good agreement between 2 compared measurements.18

RESULTS
PCF Volumes
Examples of midsagittal and axial images with the identified PCF
boundary and the 3D-rendered PCF volume from a representative patient with CMI are shown in Fig 4. The PCF volumes of
each of the 5 patients with CMI measured with the 2 methods and
the Dice coefficient representing the degree of overlap are shown
in Fig 5. The mean and the SD of the manual and the automated
segmentations of the PCF volumes in these 5 patients with CMI
were similar (197 ⫾ 11 mL and 196 ⫾ 9 mL, respectively). The
difference was not significant (P ⫽ .7). The mean percentage volume difference was ⫺0.3 ⫾ 1.9%. The mean degree of overlap
(Dice coefficient) between the automatically and manually obtained PCF masks was 0.96 ⫾ 0.001.
The PCF volumes measured from the 3 healthy subjects who
were scanned twice on 2 separate days and the relative percentage
difference are listed in Table 1. The mean absolute percentage
difference was 0.6 ⫾ 0.2%, with a range of 0.4% to 0.8%; the difference between volume measurements was not statistically significant (P ⫽ .995).

PCF Crowdedness Indexes
The posterior fossa brain tissue volume, crowdedness indexes of
the 5 patients with CMI measured with the proposed method and
with FreeSurfer, and the Dice coefficient are listed in Table 2. The
mean and SD of the volumes measured with the proposed method
and with FreeSurfer were 162 ⫾ 8 mL and 168 ⫾ 9 mL, respectively. The tissue volumes measured by use of FreeSurfer were
AJNR Am J Neuroradiol 34:1758 – 63
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Table 2: Comparison of PCF tissue segmentation by means of the proposed method and FreeSurfer
PCF Tissue Volume
Crowdedness
(mL) (Proposed
PCF Tissue Volume
Percentage
Dice
Index (Proposed
Patient
Method)
(mL) (FreeSurfer)
Volume Difference
Coefﬁcient
Method)
1
162.8
169.4
4.1%
0.949
0.842
2
172.1
181.6
5.5%
0.939
0.828
3
151.9
156.2
2.8%
0.940
0.824
4
170.1
174.0
2.3%
0.948
0.831
5
153.9
158.6
3.1%
0.949
0.806

Crowdedness
Index (FreeSurfer)
0.876
0.874
0.847
0.850
0.830

mean Dice coefficient of 0.96. The delineation of the PCF obtained by use of the
proposed automated method highly
agrees with the manual delineation in
terms of accuracy and spatial overlap in
patients with CMI. Furthermore, a high
degree of repeatability is evident from
the small absolute percentage difference
of 0.6 ⫾ 0.2% found by use of quantification of the repeated scans in 3 healthy
subjects. The automated volume meaFIG 6. Outline of the PCF tissue masks (red) generated by use of the proposed method (A) and surement of PCF is minimally affected
by the normal variability in patient poFreeSurfer (B) in 1 of the patients with CMI.
sitioning in the MR imaging scanner.
consistently larger in each subject, with a mean percent difference
The mean PCF volume measurement obtained in our small
of 3.6 ⫾ 1.1% (P ⫽ .005). The mean and SD of the spatial overlap
cohort of adult patients with CMI (196 ⫾ 8.7 mL) tends to be
were 0.945 ⫾ 0.004. Images illustrating the tissue segmentation by
larger than previously reported CT and MR-based measurements
the 2 methods are shown in Fig 6A,-B, respectively. The correof 186 mL by Nishikawa et al,11 174 ⫾ 25 mL by Noudel et al,10
sponding PCF crowdedness indexes were 0.826 ⫾ 0.012 and
and 166 ⫾ 8 mL by Milhorat et al.7 The bias in the mean volume
0.856 ⫾ 0.017, respectively. Because FreeSurfer does not provide
measurements may be attributed to the differences in the modalthe PCF volume, the PCF volume obtained by the proposed
ities and the possible differences in the segmentation protocols,
method was used to estimate the PCF crowdedness obtained by
particularly how the PCF boundaries were defined. Another conuse of the 2 methods.
tributing factor may be related to the difference in the sampling
None of the 6 linear PCF measures were significantly associresolution of the volumetric data. In contrast to isotropic 1-mm
ated with the PCF volume. Five of the linear measures correlated
3D imaging used in this work, previous reports used 2D-based
positively with the PCF volume with the following corresponding
imaging with thicker sections for the volumetric measurements
Pearson correlation coefficients: supraocciput length (r ⫽ 0.38,
that can lead to measurement errors caused by large partial volP ⫽ .18), McRae line (r ⫽ 0.37, P ⫽ .20), clivus (r ⫽ 0.32, P ⫽ .27),
ume effect. In addition, the limited number of subjects used in
Twining line (r ⫽ 0.30, P ⫽ .30), and length of cerebellum (r ⫽
this study to validate the proposed automated method against
0.29, P ⫽ .31). As expected, the herniation length was negatively
manual segmentation may not be representative of a CMI popucorrelated with the PCF volume, with a Pearson correlation coeflation in terms of PCF volume.
ficient of ⫺0.17 (P ⫽ .57).
The tonsillar herniation in CMI has been attributed to overcrowding of the PCF as a result of a small PCF and normally
DISCUSSION
developed brain tissue volume.7,10,11 Therefore, in addition to
Quantification of the PCF volume and the degree of PCF crowdPCF volume measurement, accurate quantification of brain tissue
edness were shown to be beneficial for differential diagnosis of
volume is also critical. Our measurement of mean PCF tissue
tonsillar herniation7,11 and for prediction of surgical outcome.10
volume of 162.1 ⫾ 8.2 also tends to be slightly larger than previThe lack of a reliable automated method for PCF volumetry by use
ously reported values of 156 mL by Nishikawa et al11 and 151.8 ⫾
of MR imaging, however, limits the clinical use of these PCF
3.1 mL by Milhorat et al.7 However, the measurement of crowdmarkers. Advanced automated methods for brain parcellation
edness, the ratio of PCF tissue volume to PCF volume of 0.826 ⫾
have matured in recent years and are becoming more widely
0.012, is in good agreement with the mean value of 0.833 reported
used.16,17 This work represents adaptation of established brain
by Nishikawa et al.11
segmentation techniques tailored toward PCF volumetry in CMI.
The comparison of the hindbrain tissue volume measureThe proposed atlas-guided PCF segmentation method is enments between the proposed method and FreeSurfer revealed a
hanced by the creation of a CMI-specific reference atlas that capstatistically significant mean difference of 3.6 ⫾ 1.1% (P ⫽ .005).
tures the altered PCF morphology associated with CMI. An excelThe tissue volumes found through the use of FreeSurfer were
lent agreement between the proposed automated method and
consistently larger than volumes obtained by using the proposed
manual segmentation by an expert observer is evident by the small
relative percentage difference of ⫺0.3 ⫾ 1.9% and the very high
method. As demonstrated in Fig 6, this difference is the result of
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the exclusion of the tonsillar tissue volume that descends below the foramen magnum. This tissue is excluded because it is
outside the PCF and thus does not contribute to the PCF
overcrowding.
Assessment of the associations between PCF volumes and the
linear PCF markers revealed that none of the 6 measures were
significantly associated with the PCF volume. The 5 linear landmarks of the PCF were all modestly positively correlated with the
PCF volume. The lack of significance can be explained in part by
the small sample. The length of herniation negatively correlated
with the PCF volume, which is expected when a normal size cerebellum is compressed inside an increasingly smaller PCF.
The reference atlas used to guide the segmentation was prepared by use of MR images from patients with CMI, all of whom
had tonsillar herniation ⬎5 mm. Therefore, this atlas may not be
optimal for segmentation of healthy subjects because of morphologic differences. However, for the purpose of reproducibility estimate, data from healthy subjects were used because repeated
scans from patients with CMI were not available. Even with this
limitation, an excellent reproducibility with an average difference
of 0.6 ⫾ 0.2% is obtained, reflecting the robustness of the proposed method.

CONCLUSIONS
The PCF volume and the degree of crowdedness can be reliably
quantified in MR imaging data of patients with CMI by use of an
atlas-based approach. Automatically delineated PCF compartments were similar in volume and spatial overlap with those delineated manually by an expert observer. These early results suggest that automated segmentation could substitute for manual
delineation of the PCF, thereby advancing the use of PCF parcellation for improved diagnosis and treatment decisions in CMI.
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ABSTRACT
BACKGROUND AND PURPOSE: Coil embolization is an alternative to clipping for intracranial aneurysms. However, controversy exists
regarding the best therapeutic strategy in patients with ruptured aneurysms, and there is great center- and country-related variability in
the rates of clipping versus coiling. We performed a meta-analysis of prospective controlled trials of clipping versus coil embolization for
ruptured aneurysms.
MATERIALS AND METHODS: We performed a search of the English literature for published prospective controlled trials comparing
surgical clipping with endovascular coil embolization for ruptured intracranial aneurysms. Data were abstracted from the identiﬁed
references. Outcomes of interest were the proportion of patients with a poor outcome at 1 year and episodes of rebleeding from the index
treated aneurysm after the allocated treatment.
RESULTS: There were 3 prospective controlled trials eligible for inclusion. These studies enrolled 2723 patients. Meta-analysis of these
studies showed that the rate of poor outcome at 1 year was signiﬁcantly lower in patients allocated to coil embolization (risk ratio, 0.75;
95% conﬁdence interval, 0.65– 0.87). This relative effect is consistent with an absolute risk reduction of 7.8% and a number needed to treat
of 13. The effect on mortality was not statistically different across the 2 treatments. Rebleeding rates within the ﬁrst month were higher
in patients allocated to endovascular coil embolization.
CONCLUSIONS: On the basis of the analysis of the 3 high-quality prospective controlled trials available, there is strong evidence to
indicate that endovascular coil embolization is associated with better outcomes compared with surgical clipping in patients amenable to
either therapeutic strategy.
ABBREVIATIONS: RCT ⫽ randomized clinical trials; GDC ⫽ Guglielmi detachable coil; GOS ⫽ Glasgow Outcome Scale; ISAT ⫽ International Subarachnoid
Aneurysm Trial; BRAT ⫽ Barrow Ruptured Aneurysm Trial

R

ebleeding from a ruptured aneurysm is a deadly complication. Early treatment of the ruptured aneurysm has been
proved to reduce the risk of early rebleeding1 and has been the
standard strategy for the treatment of patients with subarachnoid
hemorrhage over the past 3 decades.2 With the development of
neuroendovascular techniques, endovascular coil embolization
has become a valid and increasingly used alternative to surgical
clip obliteration in patients with ruptured intracranial aneu-

rysms.3 However, the best therapeutic approach in a patient with
a ruptured aneurysm continues to be debated, and rates of clipping versus coiling vary greatly across countries and single
centers.
Since the approval by the FDA of the GDC in 1995, endovascular coil embolization has been compared with surgical clip occlusion in high-quality prospective controlled studies.4-7 We performed a meta-analysis of published prospective controlled
studies to evaluate the comparative efficacy of both treatment
modalities.
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MATERIALS AND METHODS
We searched Medline, Embase, and the Cochrane Library for randomized trials and prospective controlled studies comparing surgical clipping and endovascular coil embolization for ruptured
intracranial aneurysms. The electronic databases were searched
by use of the OVID interface for trials on human subjects published in English between 2004 –2011. A high-quality systematic

Table 1: Summary of published randomized clinical trials of surgery versus coiling for
ruptured aneurysms
Kuopio
ISAT
BRAT
Period
February 1995 to 1997 to September March 2003 to
August 1997
2002
January 2007
Single-center/multicenter
Single
Multicenter
Single
Enrollment
⬍72 hours
⬍28 days
⬍14 days
Total patients screened
242
9559
725
Patients enrolled
109
2143
471
Mean age (years)
Endovascular
49
52
54
Surgery
50
52
53
No. of patients allocated endovascular
52
1073
233
No. of patients allocated surgery
57
1070
238
Good grade, n (% of total)
93 (85.3)
2018 (94.2)
380 (80.7)
Poor grade, n (% of total)
16 (13.7)
94 (5.8)
91 (19.3)
Crossovers
From endovascular to surgery
12
9
75
From surgery to endovascular
4
38
4

review previously published provided references before 2004.8
Only studies in which patients had been either randomly assigned
or prospectively alternatively allocated to surgery and to endovascular treatment were considered. Noncontrolled or retrospective
studies comparing clinical results with surgical clipping or endovascular coiling and studies evaluating the effect of drugs or other
therapeutic procedures on surgical or endovascular patients were
excluded. The key words used, singly or in combination, included
aneurysmal subarachnoid hemorrhage, cerebral aneurysm, cerebral aneurysms, clip/clips, coil/coils, clipping, coiling, endovascular, coil embolization, embolization, endovascular coil embolization, endovascular treatment, intracranial aneurysm, intracranial
aneurysms, neurosurgical clipping, ruptured aneurysm, ruptured
aneurysms, ruptured intracranial aneurysm, ruptured intracranial aneurysms, subarachnoid hemorrhage, and subarachnoid
haemorrhage.
One hundred five potentially relevant references were identified on the basis of their titles; 88 were excluded after screening the
abstract, and an additional 16 were excluded after reading the full
text. The search yielded 1 new prospective controlled study with
alternate prospective allocation since 2004.7 Eventually, 3 studies
were included in the present analysis.
The primary outcome of interest was the percentage of patients with poor outcome at 1 year. The secondary outcome was
rebleeding in the first year after treatment.

Data Collection
With the use of a standardized collection data form, data were
extracted from all of the eligible trials. These data included:
Descriptive Data. Interval period during which the study was
conducted, maximum time allowed from the index SAH, number
of patients screened, study size, number of patients in each arm,
patient mean age, and completeness of follow-up at 1 year.
Methodologic Data. Single-center or multicenter study, method
for outcome assessment at 1 year, and definition of poor outcome.
Outcome Data. Proportion of patients with a poor outcome at 1
year and episodes of rebleeding from the index treated aneurysm
during the first year after treatment.

Statistical Analysis. Random effects
model was used to pool relative risks
(risk ratios) and 95% confidence intervals across studies.9 Heterogeneity was
evaluated by using the I2 statistic.10

RESULTS

Three prospective controlled studies
were eligible for inclusion in this analysis. Table 1 summarizes the main study
characteristics, methodology, and enrollment. These studies enrolled 2723
patients. Only patients with aneurysms
amenable to either surgical or endovascular treatment were enrolled in 2 of the
trials,4,6 whereas in the remaining trial,
all consecutive patients with SAH (including nonaneurysmal SAH) who
agreed to participate in the study were randomly assigned to 1 of
the 2 treatment modalities in an alternating fashion.7 Functional
outcome at 1 year was reported in the 3 studies.
This was performed by use of the GOS (poor outcome defined
by GOS 1–3) rated by 1 of the investigators in 1 study4,5; by use of
modified Rankin Scale (poor outcome defined by modified
Rankin Scale score 3– 6) assessed by the patients in a mailed questionnaire (or a caretaker if the patient was unable to complete it)
in 1 study6; and by use of modified Rankin Scale rated by a research nurse in 1 study.7 Methods of assessment of outcome at 1
year, rates of poor outcome according to treatment allocation,
and episodes of rebleeding are summarized in Table 2.
Meta-analysis of these studies showed that the rate of poor
outcome at 1 year was significantly lower in patients allocated to
coil embolization (risk ratio, 0.75; 95% confidence interval, 0.65–
0.87) (Fig 1). This difference represents an absolute risk reduction
of 7.8% and translates into a number needed to treat of 13 (ie, 13
patients treated by coiling to prevent poor outcome in 1 patient).
The effect on mortality was not statistically different across the 2
treatments. Rebleeding rates within the first month were higher in
patients allocated to endovascular coil embolization, but the difference was not significant at 1 year (Fig 2). Heterogeneity across
studies was minimal (⬍25%).

DISCUSSION
Since the introduction of GDCs into clinical practice in 1992, 2 randomized trials and 1 prospective controlled clinical trial have been
published comparing functional outcome at 1 year after coil embolization versus surgical clip ligation for ruptured intracranial aneurysms. Our meta-analysis of these published trials shows that the
odds of poor outcome are higher after surgical treatment than after
endovascular treatment, despite a higher early risk of rebleeding from
the target aneurysm after coil embolization. Furthermore, subgroup
analyses from these clinical trials have indicated that the risks of seizures,11 delayed cerebral ischemia,12ischemic lesions on MR imaging,13 and in-hospital complications14 are lower after coil embolization than after surgical clip ligation. A subgroup analysis of patients
enrolled in the ISAT also showed improved cognitive outcome after
coilingcompared with surgery.15 These observations provide convincing evidence that endovascular coil embolization should be
AJNR Am J Neuroradiol 34:1764 – 68
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ruptured intracranial aneurysms.4,5
BRAT
This trial was a single-center study conResearch nurse ducted in Kuopio, Finland, between
1995–1997 shortly after the introducmRS 3–6
tion of endovascular treatment in that
center. The study enrolled patients with
46/198 (23%)
aneurysms amenable to either surgical
69/205 (34%)
or endovascular treatment; patients reNA
quiring urgent hematoma evacuation or
NA
with a geometry not amenable to coil
embolization were excluded.5 Overall,
a
109 patients were randomly assigned to
1
surgery (57 patients) or endovascular
0
0
treatment (52 patients).4,5 Primary clinical outcome at 1 year (measured by the
1
GOS) was not significantly different be0
tween the 2 groups (intent-to-treat anal0
ysis), though there was a trend toward a
198/233 (85%)
lower rate of poor outcome in patients
205/238 (86%)
undergoing endovascular treatment
Note:—mRS indicates modiﬁed Rankin scale; NA, not available.
(23% versus 33% in those allocated to
a
Intent-to-treat analysis;
b
surgery).5 There was 1 episode of early
2 patients excluded after random assignment.
rebleeding after incomplete coil embolization, but no episodes of rebleeding
were observed after discharge during a
mean follow-up of ⬎4 years.5
ISAT was a large, multicenter, randomized trial to assess the effectiveness
of coil embolization compared with surgical clip ligation. The study was conducted between 1997–2002, and it was
halted prematurely after enrollment of
2143 patients because of a significant
outcome difference between the 2
groups favoring endovascular coil embolization.6 In ISAT, the proportion of
FIG 1. Meta-analysis of death and rate of poor functional outcome at 1 year.
patients with a poor outcome at 1 year
(defined as a modified Rankin Scale
score of ⬎2) was 23.5% among patients
assigned to coil embolization versus
30.9% in those allocated to clip ligation
(P ⫽ .0019). Intrinsic to the ISAT study
was the concept of “equipoise”: to be enrolled into the trial, the ruptured aneurysm had to be judged amenable to either surgical or endovascular treatment
by specialists in the 2 disciplines. Therefore, of more than 9000 patients
screened at the participating centers
during the interval of the study, only
FIG 2. Meta-analysis of rebleeding from the treated aneurysm during the ﬁrst month after 2143 were eventually enrolled in the
treatment.
trial. As a result of the selection criteria,
most patients in ISAT were patients in good clinical grade (94%
strongly considered as the preferred treatment technique for a rupWorld Federation of Neurosurgical Societies grades 1–3) with
tured aneurysm amenable to either therapeutic technique (surgery or
small anterior circulation aneurysms (⬎90%). The high represenendovascular coiling).
tation of patients with good grade aneurysmal SAH and anterior
The “Kuopio” study was the first of the 3 published prospeccirculation aneurysms in ISAT may have been the result of pative controlled studies of coil embolization versus clip ligation for
Table 2: Clinical outcome at 1 year (intent-to-treat analysis)
Kuopio
ISAT
Outcome assessment 1 year Single neurosurgeon Postal questionnaire
ﬁlled out by patients
Deﬁnition poor outcome
GOS
mRS 3–6
Poor outcome
Endovascular
12/52 (23%)
250/1063 (23.5%)
Surgery
19/57 (33%)
326/1055 (30.9%)
Death
Endovascular
7/52 (13%)
85/1063 (8.0%)
Surgery
9/57 (16%)
105/1055 (9.9%)
Rebleeding
Endovascular
Day 1–30
1
20
Day 31–365
0
6
⬎1 year
0
10
Surgery
Day 1–30
0
6
Day 31–365
0
4
⬎1 year
0
3a
One-year follow-up complete
1063/1073 (99%)
Endovascular
100%b
Surgery
1055/1070 (98.6%)
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tients with poor grade SAH and posterior circulation aneurysms
being treated preferentially by coil embolization in ISAT centers.
Publication of the results of ISAT changed practice patterns
for the treatment of ruptured aneurysms. However, several questions remained unanswered. Given the relatively high number of
screened patients who were not considered candidates to participate in ISAT, some questioned the applicability of the ISAT results
to patients with aneurysmal SAH at large. Moreover, questions
were raised whether the ISAT results could apply to North American centers, where a supposedly higher degree of subspecialization exists among cerebrovascular surgeons dedicated to the care
of patients with ruptured intracranial aneurysms.
In response to these concerns, investigators at the Barrow
Neurological Institute in Phoenix, Arizona, launched BRAT in
2002.7 To assess results in a “real-world” situation, the BRAT
investigators randomly assigned in an alternate fashion every patient with SAH admitted to their center during the period of the
study who agreed to participate. As a consequence of this design,
many patients with nonaneurysmal SAH were entered in the trial.
Similarly, a large number of patients allocated to endovascular
treatment crossed over to surgical treatment because patients
could be enrolled regardless of whether the aneurysm was amenable to both treatment modalities. As a consequence, aneurysms
that could not safely be treated with coiling because of technical
reasons (ie, very small aneurysms) or clinical considerations (ie,
aneurysms associated with intraparenchymal hematomas necessitating surgical evacuation) were originally assigned to embolization. Despite this high rate of crossover, the BRAT study confirmed the ISAT conclusions: outcomes at 1 year were better after
coil embolization than after surgical clipping. The proportion of
patients with a poor outcome (defined by modified Rankin Scale
score⬎2) was 33.7% in the surgical group versus 23.2% (P ⫽ .02,
intention-to-treat analysis) in the endovascular group. As-treated
analysis yielded similar results, with 33.9% of patients in the surgical group and 20.4% in the endovascular group with a poor
outcome at 1 year (P ⫽ .01).
Endovascular coil embolization of ruptured intracranial aneurysms is associated with better outcomes, but the risk of aneurysm
recurrence, the need for retreatment, and the risk of rebleeding
from the index aneurysm are higher after coil embolization.6,7,16
Among patients enrolled in ISAT, 17.4% of those undergoing
endovascular treatment required re-treatment because of recurrence/residual aneurysm.16 Likewise, the risk of rebleeding was
higher after endovascular coil embolization. Rates of rebleeding
were 3.0% during the first year6 and 0.3% per year between posttreatment years 2 and 6, with no episodes of rebleeding after year
6.17 Despite the higher risk of rebleeding, the initial beneficial
effect on functional outcome remained present up to 7 years after
treatment,17 except in the subgroup of very young patients (⬍40
years).18
It is possible that the clinical results from endovascular treatment and the degree of long-term protection afforded by coil
embolization have improved over the last decade, (ie, since the
completion of ISAT) because of increasing operator experience
and development of better devices. This argument is supported by
the fact that there were no episodes of rebleeding reported in
BRAT for up to 2 years after endovascular therapy.7 Similarly,

results of prospective studies comparing different coil designs
have recently reported better outcomes after coil embolization
than those reported in ISAT.19
Although this meta-analysis of the 3 published randomized
clinical trials unequivocally indicates that outcomes at 1 year are
better with endovascular treatment, there continue to be patients
who are better candidates for surgical clip ligation. Very small
aneurysms are often challenging to treat with an endovascular
approach.20 Similarly, many middle cerebral artery aneurysms
have an unfavorable geometry for primary coiling, and they are
often better treated with surgical clipping.21 Moreover, very
young patients with ruptured anterior circulation aneurysms (especially those who may be noncompliant with follow-up imaging) may also be better candidates for surgical treatment rather
than endovascular coil embolization.18 Despite the evidence from
randomized clinical trials, the decision on what is the best treatment for a ruptured aneurysm in a given patient should be individualized by taking into consideration aneurysm-related and
patient-specific factors.21,22
We acknowledge that our meta-analysis has limitations. The
methodologic quality of the trials included was variable. Only
ISAT fulfilled all the criteria of a high-quality randomized controlled trial. Entry criteria and outcome assessment differed
across studies. Yet, the finding that all trials produced consistent
results favoring the endovascular arm reassures us that these
methodologic differences do not negate the validity of the
meta-analysis.

CONCLUSIONS
This meta-analysis of published prospective controlled trials of
surgical clipping versus endovascular coil embolization for patients with ruptured intracranial aneurysms provides convincing
evidence that functional outcome at 1 year is better after endovascular treatment despite a higher risk of rebleeding from the index
aneurysm after coil embolization. Hence, when technically feasible, endovascular coil embolization should be the preferred technique for the treatment of ruptured intracranial aneurysms.
Disclosures: Giuseeppe Lanzino—UNRELATED: Consultancy: ev3/Covidien;* Expert
Testimony: ev3/Covidien;* Grants/Grants Pending: ev3/Coviden, Synthes. Alejandro Rabinstein—UNRELATED: Consultancy: Boehringer Ingelheim, Comments:
Participation in a single Advisory Board Meeting; Grants/Grants Pending: CardioNet;* Royalties: Elsevier, Oxford, Comments: For authored books (*Money paid to
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Coil Type Does Not Affect Angiographic Follow-Up Outcomes
of Cerebral Aneurysm Coiling: A Systematic Review
and Meta-Analysis
I. Rezek, G. Mousan, Z. Wang, M.H. Murad, and D.F. Kallmes
EBM
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ABSTRACT
BACKGROUND AND PURPOSE: Previous studies varied in their conclusions about the superiority of second-generation coils compared
with bare platinum. In this systematic review and meta-analysis, we assessed differences in reported unfavorable angiographic outcomes
of cerebral aneurysms treated with coil embolization as a function of coil type.
MATERIALS AND METHODS: This systematic review covered 1999 –2011 through the use of Ovid MEDLINE and EMBASE. Search terms were
“subarachnoid hemorrhage,” “intracranial aneurysms,” “endovascular treatment,” and “coiling.” Inclusion criteria were studies reporting ⬎50
aneurysms with imaging follow-up. We deﬁned “unfavorable angiographic outcome” as either “recanalization,” ⬍90% occlusion, or “incomplete
occlusion” at follow-up. Rates of unfavorable outcomes were pooled through the use of random effects models and compared across various
coil types. Multivariate random effects meta-regression models were used to further explore the differences in outcomes related to coil type.
RESULTS: We included 82 studies, comprising 90 patient cohorts, among which, 65 (72%) used bare platinum coils, 8 (8.9%) used Matrix, 11
(12%) used HydroCoil, and 6 (6.7%) used Cerecyte. The overall unfavorable outcome rate was 19% (95% CI: 17%,21%). Unfavorable outcome
rates were 20% (95% CI: 17%, 22%) for bare platinum coils, 23% (95% CI: 16%, 29%) for Matrix, 15% (95% CI: 9%, 21%) for HydroCoil, and 15%
(95% CI: 7%, 23%) for Cerecyte, respectively. The difference in unfavorable outcome rates among the various coil types was not statistically
signiﬁcant after adjusting for baseline characteristics, including aneurysm size, rupture status, and follow-up duration.
CONCLUSIONS: The rate of unfavorable angiographic outcomes was not statistically different across the major approved coil types. The
quality of the evidence, however, remains low because of high heterogeneity, small sample size, and potential publication bias.
ABBREVIATIONS: MeSH ⫽ Medical Subject Headings; RCT ⫽ randomized, controlled trial; IQR ⫽ interquartile range

D

espite widespread acceptance of endovascular coil embolization for aneurysms, rates of unfavorable angiographic outcomes remain relatively high. A recent systematic review of coiling literature reported a rate of 18% of such outcomes.1 In an
effort to improve long-term occlusion rates, a number of “modified,” second-generation coil types have been developed and marketed. Numerous single-center case series have been published
regarding outcomes for each of these second-generation coil
types, including Matrix (Boston Scientific, Natick, Massachu-
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setts),2-4 HydroCoil (MicroVention, Tustin, California),5-7 and
Cerecyte coils (Codman Neurovascular, Raynham, Massachusetts).8,9 In addition, outcomes from several randomized, controlled trials (RCTs) of the major coil types have recently been
reported.10-12
To date, relatively few literature reviews of second-generation
coils have been published, and such reviews rarely if ever have
implemented formal meta-analytic procedures.13,14 In this current study, we report results from a systematic review and metaanalysis assessing differences in reported unfavorable angiographic outcomes for cerebral aneurysms treated with coil
embolization as a function of coil type.

MATERIALS AND METHODS
The methodology and reporting of this systematic review follows
the Preferred Reporting Items for Systematic Reviews and Metaanalyses (PRISMA) statement.15

Literature Search
We searched Ovid MEDLINE and EMBASE databases from January 1999 to December 2011. The search was performed by an
AJNR Am J Neuroradiol 34:1769 –73
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experienced reference librarian. The following key words as Medical Subject Headings (MeSH) terms and text words were used in
relevant combinations: “subarachnoid hemorrhage,” “intracranial aneurysm,” “endovascular treatment,” and “coiling” in both
“AND” and “OR” combinations. In addition, we reviewed abstracts from selected radiology, neurology, and neurosurgery scientific meetings in the years 2011 and 2012 to identify coil studies
(the 2012 annual meeting of the American Society of Neuroradiology, the 2011 annual meeting of the Society of Neurointerventional Surgery, and the 2011 annual meeting of the Congress of
Neurologic Surgeons).
Inclusion criteria were 1) ⬎50 aneurysms reported, 2) coil
type clearly specified and noted to be either bare platinum, Matrix, HydroCoils, or Cerecyte coils, and 3) available imaging follow-up with DSA or MR angiography. If both MRA and DSA
outcomes were available, we included DSA results. If DSA was not
available, MR angiography was then used.
Exclusion criteria were 1) traumatic, dissecting, mycotic, or flowrelated aneurysms, 2) treatment with other coil types or lack of clarity
regarding coil type used, primarily stent-treated aneurysms, or noncoil embolic agents used to perform either aneurysm or parent vessel
coil occlusions. When studies had multiple groups comparing different imaging modalities (eg, DSA, MRA), only the groups that were
followed with DSA were considered. When the same patient population was the subject of multiple publications, only the study with
the largest cohort was included in this analysis.
The primary outcome was “unfavorable” angiographic outcome,
defined as any degree of recanalization noted on the follow-up images with comparison to the immediate posttreatment results. Terms
such as “aneurysm recurrence,” “new filling of aneurysm lumen,”
and “regrowth” were considered synonymous with “recanalization.”
If “recanalization” was not reported in a study, then the “unfavorable
angiographic outcome” was defined as either ⬍90% degree of occlusion or class 3 on the Raymond scale (incomplete occlusion), which is
defined as any opacification of the sac.16 We considered the longest
duration of reported angiographic results for each study when more
than 1 phase of follow-up was reported.
Each of 2 reviewers (I.R., G.M.) independently evaluated the
articles in the librarian’s primary list and selected studies that
fulfilled the inclusion criteria. In the case of a disagreement,
D.F.K. reviewed and adjudicated inclusion. For each study, we
extracted number of coiled aneurysms, number of aneurysms that
had available follow-up, mean aneurysm size, initial rupture status, mean duration of follow-up, use of a core laboratory facility,
whether assessed by single or multiple readers, angiographic follow-up outcomes, and coil types.
In this present review, we classified 4 types of coils: bare platinum,
Matrix, HydroCoil, and Cerecyte. Guglielmi detachable coils were
considered to be equivalent to bare platinum coils. Matrix coils included all Matrix subtypes (Matrix 1, Matrix 2, Matrix ACTIVE, and
Matrix POST-ACTIVE). The HydroCoil group included studies that
used either HydroCoil or HydroSoft. Cerecyte studies were considered as Cerecyte when their use was clearly stated in the methods.

Statistical Analysis
We used the analysis of variance test to compare baseline group
characteristics (mean aneurysm size, proportion of initially rup1770
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FIG 1. Search strategy in a ﬂow chart along with reasons for exclusion.

tured aneurysms, and mean follow-up duration). We calculated
the rates of unfavorable angiographic outcomes from each study.
The confidence intervals of the rates were estimated by the Jeffreys
method.17 We used the DerSimonian and Laird random effects
method to pool the overall rate of unfavorable outcome as well as
the rate of unfavorable outcome for each coil type.18,19 To compare rates of unfavorable outcomes among coil types, we used the
test of interaction proposed by Altman and Bland.20 We also constructed multivariate nested random effects meta-regression
models to further explore the difference of coil types after adjusting for baseline characteristics.19
We used the I2 statistic and the Cochran Q test to measure the
overall heterogeneity, which refers to the variations of study outcomes across the studies. I2 ⬎50% and a conservative P value (P ⬍
.10) suggest high heterogeneity.21 The Tau2 statistic was adopted
to measure the variance across studies. We also used the R2 statistic
to measure the proportion of total variance explained by each coil
type. With the use of the Egger regression asymmetry test, we also
assessed whether our findings were likely to be biased by the tendency
that significant results are more likely to be published, so-called publication bias.22 All statistical analyses were conducted with the use of
STATA version 12 (StataCorp, College Station, Texas). We used the
GRADE framework to evaluate the overall quality of the evidence (ie,
confidence in the estimates).23,24

Study Quality
The quality of the included studies was assessed by use of the New
castle–Ottawa Quality Assessment Scale.25 We selected the scale
items relevant to uncontrolled studies, such as most the included
studies, and therefore quality evaluation focused on the following
items: representativeness of the exposed cohort to the population at hand (truly or somewhat representative versus selected
groups or no description), selection of the nonexposed cohort
(drawn from the same population versus not or no description), ascertainment of exposure (coiling procedure recorded),
assessment of the outcome (independent versus self-report),
length of follow-up (⬎6 months or ⬍6 months), and loss to
follow-up (⬎75% of the studied aneurysms were followed versus less).

Table 1: Baseline characteristics of study groups
Number of Studied
Coil Group
Groups (%)
Total
90 (100)
Bare platinum
65 (72)
Matrix
8 (8.9)
HydroCoil
11 (12)
Cerecyte
6 (6.7)

Mean Aneurysm
Size, mm (SD)
8.0 (3.1)
8.2 (3.5)
7.5 (1.8)
7.9 (1.2)
6.3 (7.9)

Percentage of Initially
Ruptured Aneurysms (SD)
64 (28)
66 (30)
55 (16)
58 (23)
72 (22)

Mean Follow-Up
Duration, mo (SD)
18.9 (19.8)
22.2 (22.2)
9.4 (3.2)
10.3 (4.2)
11.2 (9.0)

The average percentage of ruptured aneurysms in the enrolled studies was 64%
(IQR: 11–100%). The patients were followed up to 18.9 months (IQR: 4.5– 69
months) on average.
Sixty-five (72%) of 90 patient subgroups were treated with bare platinum
coils, 8 subgroups (8.9%) were treated
with Matrix coils, 11 (12%) were treated
with HydroCoils, and 6 (6.7%) were
treated with Cerecyte. Table 1 summarizes baseline characteristics of the studied groups. The differences among coil
types were not significant regarding
mean aneurysm size (P ⫽ .69), the proportion of initially ruptured aneurysms
(P ⫽ .58), or the mean duration of follow-up (P ⫽ .08).
The pooled rates of unfavorable outcomes are shown in Fig 2. Overall, the
rate of unfavorable outcomes from all
studies was 19% (95% CI: 17%, 21%)
FIG 2. Forest plot shows the pooled outcome estimates from random effects analysis.
(2452 of 12,986 aneurysms). For bare
platinum coils, the rate was 20% (95%
RESULTS
CI: 17%, 22%) (1907 of 10,370 aneurysms), for Matrix it was 23%
We identified 4019 potential references published between Janu(95% CI: 16%, 29%) (279 of 1128 aneurysms), for HydroCoil it
ary 1999 and December 2011 as well as 3 prospective coil studies
identified from 2011–2012 conference proceedings11,12,26 (Fig 1).
was 15% (95% CI: 8.7%, 21%) (175 of 977 aneurysms), and for
There was a disagreement on 8 studies (0.2%) between the 2 reCerectye it was 15% (95% CI: 6.6%, 23%) (91 of 511 aneurysms).
viewers that was resolved by a decision from the senior author. A
The difference in rates across various coil types was not statistitotal of 3940 studies (97%) of 4022 were excluded for the followcally significant (P ⫽ .32). Even after adjusting for baseline ruping reasons: ⬍50 treated aneurysms (2887 articles; 72%), no availture, aneurysm size, follow-up time, core laboratory, and multiable angiographic follow-up (746 articles; 19%), nonclinical series
ple-reader interpretation effect, we found no significant
(editorial letters, nonhuman experimental models for cerebral
differences in the reported unfavorable outcomes rates between
aneurysms) (256 articles; 6%), utilization of coil types other than
coil types (Table 2).
the designated included categories or treatment options other
Across studies, substantial heterogeneity was observed in all
than coiling, such as stents alone or parent artery occlusion (30
pooled outcome estimates (I2 ⬎50%, P ⬍ .001) (Fig 2). The Egger
articles; 0.8%), and duplicate publishing of the same patient popregression asymmetry test suggested potential publication bias
ulation (21 articles; 0.5%). As such, 82 (2%) studies met all inclu(P ⬍ .001). The quality of the included studies is summarized in
sion criteria and were included in our analysis (see On-line ApFig 3. Only 3 (3.7%) of 82 studies were RCTs.10,12 The remaining
pendix for full list of included studies). Seventy-four (90%) of the
studies were observational cohort studies with or without a con82 studies described patients treated with a single coil type. The
trol group. Fig 3 summarizes the quality of the included studies.
remaining 8 studies of the included 82 (10%) compared 2 subsets
Selection of nonexposed cohorts was not adequate because most
of patient groups that were treated with 2 different coil types. Each
of the studies described a single-center series of patients with no
subset was considered a separate patient subgroup. In total, there
control group. The assessment of outcome was self-reported exwere 90 patient subgroups.
cept for 8 (9.8%) of 82 studies in which an independent core
The total number of treated aneurysms was 17,706, of which
laboratory reported the angiographic outcomes. The other items
12,986 (73%) had available angiographic follow-up outcomes
were found to be adequate in the included studies. The overall
and were included in the final analysis. The overall mean aneuquality of the current evidence (ie, confidence in the estimates) is
rysm size was 8.0 mm (interquartile range [IQR]: 4.6 –15 mm).
AJNR Am J Neuroradiol 34:1769 –73
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low, considering the observational nature of most of the studies,
heterogeneity, and the likelihood of publication bias.

DISCUSSION
In the current study, with the use of formal meta-analytic tools,
we found that reported rates of unfavorable angiographic outcomes were not significantly different among the various leading
types of endovascular coils for aneurysm therapy. Overall, approximately 1 in 5 aneurysms showed unfavorable outcome at
follow-up. At first glance, both HydroCoil and Cerecyte rates appear to be superior to bare platinum and Matrix, with the former
coil types showing 15% and the latter coil types showing 20%
unfavorable outcome rates. However, given the relatively small
numbers of aneurysms, even when pooling studies, the confidence intervals for all reported proportions were wide and thus
significant differences were not shown. The results from this current study were further compromised by substantial heterogeneity among studies as well as by signals of potential publication
bias. Taken together, these results suggest that clear differences
among coil type have yet to be manifest and that implementation
of future, high-quality, prospective studies remains of paramount
importance.
Previous studies have failed to demonstrate consensus regarding the relative advantages of second-generation coils
compared with bare platinum coils. Whereas some previous
studies were encouraging for improved outcomes,7,27-30 others
were not as promising.13,31,32 Three recent RCTs compared
Table 2: Multivariate random effects meta-regression
95% Conﬁdence
Variable
Odds Ratio
Interval
Bare platinum
Reference
Matrix
0.93
0.30, 2.89
HydroCoil
0.46
0.17, 1.25
Cerecyte
0.58
0.17, 1.99

FIG 3. Quality assessment of the included studies.
1772
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P Value
.90
.13
.38

bare platinum coils with each of the leading modified coils,
including HydroCoil,10 Matrix,11 and Cerecyte coils.12 The
HELPS trial found a slight improvement in major recurrences
among aneurysms that were treated with HydroCoils. However, the MAPS and Cerecyte trials found no significant advantages of newer devices over bare platinum.
Previous reviews of the literature have assessed possible advantages of Matrix coils13 and other second-generation coils.14
The results of our current study are relatively consistent with previous studies, in that none has found significant differences between coil types on angiographic follow-up. However, our current study improves on this prior literature in several ways. First,
previous studies comprised studies up to the year 200513 or
200714; therefore, our results bring the evidence base up to date.
Furthermore, with the use of formal meta-analytic techniques, we
accounted for potential confounding variables such as aneurysm
size, baseline rupture status, and duration of follow-up, all of
which can impact rates of unfavorable angiographic outcome.
Finally, our data point to substantial heterogeneity as well as potential publication bias, which mandate that all of these results
should undergo careful scrutiny by practitioners.
Our study has many limitations. The heterogeneity of the
studies in the literature forced us to combine patients that were
followed by either DSA or MR angiography despite possible technique-related variations and combine multiple types of unfavorable results, including incomplete occlusion and Raymond class 3,
with recanalization. Also, most studies were excluded for incomplete reporting of outcomes. We did not consider other variables
that would potentially affect outcomes, including proportion of
wide-necked aneurysms and anatomic location. The lack of statistical significance may also be due underpowered subgroup
analyses and should not be interpreted as equivalence of the different coil types. Finally, in this systematic review, we found only
3 RCTs. Observational studies are subject to high risk of bias be-

cause of baseline imbalance and potential outcome confounding.
By pooling results from observational studies and RCTs, ecological bias may have affected our results. Further studies are clearly
needed to provide higher quality evidence.

CONCLUSIONS
The rate of unfavorable angiographic outcomes of cerebral aneurysms treated with coil embolization was not statistically different
across the major approved coil types.
Disclosures: David F. Kallmes—UNRELATED: Consultancy: ev3,* Codman,*
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Use of CT Angiography and Digital Subtraction Angiography in
Patients with Ruptured Cerebral Aneurysm: Evaluation of a
Large Multihospital Data Base
J.S. McDonald, D.F. Kallmes, G. Lanzino, and H.J. Cloft

ABSTRACT
BACKGROUND AND PURPOSE: Both CT angiography and digital subtraction angiography are used to detect aneurysms in patients with
subarachnoid hemorrhage. We examined a large multihospital data base to determine how practice is evolving with regard to the use of
CT angiography and DSA in patients with ruptured cerebral aneurysm.
MATERIALS AND METHODS: The Premier Perspective data base was used to identify hospitalizations of patients treated with clipping or
coiling of ruptured cerebral aneurysms from 2006 –2011. Billing information was used to determine pretreatment and posttreatment use of
DSA and CT angiography during hospitalization.
RESULTS: A total of 4972 patients (1022 clipping, 3950 coiling) at 116 hospitals were identiﬁed. The percentage of patients with SAH who
underwent pretreatment CT angiography signiﬁcantly increased from 20% in 2006 to 44% in 2011 (P ⬍ .0001), whereas the percentage of
patients who underwent DSA remained unchanged from 96 –94% (P ⫽ .28). This CT angiography trend was observed in coiling patients
(17– 42%, P ⬍ .0001) and clipping patients (32–54%, P ⬍ .0001). There was a signiﬁcant increase in the percentage of patients who underwent
posttreatment imaging from 41% in 2006 to 48% in 2011 (P ⫽ .0037). This trend was observed in clipping patients (33– 65%, P ⬍ .0001) but not
coiling patients (43– 45%, P ⫽ .62).
CONCLUSIONS: For the pretreatment evaluation of ruptured aneurysms, the use of CT angiography increased from 2006 –2011 without
a corresponding decrease in the use of DSA. These results raise the question of potential redundancy without added clinical value of the
second test.

T

he standard examination to evaluate for a source of subarachnoid hemorrhage for decades has been conventional angiography, which has now evolved into digital subtraction angiography. This is reflected in the American Heart Association/
American Stroke Association guidelines for the management of
aneurysmal SAH, which strongly recommend DSA in their class I
recommendations.1 In recent years, however, surgery without
DSA on the basis of CT angiography has been advocated.2-5 A
recent meta-analysis concluded that CT angiography can be used
as a primary examination tool in the diagnostic work-up of patients with SAH,6 but that conclusion has been questioned because of weaknesses of CT angiography in the detection of small
aneurysms and aneurysms adjacent to the skull base.7-9 Whether
the imaging method used is DSA or CT angiography, the imaging
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must identify the source of bleeding, most commonly an aneurysm. We evaluated a large, multihospital data base to determine
how practice is evolving with regard to the use of CT angiography
and DSA in patients with ruptured cerebral aneurysm.

MATERIALS AND METHODS
Study Population and Data Retrieval
The Perspective data base is a voluntary, fee-supported collection of data developed by Premier, Inc, to assess quality and
resource use.10 As of 2011, the Perspective data base contained
information from more than 600 US hospitals and consisted of
approximately 15% of hospitalizations nationwide. This data
base contains detailed hospitalization information, including
patient and hospital demographics, diagnoses, and all billed
items including procedures and diagnostic tests administered
in relation to the day of admission. Because the Perspective
data base consists of only de-identified patient and hospital
data, our institutional review board deemed this study exempt
from review and patient consent.
Patients who presented with subarachnoid hemorrhage (ICD9-CM diagnostic code 430) from 2006 –2011 were identified. Pa-

Patient and hospital demographics
Patient
Number of patients
Age, y, median (interquartile
range)
Female sex, n (%)
Hospital
Region, n (%)
Midwest
South
Northeast
West
Median number of beds (range)
Urban location, n (versus rural)
Teaching, n (versus nonteaching)

Clipping

Coiling

1022
53 (45–61)

3950
55 (46–65)

667 (65%)

2800 (71%)

156 (15%)
436 (43%)
273 (27%)
157 (15%)
623 (447–725)
1011 (99%)
699 (68%)

447 (11%)
1666 (42%)
1290 (33%)
547 (14%)
623 (442–683)
3857 (98%)
2684 (68%)

tients 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
using bare coils”], 39.76 [“endovascular embolization or occlusion of
vessel[s] of head or neck by using bioactive coils”], and 39.79 [“other
endovascular repair [of aneurysm] of other vessels”]) during hospitalization. Patient billing information was used to confirm clipping
patients by the presence of an aneurysm clip and to confirm coiling
patients by the presence of endovascular coil(s).
Hospitals were defined as clipping or coiling centers if they
performed clipping or coiling procedures at a rate of at least 5:1
over the 2006 –2011 timeframe compared with coiling or clipping,
respectively. Hospitals that performed both clipping and coiling
at ⬍5:1 ratio were defined as performing both procedures.
Billing information was used to retrieve use of DSA or CT angiography during hospitalization. Day of DSA or CT angiography in relation to the day of admission was retrieved. Patients were included if
they had DSA of the carotid or vertebral arteries or CT angiography
of the head before clipping or coiling, defined as the day before or day
of the procedure. The use of CT angiography and DSA at any point
after clipping or coiling to discharge was also retrieved.

Statistics
Data were extracted from the Perspective data base by use of SAS
(SAS, version 9.3; SAS Institute, Cary, North Carolina) and analyzed by use of JMP (version 9, SAS Institute). Continuous results
are presented as median and interquartile range to account for
nonparametric data distributions. Categoric results are presented
as percentages. Differences in imaging use in 2006 and 2011 were
compared by use of Fisher exact test.

RESULTS
Study Population
A total of 4972 patients were identified, of which 1022 were clipping cases and 3950 were coiling cases. Patient demographic characteristics are shown in the Table. A total of 116 hospitals were
represented in the 2006 –2011 timeframe. Most hospitals were
urban, and more than half were teaching hospitals.

Pretreatment Imaging
Trends in pretreatment imaging from 2006 –2011 are shown in
Fig 1. A wide variation in use of imaging was observed. Overall,

65% (3216/4972) of patients with SAH underwent DSA only, 6%
(301/4972) underwent CT angiography only, and 29% (1455/
4972) underwent both DSA and CT angiography before clipping
or coiling. The use of CT angiography was almost twice as high in
hospitals that predominantly performed clipping (61%, 150/247)
compared with hospitals that predominantly performed coiling
(34%, 765/2251, P ⬍ .0001) or hospitals that performed both
procedures (34%, 841/2474, P ⬍ .0001). For clipping patients,
56% (570/1022) underwent DSA only, 20% (210/1022) underwent CT angiography only, and 24% (242/1022) underwent both
DSA and CT angiography. For coiling patients, 67% (2646/3950)
underwent DSA alone and 33% (1304/3950) underwent both
DSA and CT angiography.
The use of pretreatment CT angiography and DSA varied, depending on the hospital. Teaching hospitals had significantly
higher rates for the use of CT angiography (40% [1362/3383]
versus 25% [391/1589], P ⬍ .0001) and lower rates for the use of
DSA (93% [3145/3383] versus 96% [1521/1589], P ⬍ .0001) compared with nonteaching hospitals. High-volume centers (ⱖ20
cases/year) had higher rates for the use of DSA (96% [2844/2962]
versus 91% [1822/2010]), P ⬍ .0001) and lower rates for the use of
CT angiography (33% [990/2962] versus 38% [763/2010], P ⫽
.0011) compared with low-volume centers. Rates for the use of
DSA were higher in the Northeast (95% [1477/1563]), South
(94% [1977/2102]), and West (92% [643/704]) hospitals compared with Midwest hospitals (89% [569/603]). Rates for the use
of CT angiography were higher in Northeast hospitals (43% [672/
1563]), compared with South (32% [676/2102]), West (33%
[220/704]), and Midwest (31% [185/603]) hospitals.
The percentage of patients with SAH who underwent pretreatment CT angiography significantly increased from 20% (157/771) in
2006 to 44% (377/852) in 2011 (P ⬍ .0001), whereas the percentage
of patients who underwent DSA remained unchanged from 96%
(734/771) to 94% (800/852) (P ⫽ .28). The fraction of patients who
underwent pretreatment CT angiography increased from 2006 –
2011 in patients undergoing coiling (17% [104/604] to 42% [296/
702], P ⬍ .0001) and in patients undergoing clipping (32% [53/167]
to 54% [81/150], P ⬍ .0001). The fraction of patients who underwent
DSA decreased from 84% (140/167) to 77% (115/150) (P ⫽ .12) for
patients treated with clipping. All coiling patients underwent DSA.

Posttreatment Imaging
Trends in posttreatment imaging are shown in Fig 2. Overall, 43%
(2162/4972) of patients who received treatment for SAH underwent imaging after clipping or coiling, with 22% (1096/4972) receiving DSA only, 12% (575/4972) receiving CT angiography
only, and 10% (491/4972) receiving both DSA and CT angiography. Rates for the use of posttreatment imaging were higher in
hospitals that predominantly performed coiling (52% [1180/
2251]) compared with hospitals that predominantly performed
clipping (34% [85/247], P ⬍ .0001) or hospitals that performed
both procedures (36%, [897/2474], P ⬍ .0001).
Rates for the use of posttreatment CT angiography and DSA
varied, depending on the hospital. Teaching hospitals had a similar rate for the use of DSA (31% [1057/3383] versus 33% [530/
1589], P ⫽ .14) but a higher rate for the use of CT angiography
(22% [761/3383] versus 19% [305/1589], P ⫽ .0085) compared
AJNR Am J Neuroradiol 34:1774 –77
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FIG 1. Trends in CT angiography and DSA use before clipping or coiling of ruptured aneurysms. Percentages of patients who underwent CT
angiography only (blue line), DSA only (green line), or both CT angiography and DSA (red line) before clipping (left graph) or coiling (right graph)
procedures from 2006 –2011 are shown.

FIG 2. Trends in CT angiography and DSA use after clipping or coiling of ruptured aneurysms. Percentages of patients who underwent CT
angiography only (blue line), DSA only (green line), both CT angiography and DSA (red line), or neither (purple line) after clipping (left graph) or
coiling (right graph) procedures from 2006 –2011 are shown.

with nonteaching hospitals. High-volume centers (ⱖ20 cases/
year) also had similar rates for the use of DSA (31% [920/2962]
versus 33% [667/2010], P ⫽ .12) but higher rates for the use of CT
angiography (23% [684/2962] versus 19% [382/2010], P ⫽ .0011)
compared with low-volume centers. Rates for the use of DSA were
higher in West hospitals (40% [282/704]) compared with South
(29% [609/2102]), Northeast (31% [491/1563]), and Midwest
(34% [205/603]) hospitals. Rates for the use of CT angiography
were higher in Midwest hospitals (30% [180/603]) compared
with Northeast (22% [348/1563]), South (19% [391/2102]), and
West (21% [147/704]) hospitals.
There was a significant increase in the percentage of patients who
underwent posttreatment imaging from 41% (317/771) in 2006 to
48% (412/852) in 2011 (P ⫽ .0037). This increase was attributable to
the increase in the rate for the use of CT angiography from 15%
(117/771) to 26% (221/852, P ⬍ .0001). Patients treated with clipping were increasingly subjected to posttreatment imaging from
2006 –2011. The fraction of clipping patients who underwent posttreatment imaging significantly increased from 33% (55/167) in 2006
1776
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to 65% (97/150) in 2011 (P ⬍ .0001), with increases in the rate for the
use DSA alone (from 22% [36/167] to 37% [55/150], P ⫽ .0041), CT
angiography alone (from 5% [9/167] to 12% [18/150], P ⫽ .0436),
and both DSA and CT angiography (from 6% [10/167] to 16% [24/
150], P ⫽ .0058). Conversely, the fraction of coiling patients who
underwent posttreatment imaging increased minimally from 43%
[262/604] to 45% [315/702], P ⫽ .62).

DISCUSSION
Our study demonstrates that most patients continue to undergo DSA
before clipping or coiling treatment of a ruptured aneurysm, but
20% of patients treated with clipping were imaged with CT angiography only. Rates for the use of CT angiography were higher in teaching and high-volume medical centers compared with nonteaching
and low-volume medical centers. We also found higher rates for the
use of CT angiography at centers that predominantly perform clipping compared with centers that predominantly perform coiling.
DSA has historically been used to diagnose aneurysms in the setting
of SAH, and the use of CT angiography in this context is a recent

phenomenon. Rates for the use of DSA did not decrease substantially
from 2006 –2011, indicating that CT angiography tends to be used in
most cases as a study in addition to DSA rather than as a replacement
of DSA. Performance of both CT angiography and DSA before treatment of an aneurysm can increase the cost of treatment and the risk
of contrast-induced nephropathy relative to the use of either technique alone, with unclear clinical benefit in many cases.
Although every patient who is treated with coiling undergoes
DSA of the aneurysm being treated, it may not be a complete, 4-vessel
DSA if a CT angiogram is deemed adequate for evaluation of the
remaining blood vessels. We are not able to determine the degree of
completeness of the DSA in this study; therefore we cannot ascertain
how often CT angiography led to an abbreviated DSA.
Because of the noninvasive nature of CT angiography relative
to DSA, an argument might be made that the use of CT angiography might be safer than the use of DSA. Through the use of the
data base in this study, we cannot accurately assess complications
of cerebral angiography to determine whether avoiding DSA by
performing CT angiography resulted in better patient outcomes.
Because the risk of permanent sequelae from DSA performed in
patients with SAH is very low,11 an improvement in safety resulting from avoidance of DSA would be difficult to confirm. Even at
centers that generally use DSA as the primary imaging, CT angiography might occasionally be used in the situation of an aneurysm
causing parenchymal hematoma requiring urgent surgery, which
occurs most commonly with middle cerebral artery aneurysms.
Patients treated with clipping were increasingly subjected to posttreatment CT angiography and/or DSA imaging from 2006 –2011,
whereas posttreatment imaging of patients undergoing coiling remained fairly constant. The use of more imaging after clipping compared with coiling might be at least partly because all patients undergoing coiling receive angiographic assessment at the end of the
procedure, but patients undergoing clipping often do not receive
angiographic assessment. We are not able to identify intraoperative
DSA in the clipping cohort. This increasing trend may suggest an
increasing desire by surgeons to get confirmation of adequate clipping with DSA. CT angiography and DSA in the days after clipping or
coiling might be performed to evaluate the treatment result or to
evaluate vasospasm. Vasospasm and delayed ischemic deficits occur
less frequently in patients treated with coiling relative to those treated
with clipping,12 which might contribute to less DSA and CT angiography after the aneurysm is treated by coiling.
This study has several limitations. First, this study is retrospective,
and the decision of whether to perform CT angiography or DSA is
ultimately made by the provider. Second, indications for imaging are
not available in the Perspective data base; therefore, the clinical decision-making process for each hospitalization and the reasons that
providers chose CT angiography, DSA, or both modalities are unknown. The implications of our findings may be different for pretreatment and posttreatment imaging because they have different
indications. Third, the Perspective data base only captures imaging
that was performed during hospitalization. Imaging that may have
been performed immediately before or after hospitalization would
therefore have been missed. Fourth, the data base is not a random
sampling of hospitals, and therefore results may not be representative
of all hospitals or hospitalizations. Fifth, some coding inaccuracies
undoubtedly occur that can affect the retrospective evaluation of an

administrative data base. Such coding inaccuracies are unlikely to
lead to misrepresentation of overall trends in the use of imaging.
Sixth, whereas our study shows an increasing trend in the use of CT
angiography, the level of use of DSA and CT angiography considered
optimal or appropriate is unknown. Finally, the findings of our study
are only applicable to ruptured aneurysms. The use of DSA and CT
angiography may be different with unruptured aneurysms or SAH
from other causes.

CONCLUSIONS
For the pretreatment evaluation of ruptured aneurysms, the use
of CT angiography increased from 2006 –2011, but without a corresponding decrease in the use of DSA. The increased use of CT
angiography without a corresponding decrease in DSA use raises
the question of potential redundancy in the diagnostic tests without added clinical value of the second test.
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Double Stent–Assisted Coil Embolization Treatment for
Bifurcation Aneurysms: Immediate Treatment Results and
Long-Term Angiographic Outcome
K. Yavuz, S. Geyik, S. Cekirge, and I. Saatci

ABSTRACT
BACKGROUND AND PURPOSE: The goal of endovascular treatment of cerebral bifurcation aneurysms is to achieve safe coiling of the sac
along with preserving patency of the diverging branches. Our purpose was evaluate procedural safety and efﬁcacy as well as the long-term
durability of endovascular treatment of bifurcation aneurysms with double stent–assisted coiling.
MATERIALS AND METHODS: One hundred ninety-one consecutive patients with bifurcation aneurysms were included in this series. Technical
failure occurred in 3 aneurysms (1.5%); 188 patients with 193 aneurysms treated with double stent–assisted coiling were retrospectively evaluated;
113 aneurysms were located at middle cerebral artery bifurcation, 42 at the anterior communicating artery, 22 at the basilar artery bifurcation, and
the remaining 16 at the internal carotid artery bifurcation; 132 were small (⬍10 mm), 56 were large (10 –25 mm), and 5 were giant (⬎25 mm).
RESULTS: The technical success rate of double-stent application was 98.5% (193 aneurysms). In total, there were 5 procedural complications with an associated rate of 2.7%, one of which led to death (0.5%). Delayed ischemic stroke occurred in 2 patients (1.1%). Overall,
permanent morbidity occurred in 2 patients, with associated rate of 1.1%. Follow-up was obtained in 186 aneurysms (96.4%), and recanalization occurred in 4 aneurysms (2.2%). In subgroup analysis, the recanalization rate was 3.8% for large aneurysms and 40% for giant
aneurysms. No recanalization occurred in small aneurysms.
CONCLUSIONS: Dual stent–assisted coiling of cerebral aneurysms is a feasible and safe procedure. It may offer a curative solution with
long-term durability for treatment of wide-neck small and large aneurysms.
ABBREVIATIONS: DSAC ⫽ double-stent assisted coil; AcomA ⫽ anterior communicating artery

I

n early practice, the application and technical success of endovascular treatment of cerebral aneurysms with detachable
coils were widely affected by morphologic factors, including
shape and dome-to-neck ratio.1 Nevertheless, the use of adjunctive materials such as remodeling balloons,2 the neckbridge device,3 and, thereafter, self-expanding stents,4 has resulted in significant expansion of patient selection criteria.
Easy and safe navigation, mostly through a microcatheter without a need for an exchange procedure, is the most important feature
of the self-expanding stents currently in use, compared with the balloon-expandable coronary stents. Although the initial idea behind
the use of a stent was to obtain a mechanical scaffold across the neck
of the broad-based aneurysms, subsequent laboratory data have
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shown the benefit of hemodynamic alterations in the aneurysm sac
before and after stent deployment.5,6
Bifurcation aneurysms may present a therapeutic challenge with
unfavorable geometric configurations. The double stent–assisted
coiling technique, defined by Chow et al,7 offers maintenance of patency of involved branches with deployment of stents in each particular vessel, along with creation of a new bifurcation point across the
neck of the related aneurysm. Likewise, in sidewall aneurysms, laboratory data revealed flow alterations after placement of stents in the
Y-configuration at the neck of a bifurcating aneurysm model.8 Moreover, double-stent placement in Y-configuration may provide sufficient flow reduction even without endosaccular coiling and may result in aneurysm thrombosis in selected situations, as reported in a
recently published series.9
Herein, we report our immediate treatment results and long-term
clinical and angiographic follow-up data on 183 bifurcation aneurysms
treated with the double stent–assisted coil embolization technique.

MATERIALS AND METHODS
This retrospective case series included 188 consecutive patients
with 193 intracranial bifurcation aneurysms treated with the

Table 1: Patient and aneurysm characteristics
No of Patients
Sex
Female
Male
Age, y
Mean
Minimum
Maximum
No. of treated aneurysms
Aneurysm location (%)
Anterior
MCA
AcomA
ICA bifurcation
Posterior
Basilar bifurcation
Aneurysm size (%)
Small, ⬍100 mm
Large
Giant

188
111
77
50.3
15
72
193
171 (88.6)
113
42
16
22 (11.4)
22
132 (68.4)
56 (29)
5 (2.6)

double stent–assisted coil embolization technique between September 2006 and August 2011 (Table 1). DSAC was deemed necessary in bifurcation aneurysms 1) when the origins of the
branching arteries could not be preserved otherwise (including
balloon assistance or single-stent placement); 2) when there was
no identifiable aneurysm neck and therefore it was necessary to create
a barrier for neck construction; and 3) when the aneurysm could not
be packed fully otherwise and was likely to recur, particularly those of
large size. Twenty-one patients had prior treatment or failed attempts; 167 patients received double stent–assisted coiling as the ini-

tial treatment. Of these 21 patients, 19 had recanalized aneurysms
after balloon remodeling–assisted and/or single stent–assisted coiling; 1 patient had a clip remnant and the other had a failed surgical
clipping attempt. Most of the patients presented with headache. Only
3 patients who presented with subarachnoid hemorrhage were included in this series; 1 of these patients were treated within the acute
phase of SAH caused by coil protrusion into the parent artery, and
the remaining 2 were treated in the subacute phase after appropriate
premedication with antiplatelet (anti-aggregating) agents.
One hundred thirteen aneurysms were located at middle cerebral artery bifurcation; 42 at the anterior communicating artery;
22 at the basilar artery bifurcation; and remaining 16 at the internal carotid artery bifurcation. Of the 193 aneurysms, 132 were
small, 56 were large, and 5 were giant. Two of the giant aneurysms
showed partial thrombosis. All giant and large aneurysms had
neck size wider than 4 mm. All small aneurysms had dome-toneck ratio ⱕ1.5 (Fig 1–3).
Five patients with AcomA aneurysms, treated with X-configured DSAC embolization, had been reported previously in a
technical note.10 According to the configuration or shape of
the 2 stents, 183 aneurysms were treated with Y-configuration;
8 with AcomA aneurysms and 1 with fenestrated basilar artery
aneurysms treated with X-configuration. One internal carotid
artery bifurcation had T-configured double stents, one of
which was deployed horizontally from the contralateral side.
Strict anti-aggregation and intraprocedural anticoagulation
protocols were administered in all but 1 case that had an
unplanned DSAC in the acute phase of SAH. Accordingly, double
antiplatelet therapy with acetylsalicylic acid (300 mg per day) and

FIG 1. A, 3D view of a complex right MCA aneurysm involving both superior and inferior trunks.
B, Right internal carotid artery oblique angiogram demonstrating the complex right MCA
aneurysm. C, Postembolization oblique DSA view after both superior and inferior trunks were
stented in Y-conﬁguration with suboptimal aneurysm packing. D, One-year control angiography in anterior-posterior view revealing the reconstruction of MCA bifurcation and complete
occlusion of the aneurysm.
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FIG 2. A, 3D view of a complex left MCA aneurysm with both superior and inferior trunks of MCA originating from the aneurysm sac. B,
Preoperative DSA revealing both trunks of left MCA stented in Y-conﬁguration, creating a neck. C, Six-month control DSA showing stable
aneurysm occlusion. D and E, Two-year control angiography with subtracted (D) and nonsubtracted (E) views conﬁrming long-term aneurysm
occlusion and MCA bifurcation reconstruction.

FIG 3. A, 3D view of wide-neck right middle cerebral artery aneurysm. B, Flat-panel CT angiography showing the alignment of Enterprise and
Solitaire stents in Y-conﬁguration. C, Postembolization oblique DSA view with total packing of the aneurysm with coils.

clopidogrel were initiated 1 week before the procedure with a
loading dose of 300 – 600 mg clopidogrel, followed by 75 mg daily.
Thrombocyte inhibition levels were confirmed by means of
VerifyNow (Accumetrics, San Diego, California) and a standard
thrombocyte aggregation test. The procedure was not performed
if the patient did not have a platelet inhibition level of 30% at
minimum. If the patient had resistance to clopidogrel after use for
1 week or the second test showed that the patient was still a low
responder, the anti-aggregation medicine was switched to ticlopidine. After the control angiogram was obtained at the sixth
month, clopidogrel was discontinued and acetylsalicylic acid was
to be taken life-long. Anticoagulation protocol during the procedure consisted of intravenous administration of heparin with
close monitoring of blood activated clotting time levels.
1780

Yavuz

Sep 2013

www.ajnr.org

Technique
All procedures were performed under general anesthesia with biplane flat-panel angiography; a 90-cm 6F introducer sheath was
used in combination with 6F guiding catheters. DSAC consists of
deployment of 2 self-expanding stents; the second is placed to pass
through the interstices of the first stent, 1 in each branch coming
off from the sac or neck of the broad-based bifurcation aneurysm.
In this technique, with the crossing stent wires, a new bifurcation
point is created below the neck of the aneurysm (redirecting the
blood flow toward the relevant branches) for safe coiling of the
sac, obviating the risk of coil protrusion to the parent artery. Selection of the branch to be catheterized first is extremely important for the success of the technique; that is, the angle between the
proximal vessel and the diverging branch is the most important

Table 2: Stent types used in dual-stent reconstruction
Type of Stent
Total (%)
MCA
Double Neuroform
6 (3.1)
2
Double Enterprise
126 (65.3)
79
Double Solitaire
32 (16.6)
12
Enterprise ⫹ Solitaire
29 (15.1)
20
Total
193
113

AcomA
0
30
7
5
42

factor for decision-making—the one that has a sharper angle
must be stented before the one with a wider angle. The second
criterion is the orientation of the aneurysm neck; that is, the side
involved by the aneurysm neck for a wider segment should be
stented first.
According to our technique, a microcatheter (Prowler Select
Plus, Codman & Shurtleff, Raynham, Massachusetts; Rebar, ev3,
Irvine, California) with an inner size of 0.021 inches was used in
combination with various guidewires. Afterward, a 0.010-inch
microcatheter (SL 10, Boston Scientific, Fremont, California;
Echelon 10, ev3) was placed into the aneurysm sac over various
guidewires before deployment of the first stent. The first stent was
then deployed within the branch to extend to the main vessel,
covering the neck of the aneurysm partially. The microcatheter
was passed through one of the struts of the first stent, and the
second stent was placed to extend from the other branch to the
main artery to cover the remaining neck segment.
The stents used for double-stent placement in this series are
given in Table 2. In the beginning of our experience, only the
commercially available Neuroform stents (Boston Scientific),
which had an open-cell design, were used in the first 6 cases, as in
the technique first described by Chow et al.7 Since then, with the
introduction of the self-expanding stents that could be navigated
through a microcatheter and after we succeeded in in vitro testing
of Enterprise (Cordis Neurovascular) and Solitaire (ev3) stents
for the technique of dual-stent placement in an intersecting configuration, we modified the double-stent application technique.
These stents were preferred to augment flow redirection. In this
series, double Enterprise stents of 4.5-mm diameter with combinations of variable lengths (ie, 22, 28, or 37 mm) were used in 126
aneurysms. Double Solitaire stents with different combinations of
4 ⫻ 20 mm and 3 ⫻ 30 mm were used in 32 aneurysms; Enterprise
and Solitaire stents were combined in 29 aneurysms.
The aneurysms were coiled with a variety of bare platinum
coils; however, softer coils were preferred to avoid kick-back of
the microcatheter, which would result in recatheterization of the
aneurysm sac. We did not suggest dense packing of the aneurysm
sac because we thought that dual-stent placement would create a
flow-diverging effect.

RESULTS
DSAC was attempted in 196 aneurysms, and technical failure occurred in 3 aneurysms (1.5%), resulting in a technical success rate
of 98.5%. The first stent was deployed in these 3 patients uneventfully; however, the second stent could not be placed, but we were
able to complete the endovascular treatment with coiling successfully with no complication, and the control angiography revealed
stable complete occlusion of the relevant aneurysms despite the
first stent partly covering the neck initially. No problems were
encountered regarding stent opening within the bifurcation

branches despite the mismatch between
stent and artery diameters.
There were 5 procedural complications (5/188; 2.7%), 1 of which led to
death resulting from intraprocedural
rupture, with an associated mortality
rate of 0.5%. Aneurysm rupture occurred in 2 other patients during coiling,
but these patients were discharged without clinical consequences.
Acute in-stent thrombus was observed in 1 patient and resolved
completely with intravenous tirofiban injection. In the remaining
patient, loss of consciousness developed with sudden onset 12
hours after the uneventful embolization procedure of an unruptured aneurysm, and the immediate CT scan revealed SAH of
unknown origin. This patient was discharged with left-side moderate paresis and became independent the sixth month after the
initial treatment (modified Rankin Scale 1).
Transient ischemic symptoms occurred in 2 patients within 30
days; diffusion-weighted MR imaging revealed small diffusion lesions, and their symptoms resolved with the addition of low-molecular-weight heparin to anti-aggregation therapy. Delayed ischemic stroke occurred in 2 patients (1.1%) as the result of
unauthorized early cessation of clopidogrel. Overall, cumulative,
procedure-related hemorrhagic, and delayed ischemic complications occurred in 9 (4.8%) patients, of which death occurred in 1
patient (0.5%) and permanent morbidity in 2 patients (1.1%).
According to the immediate posttreatment angiograms, 49 of
193 (25.4%) aneurysms were completely obliterated (Raymond
class I); 63 of 193 (32.6%) had a neck remnant (Raymond class II),
and the remaining 81 of 193 (42%) aneurysms had incomplete
obliteration (Raymond class III).
Until August 2011, 186 of 193 aneurysms were out of at least 6
months for follow-up, and control angiography was performed in
all, at 6 months to 2 years; the results were evaluated with respect
to initial occlusion grade and aneurysm size. According to the
latest follow-up, 152 aneurysms had initial control angiography at
the sixth month; 34 aneurysms had initial control angiography at
the first year. Of those that had initial follow-up, 87 aneurysms
had an additional 2-year control. In these 186 aneurysms, recurrence was noted in 4 aneurysms, with an overall recanalization
rate of 2.2%. All 4 of these aneurysms received the dual stent–
assisted coiling as a retreatment after the initial treatment with the
balloon-remodeling technique or single stent–assisted coiling. In
this series, there was no recanalization seen in aneurysms in which
DSAC was performed as the initial treatment.
The follow-up results of 186 aneurysms with respect to immediate postoperative angiography results are shown in Table 3.
There was no recanalization in the group, which had had class I
occlusion initially. All aneurysms that had had class III occlusion
in the immediate postoperative angiography showed further occlusion to class I at control angiography. The 4 aneurysms that
showed recanalization had class II occlusion initially.
In regard to the aneurysm size, follow-up data revealed the
following results.
1) One hundred twenty-eight of 132 of the small aneurysms
had control angiography; no recanalization occurred. 2) Control
angiography was available in 53 of 56 large aneurysms; recanaliBasilar
2
11
7
2
22

ICA
2
6
6
2
16
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wide-neck basilar artery bifurcation aneurysms, which then was followed by the
application of a technique for treatment
Class II
Class III
of an MCA aneurysm by Sani et al.15
0
0
These reports have pointed out the ad4
4
vantage of reconstruction of the bifurca0
0
tion with deployment of double stents in
4
4
each diverging branch, when a single
stent does not adequately bridge the aneurysm neck, enabling the
safe coiling of the sac without a risk of coil protrusion. The opencell design of the stents leads to relatively easy passage through the
struts of the deployed stent and almost fully opens the second
stent at the cross-section of 2 stents taking Y-configuration.7
However, in our practice, with the introduction of closed-cell
stents, the technique for DSAC evolved, and we began to use 2
closed-cell stents passing between the struts and through the cell
of the stent. Although not proved with laboratory investigation on
flow models, the idea behind the use of 2 closed-cell stents was
that the intersection of stents, taking an hour-glass shape at the
aneurysm neck when crossing each other, would act like a separator, diverting the flow streamlines into branches below the initial apex of the bifurcation and thus potentially decreasing the
wall shear stress at the aneurysm neck. On the other hand, closedcell design may have the disadvantage of kinking at the bifurcation
point where the branches are diverging with acute angles, and this
may make the passage of the microcatheter through the particular
cell difficult. We failed to pass through the struts of the first stent
to place the second stent in 3 cases, which may be explained by this
issue. Moreover, central crimping and ovalization with luminal
loss leading to incomplete stent apposition to the vessel have
been documented with Enterprise stents, depending on the
curvature.16
Technically, the Enterprise stent offers the advantage of having
a distal wire, so that the microcatheter can be advanced over the
wire after the first stent is placed. This eliminates the need to
catheterize the former stent and therefore increases the safety of
the technique while the risk of the microcatheter passing between
the wall of the artery and stent is excluded. A second advantage is
the anchoring flared (ie, 0.5 mm larger than the stent diameter)
ends, which reduce the risk of stent migration during the passage
of the microcatheter for deployment of the second one. On the
other hand, major advantages of the Solitaire are: 1) It is fully
retrievable, allowing precise placement. 2) It does not have a distal
wire, that is, it can be deployed exactly at the tip of the microcatheter. Therefore, there is no need to navigate the microcatheter
further for the purpose of purchasing the vessel segment for the
distal wire, especially when there is a second tight curve at the
diverging branch after bifurcation, which is not an infrequent
anatomic feature, especially of MCAs. 3) It has a relatively larger
cell size compared with the Enterprise, which eases passage of the
microcatheter. However, the latter may sometimes be disadvantageous when struts do not secure the neck well. Thus, clinical
practitioners should take these features into consideration when
choosing the appropriate stent that would work best with the
particular anatomic features.
A meta-analysis of the literature, concerning the safety and
efficacy of endovascular treatment of unruptured aneurysms, re-

Table 3: Angiographic occlusion rates at 6-month follow-up
Angiographic Occlusion at Initial Control Angiography
Occlusion Rate
Class I
Class II
Class III
Total

No. of
Initial Occlusions
49 (25.4)
63 (32.6)
81 (42)
193 (100)

No. of
Follow-Up
46
60
80
186

Class I
46
52
80
178

zation occurred in 2 aneurysms (3.8%). 3) In 5 giant aneurysms,
all with follow-up, 2 had recanalization (40%).

DISCUSSION
To preserve the patency of the branching arteries while achieving
a complete occlusion of bifurcation aneurysms, devices such as
remodeling balloons,2 the neck-bridge device,3 and stents4 have
been used adjunctively for endovascular treatment.
Having the capability of adapting their shape to the anatomy
of arterial bifurcation, supercompliant balloons may provide
safer and denser packing because they secure the neck and enable
better coil conformation compared with conventional coiling.3
However, with aneurysms having too wide a neck, a single balloon
may not be sufficient to protect from coil herniation, even when
a round balloon is positioned at the neck instead of the balloon
catheter with its tip positioned in one particular branch. A
double balloon, placed in each branch, crossing the neck of the
aneurysm, may be a solution, but, this technique has the disadvantage of having 3 microcatheters in the same artery
simultaneously.
The TriSpan neck-bridge device (Boston Scientific) is an important tool that was used to achieve safe coil occlusion of bifurcation aneurysms while preserving the parent artery.2 The device
had the advantages of easy placement through a microcatheter,
single material remained within the sac, and it did not require the
use of antiplatelet agents. However, TriSpan is not commercially
available presently, and the published data are limited to the series
about the initial experience without any data regarding the longterm efficacy.11
More recently, self-expanding stents have come into clinical
use; well-defined advantages of these devices are improvement of
packing densities while preserving coil protrusion into the parent
artery12 and alteration of intra-aneurysmal hemodynamics.6,8
Likewise, the flow alterations obtained with sidewall aneurysms in
laboratory investments after stent placement5 and the magnitude
of the velocity of the jet entering the sac, has been reduced after
placement of 2 Neuroform stents at the aneurysm neck in Y-configuration in the bifurcating aneurysm model.8 The effects of stents
were shown to be more apparent at the end of the cardiac cycle by
reducing shear stress in the sac almost by 40%.8 Furthermore, stents
act as a biologic system by inducing endothelization over the struts,
which leads to healing of the vessel wall also at the segment of broadbased aneurysm location.13 Placement of 2 intersecting stents across
the aneurysm neck, even without additional coiling, may result in
complete occlusion or reduction in filling of the aneurysms in some
cases.9 Thus, the flow diversion effect of double-stent placement in
Y-configuration is confirmed in vivo as well.
Dual stent–supported, or so-called “Y-configured” stent-assisted coil embolization of bifurcation aneurysms, was first defined by Chow et al7 and Perez-Arjona et al14 for treatment of
1782
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vealed 4.8% unfavorable procedural outcome.17 Furthermore, it
has been shown that in-hospital outcomes, regarding procedural
mortality and morbidity, do not increase by the adjunctive use of
stents compared with procedures performed without the use of a
stent.18 A literature survey including 37 articles with 1510 aneurysms treated with stent-supported coiling revealed almost 10%
thromboembolic complication rate, with an associated mortality
rate of 0.6%.19 Learning curve analysis obtained in this study
showed that the complication rate is affected by the operator’s
experience with the procedure.19
The cumulative complication rate observed in this study was
not higher than the previous series. The only death included in
this series (0.5%) occurred as the result of aneurysm rupture during coiling procedure, which is not uncommon with endovascular
therapy. Relatively less occurrence of periprocedural ischemic
complications (ie, 2 patients; 1.1%) would be attributable to strict
anti-aggregation protocol that is checked twice with 2 different
methods before the procedure. Nevertheless, delayed ischemic
complications were observed in 2 patients (1.1%) who ceased
usage of clopidogrel prematurely, implicating the importance of
the drug compliance in the long term.
In this series, we had a recanalization rate of 2.2% and total
occlusion rate of 97.8% at 6 months among those with follow-up
(note that follow-up rate was 186/193; 96.4%) despite a relatively
low level of initial total occlusion (25.4%) in the immediate postoperative angiography. Although no control group or matching
series exist in the literature, dual-stent support appears to have an
impact on the durability of the endosaccular packing. A literature
survey revealed a recanalization rate of 14% after single stent–
assisted coiling.19 Although this series is matchless for further
discussion and may provoke controversy, our results inspire the
augmented effect of intersecting dual-stent support resulting
from flow changes. Of the 128 small wide-neck aneurysms, follow-up revealed no recanalization regardless of initial occlusion
rates. Of the 53 large aneurysms, which had follow-up, recanalization was seen in 2 aneurysms, resulting in a rate of 3.8%. With
conventional coiling, the recanalization rate is reported to be 20%
and 35.3% for wide-neck small aneurysms and large aneurysms,
respectively.20 In a large series consisting of 864 aneurysms located in the MCA bifurcation and the AcomA, the authors reported an overall recanalization rate of 12% with the adjunctive
use of remodeling balloons, regardless of the aneurysm size.21 In a
series consisting of 174 MCA aneurysms, a 27.2% recanalization
rate was reported of the 114 aneurysms that had follow-up with
angiography.22 From this perspective, the 2.2% recanalization
rate that was achieved with DSAC seems promising.
Throughout the time of this study, a wide variety of other
methods have been defined for stent application in bifurcation
aneurysm treatment such as linear stent placement,23 nonoverlapping Y-stent placement,24 the waffle-cone technique,25 and so
forth, which are mostly limited to anecdotal case series or a single
case report. However, as explained above, our hypothesis was that
crossing points of 2 closed-cell stents creates a point located below
the initial apex of the bifurcation, which acts as a flow diverter and
potentially induces further aneurysm thrombosis by reducing the
flow. Recent work by Baharoglu et al26 and Gao et al,27 pointing
out the contribution of vessel angle with respect to inflow of the

aneurysm, claims that the angular configuration change after
stent placement is an effective factor to reduce wall shear stress.
Their work encourages our theoretic hypothesis as well. Accordingly, linear or nonoverlapping or kissing-stent techniques probably would lack this effect, and the waffle-cone technique may
increase the flow toward the aneurysm sac.
Disclosures: Saruhan Cekirge—UNRELATED: Consultancy: MicroVention, ev3; Payment for Lectures (including service on speakers bureaus): ev3; Payment for Development of Educational Presentations: ev3. Isil Saatci—UNRELATED: Consultancy:
ev3; Payment for Lectures (including service on speakers bureaus): ev3; Payment for
Development of Educational Presentations: ev3.
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ORIGINAL RESEARCH

INTERVENTIONAL

3D Cine Phase-Contrast MRI at 3T in Intracranial Aneurysms
Compared with Patient-Speciﬁc Computational Fluid Dynamics
P. van Ooij, J.J. Schneiders, H.A. Marquering, C.B. Majoie, E. van Bavel, and A.J. Nederveen

ABSTRACT
BACKGROUND AND PURPOSE: CFD has been proved valuable for simulating blood ﬂow in intracranial aneurysms, which may add to
better rupture risk assessment. However, CFD has drawbacks such as the sensitivity to assumptions needed for the model, which may
hinder its clinical implementation. 3D PC-MR imaging is a technique that enables measurements of blood ﬂow. The purpose of this study
was to compare ﬂow patterns on the basis of 3D PC-MR imaging with CFD estimates.
MATERIALS AND METHODS: 3D PC-MR imaging was performed in 8 intracranial aneurysms. Two sets of patient-speciﬁc inﬂow boundaries for CFD were obtained from a separate 2D PC-MR imaging sequence (2D CFD) and from the 3D PC-MR imaging (3D CFD) data. 3D
PC-MR imaging and CFD were compared by calculation of the differences between velocity vector magnitudes and angles. Differences in
ﬂow patterns expressed as the presence and strengths of vortices were determined by calculation of singular ﬂow energy.
RESULTS: In systole, ﬂow features such as vortex patterns were similar. In diastole, 3D PC-MR imaging measurements appeared inconsistent due to low velocity-to-noise ratios. The relative difference in velocity magnitude was 67.6 ⫾ 51.4% and 27.1 ⫾ 24.9% in systole and
33.7 ⫾ 21.5% and 17.7 ⫾ 10.2% in diastole for 2D CFD and 3D CFD, respectively. For singular energy, this was reduced to 15.5 ⫾ 13.9% at systole
and 19.4 ⫾ 17.6% at diastole (2D CFD).
CONCLUSIONS: In systole, good agreement between 3D PC-MR imaging and CFD on ﬂow-pattern visualization and singular-energy
calculation was found. In diastole, ﬂow patterns of 3D PC-MR imaging differed from those obtained from CFD due to low velocity-to-noise
ratios.
ABBREVIATIONS: CFD ⫽ computational ﬂuid dynamics; PC-MRI ⫽ cine phase-contrast MR imaging; RA ⫽ rotational angiography; VNR ⫽ velocity-to noise ratio

D

espite a decrease in fatalities of subarachnoid hemorrhage
caused by intracranial aneurysm rupture in recent years,1
this devastating event is lethal in one-third2 to 50%3 of patients.
Treatment of incidentally found unruptured aneurysms consists
of endovascular coiling or surgical clipping, with procedure-related morbidity and mortality rates slightly in favor of the for-
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mer.4 Because the risk of treatment potentially outweighs the risk
of rupture,5 treatment decisions should be based on as much
available information on the individual aneurysm as possible. It is
widely believed that intra-aneurysmal hemodynamics contributes substantially to rupture risk assessment and treatment-planning assistance.6-9 Many studies showed promising results when
conducting assessment of risk factors such as intra-aneurysmal
flow patterns and wall shear stress by using patient-specific
CFD.10-12 A drawback of performing CFD is the difficulty in converting large amounts of patient-specific data into workable models.9 Without patient-specific data for inflow and outflow boundary conditions, assumptions have to be made regarding heart rate
and blood flow, the shape of the inlet-velocity profile, and flowdivision ratios in the outflow branches.14 Further drawbacks are
the need for large computational power and extensive calculation
time. Despite these drawbacks, CFD has recently been used to
associate intra-aneurysmal hemodynamics with rupture.15
The enormous advancements in MR imaging technology in
the past decade now allow direct measurement of intra-aneurysAJNR Am J Neuroradiol 34:1785–91
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mal flow by using 3D PC-MR imaging.19 Moreover, the technique
was validated against CFD in a real-size phantom.16 However,
clinical application of 3D PC-MR imaging in intracranial aneurysms is complicated by the requirements for high-resolution,
high SNR, and patient-tolerable scanning times. In this study, a
3D PC-MR imaging sequence with a scanning duration of approximately 10 minutes, therefore clinically feasible, was applied
to 8 intracranial aneurysms. The results were compared with patient-specific CFD simulations in which spatial and temporal
boundary conditions obtained from a separate 2D PC-MR imaging and from the 3D PC-MR imaging acquisition were applied.
Comparison was performed on a voxel-by-voxel basis by calculating the mean and SD of the paired differences of velocity magnitude and singular energy. The purpose of this study was to assess
whether the results of 3D PC-MR imaging and patient-specific
CFD are comparable and whether 3D PC-MR imaging can measure important quantitative and qualitative features of intra-aneurysmal flow.

MATERIALS AND METHODS
Population
The patients were included in a larger study on intra-aneurysmal
hemodynamics. Inclusion criteria for that study were a minimal
aneurysm size of approximately 3 mm, adult age (18 –75 years),
and a requirement that patients be enrolled in a diagnostic aneurysm work-up with at least 3D rotational angiography. The patients met a Glasgow Outcome Scale score of ⱖ4.17 Patients were
excluded if they had contraindications for either 3D-RA or MR
imaging. Further inclusion requirement for this study was a successful 3D PC-MR imaging measurement in an unruptured intracranial aneurysm. The local ethics committee approved the study
protocol, and written informed consent was obtained from all
participating patients. The age of the patients ranged between 44
and 65 years with a mean of 51 ⫾ 7.7 years. Five patients were
female; 3 patients were male. The dimensions of the aneurysms
were determined on the 3D-RA data by using 3D Slicer
(www.slicer.org) and are listed in On-line Table 1.

MR Imaging
The protocol consisted of 3 MR imaging sequences that were conducted on a 3T scanner (Intera; Philips Healthcare, Best, the
Netherlands) by using an 8-channel head coil.
First, a high-resolution time-of-flight sequence was performed with a scan resolution of 0.39 ⫻ 0.6 ⫻ 1 mm, interpolated
to 0.39 ⫻ 0.39 ⫻ 0.5 mm. Imaging parameters were the following:
TE/TR/flip angle, 4.2/21.4 ms/20°; receiver bandwidth, 32 kHz;
imaging volume, 200 ⫻ 200 ⫻ 92 mm; parallel imaging factor, 2.5;
scanning time, 6.16 minutes.
Second, to acquire 2D PC-MR imaging data that served as
inflow boundary conditions for CFD, we placed a section perpendicular to the parent artery proximal to the aneurysm. The acquisition was retrospectively gated by using either an electrocardiogram or peripheral pulse unit. Scan resolution was 0.64 ⫻ 0.65 ⫻
3 mm. Further imaging parameters were the following: TE/TR/
flip angle, 5.7/8.5 ms/10°; receiver bandwidth, 172 kHz; imaging
volume, 200 ⫻ 200 ⫻ 3 mm in 1 section; parallel imaging factor,
2. For aneurysm 5, the velocity encoding was 70 cm/s in all direc1786
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tions; for the others, 100 cm/s in all directions. The number of
measured cardiac phases (ie, temporal resolution) depended on
the heart rate and ranged between 23 and 36 cardiac phases, to
keep the scanning time close to 3 minutes and 30 seconds. The
view-sharing factor for the retrospective sorting of acquired klines was set to 1.8.18
Third, the 3D PC-MR imaging acquisition was retrospectively
gated by using either an electrocardiogram or peripheral pulse
unit at an acquired resolution of 0.8 ⫻ 0.8 ⫻ 0.8 mm. Further
imaging parameters were the following: TE/TR/flip angle: 3.0/5.8
ms/15°; receiver bandwidth, 54 kHz; imaging volume, 200 ⫻ 200 ⫻
20 mm in 25 transversal sections; parallel imaging factor, 3. The velocity encoding was 70 cm/s in all directions for aneurysm 5 and 100
cm/s in all directions for the others; scanning time was 10.22 minutes
at 60 beats/min. The number of acquired cardiac phases was 10.

MR Imaging Postprocessing
Phase images were corrected for background phase offset errors
by subtracting the average phase in a static region of interest near
the aneurysm for every velocity-encoding direction and cardiac
phase individually.19 The segmentation of the vessel and aneurysms was performed with the use of a level set evolution algorithm20 applied in the phase-contrast magnitude images. This was
done for every cardiac phase separately. Velocity values in pixels
that were located outside the segmentation or had partial voluming were set to zero. Pixels in the regions of interest that had
velocity aliasing were manually corrected in all 3 directions. The
cardiac cycles were reordered so that the systolic phase occurred at
the end of the cardiac cycle. These postprocessing steps were performed with custom-built software in Matlab (MathWorks,
Natick, Massachusetts) and took approximately 4 hours to conduct. To calculate the flow ratios of the outflow branches, we
imported the data into GTFlow (Gyrotools, Zürich, Switzerland).

CFD Setup
The geometric vascular models used for CFD simulations were
created from 3D rotational angiography. Images were acquired
with a single-plane angiographic unit (Integris Allura and Neuro;
Philips Healthcare). For more detail see Geers et al.6 The voxel size
of the measurement is given in On-line Table 1. There was no
difference in the 3D rotational angiography acquisition for the
patients. All imaging parameters were constant with an image
intensifier FOV of 22 cm for all cases. 3D-RA images were imported into the Vascular Modeling Tool Kit (http://www.
vmtk.org/).21 With the use of a level set algorithm, isosurfaces
were created that were subsequently meshed by using an average
edge length of 0.1 mm, with a minimum of 0.1 m and a maximum 0.4 mm.
Meshes were created consisting of 1,168,002 to 2,608,270 tetrahedral elements with a mesh density of at least 3000 elements
per cubic millimeter. The sizes of the meshes are listed in On-line
Table 1. All CFD simulations were performed in FLUENT 6.3
(ANSYS, Canonsburg, Pennsylvania). Blood density was set to
1060 kg/m3; and dynamic viscosity, to 0.004 kg/ms.
To study the influence of inflow boundary conditions, we performed 2 different series of simulations: 1) CFD with spatial and
temporal inflow boundary conditions obtained from 2D PC-MR

imaging and 2) CFD with spatial and temporal inflow boundary
conditions obtained from 3D PC-MR imaging.
The pipeline for imposing velocity-inlet boundary conditions
in the CFD simulations obtained from 2D PC-MR imaging was as
follows: First, the aneurysm in the time-of-flight measurement
and the proximal vessel in the 2D PC-MR imaging section were
manually selected. Subsequently, the 2D PC-MR imaging data
were positioned on the time-of-flight data by using rotation and
translation matrices extracted from DICOM headers. The CFD
mesh was constructed, and a rigid registration of the time-offlight measurement on the CFD mesh was conducted with the
fMRI of the Brain Linear Image Registration Tool (http://www.
fmrib.ox.ac.uk/analysis/research/flirt/).22 The velocities measured with 2D PC-MR imaging were rotated and translated likewise and interpolated onto the nodes of the CFD inflow
boundary. The velocity at the nodes at the edge of the vessel was
set to zero. These last steps were performed for every measured
cardiac phase in 2D PC-MR imaging.
Imposing inflow boundary conditions obtained from 3D
PC-MR imaging were realized by rigid registration of the 3D
PC-MR imaging segmentation to the CFD geometry and subsequent interpolation of the velocity values of the 3D PC-MR imaging measurement found at the CFD inflow boundary to the
nodes at this location. These steps were performed with custombuilt software in Matlab.
CFD iterations were continued until the residual of the continuity equation was below 0.001. The CFD estimates were resolved
at fixed time intervals equal to the measured RR interval divided
by the number of cardiac phases used for the 2D PC-MR imaging.
Three heart cycles were simulated to eliminate transient effects.
The third of these cycles was used in the comparison with the
PC-MR imaging results.
Flow through the outflow vessels of the CFD model was prescribed according to outflow measurements at every cardiac phase
of the 3D PC-MR imaging data averaged with time. If an outflow
vessel was too small to quantify flow, a combination of measured
flow and Murray’s law23 was applied. The average simulation time
was 36 hours per aneurysm.

Data Quantiﬁcation and Visualization
Calculations of the SNR of the phase-contrast magnitude images
at peak systole and end diastole of the 3D PC-MR imaging measurements were performed as described by Price et al.24 S1 and S2
represent phase-contrast magnitude signals in a region of interest
during different cardiac phases of similar mean velocity magnitude. By subtracting these images, an image containing minimum
signal and maximum noise is obtained. SNR is then calculated by
1)

SNR ⫽

mean共S 1 ⫹ S 2 兲冩 ROI

冑2SD共S 1 ⫺ S 2兲冩 ROI

.

As the region of interest for the SNR calculation, the total aneurysm with inflow and outflow vessels was taken. VNR equals the
product of SNR and velocity divided by the velocity encoding.
VNR is not calculated separately.
During postprocessing, the number of cardiac phases of CFD
was reduced to equal the number of cardiac phases of the 3D
PC-MR imaging measurement.

To quantify differences between 3D PC-MR imaging and
CFD, we registered the CFD data and linearly interpolated them
to the 3D PC-MR imaging data. To take aneurysm pulsatility
in the 3D PC-MR imaging data into account, we conducted registration for every cardiac phase separately. Peak systole and end
diastole were defined as the cardiac phase in which the spatially
averaged velocity magnitude was maximal and minimal,
respectively.
Further comparison consisted of quantification of the location and magnitude of vortices, by calculation of singular energy, as developed by Liu and Ribeiro,25 of the intra-aneurysmal flow.26 Multiple vortices or vortices fluctuating with time
are thought to be an indicator of rupture.27 Quantification of
vortices by calculating singular energy may therefore be useful
in rupture-risk assessment in aneurysms. In this study, the
magnitude and location of singular energy was used for comparison of the velocity fields between 3D PC-MR imaging and
CFD.
The technique used in the current study extended the original 2D approach to 3D by including the singular energy for the
transverse, sagittal, and coronal 2D sections. For further details, see Marquering et al.26 A scale  of 4 voxels (3.2 mm) was
used.
All quantification and visualization were performed with
custom-built software in Matlab. Pathline images were created, and flow quantification in the inflow vessel of the 2D and
3D PC-MR imaging was performed in GTFlow. The input flow,
inflow vessel area, mean velocity magnitude, and peak systolic
velocity magnitude values for the aneurysms are given in Online Table 1.
For both CFD with inflow boundaries from 2D and 3D
PC-MR imaging, Bland-Altman plots analyzing velocity magnitude and singular energy differences over the entire heart cycle on
a per-aneurysm level are shown in On-line Figs 1– 4, as well as
Bland-Altman plots showing the spatially averaged differences in
velocity magnitude and singular energy at systole and diastole
(On-line Figs 5 and 6).
A supplemental analysis was performed for the differences between 3D PC-MR imaging and CFD, with inflow boundary conditions obtained from 2D PC-MR imaging consisting of partitioning the aneurysm in an inflow region and a dome region. The
results are shown in On-line Table 2.

Statistics
The difference in velocity magnitude and singular energy between
CFD and 3D PC-MR imaging was determined for every voxel and
subsequently averaged over space to yield a mean paired difference (MDif) at every cardiac phase:

2)

MDif ⫽

冘

N
n⫽1

MRI n ⫺ CFD n
N

,

where N is the number of voxels. Its significance was tested with a
paired t test; P ⬍ .05 was considered statistically significantly different. The SD of the paired difference (SDif) was calculated as
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FIG 1. Velocity vector images in a characteristic section depicting the main vortex in 4 aneurysms and the inﬂow jet in 3 of the aneurysms. The
images depict the aneurysms at peak systole and diastole in isosurfaces (gray) for 3D PC-MR imaging, CFD with inﬂow boundary conditions
obtained from 2D PC-MR imaging, and CFD with inﬂow boundary conditions obtained from 3D PC-MR imaging.

3)

RDif ⫽

冉冘

MDif
N
n⫽1

CFD n

N

冊

.

Differences in flow direction were calculated from the angle difference between
corresponding velocity vectors. Because
the distribution of the angle difference
was not normal, median rather than
mean values were calculated.

RESULTS
The SNR of the 3D PC-MR imaging velocity measurements was 19.5 ⫾ 3.4.
Figure 1 shows intra-aneurysmal
flow patterns in 4 aneurysms. In systole,
the circular motion in the vortices and
the direction of inflow jets were qualitatively similar for the 3 methods. This
FIG 2. Pathlines over the entire cardiac cycle depicting similar complex ﬂow in aneurysm volumes finding can further be appreciated from
(gray background) of aneurysms 1, 4, 5, and 7 for 3D PC-MR imaging; CFD with inﬂow boundary the pathlines in Fig 2. In Fig 1 for diasconditions obtained from 2D PC-MR imaging; and CFD with inﬂow boundary conditions obtained
tole, the vortices of the 3D PC-MR imfrom 3D PC-MR imaging.
aging measurement appeared disrupted
and irregular in most aneurysms.
well A relative difference in velocity magnitude between both
For most aneurysms, the 3D PC-MR imaging measurements
methods was based on the mean CFD velocity magnitude per
resulted in higher velocity magnitude values than CFD with insubject:
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study compared 3D PC-MR imaging
with CFD in canine aneurysm models.30
All studies found a good qualitative
agreement between both techniques and
a moderate quantitative agreement.
Note that the purpose of the CFD simulations in this study was to compare the
results with the 3D PC-MR imaging
measurements. To compare the modalities on a voxel basis, we downsized the
flow fields obtained from CFD simulations to the voxel size of 3D PC-MR imaging. The original CFD data were thereFIG 3. Singular-energy magnitude and location at peak systole in aneurysm volumes (gray) of aneu- fore not displayed.
The need for reliable patient-specific
rysm 1, 2, 3, and 5 for 3D PC-MR imaging; CFD with inﬂow boundary conditions obtained from 2D
PC-MR imaging; and CFD with inﬂow boundary conditions obtained from 3D PC-MR imaging. For CFD simulations has been described by
visualization purposes, only the areas with singular energy above half the maximum value are
many authors. However, the prescripindicated.
tion of inflow boundary conditions that
produce accurate CFD results is still a
flow boundary conditions obtained from 2D PC-MR imaging
matter of debate. Several studies used flow rates that were mea(On-line Table 3). When inflow boundary conditions from 3D
sured with 2D PC-MR imaging in separate healthy volunteers.9,31
PC-MR imaging were used, the velocity magnitude values were
Patient-specific spatial and temporal velocity vector values as
higher for CFD than for 3D PC-MR imaging in a few simulations.
measured with 3D PC-MR imaging at each node of the inflow
For both CFD methods, the SDif and the RDif were higher in
boundary and subsequent comparison with 3D PC-MR imaging
systole than in diastole and differences in estimated local flow
have been applied at relatively low resolution in only 2 studdirection were found primarily in diastole.
ies.28,29 This is the first study to perform this comparison in inThe Bland-Altman plots in On-line Figs 1– 4 show similar betracranial aneurysms at 3T, to our knowledge.
havior for the difference in velocity magnitude and singular enTo be able to prescribe boundary conditions with high spatial
ergy between 3D PC-MR imaging and both CFD methods
and temporal resolution, we performed a 2D PC-MR imaging
In Fig 3, the locations with singular energy magnitude higher
measurement to obtain inflow profiles. Furthermore, the differthan half the maximum are displayed for 4 aneurysms. For aneuence with inflow boundary conditions obtained at lower spatial
rysms 1, 2, and 3, the locations and magnitudes of the maximum
and temporal resolution was investigated by prescribing inflow
singular energy were similar. For aneurysm 5, the magnitude of
boundary conditions obtained from 3D PC-MR imaging. It was
the singular energy was approximately twice as low for both CFD
shown that different inflow boundary conditions produce differmethods. RDif averaged over all aneurysms in systole was a factor
ent results in terms of velocity magnitude. However, the differof 3 smaller for singular energy than for velocity magnitude (Onences in the direction of the velocity vectors, expressed as the
line Table 4). .
angle between vortices or as locations of vortices by singular enOn-line Fig 5A shows that in systole an offset in velocity magergy, were found to be small when using inflow boundary condinitude was found for the difference between 3D PC-MR imaging
tions obtained from different techniques.
and CFD with 2D PC-MR imaging inflow boundary conditions.
On average, the 3D PC-MR imaging measurements resulted in
For velocity magnitude at diastole and singular energy at both
30% higher flow estimates than the 2D PC-MR imaging ones.
systole and diastole, the Bland-Altman plots (On-line Figs 5 and
Discrepancies between flow measurements from 2D and 3D
6) were similar for the difference between 3D PC-MR imaging
PC-MR imaging (⫾18%)32 or 2D and endovascular sonography
and CFD with 2D PC-MR imaging and 3D PC-MR imaging in(⫾15%)33 have been reported in the literature earlier. Wentland
flow boundary conditions.
et al34 concluded that flow measurements in healthy volunteers in
In On-line Table 2, MDif, SDif, and RDif are given for the
the renal vasculature revealed that 3D measurements tended to be
separated inflow vessel and dome of the aneurysms. At systole,
more internally consistent than 2D measurements.
MDif was generally higher for the inflow region than for the
In On-line Table 1, it can be seen that segmentation of the
dome, while RDif was lower for the inflow region than the dome.
sections obtained by 3D PC-MR imaging resulted in larger areas
Further differences were similar to the analysis of the total
than for the 2D PC-MR imaging sections. A slightly smaller seggeometry.
mentation can result in the discarding of many voxels around the
circumference of the vessel and therefore in severe area underesDISCUSSION
timation. Despite the lower mean velocities in the 3D PC-MR
Studies comparing 3D PC-MR imaging with CFD on a voxel-byimaging measurement, the larger vessel area resulted in larger
voxel basis in human aneurysms at 3T are not available in the
flow values than 2D PC-MR imaging.
literature, to our knowledge. One study compared 3D PC-MR
A consequence of the smaller vessel segmentation in 2D
imaging with CFD in the aorta,28 and 1 study in 5 intracranial
PC-MR imaging was that velocities at nodes at the edges of the
aneurysms at 1.5T at relatively low spatial resolution.29 Another
AJNR Am J Neuroradiol 34:1785–91
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inflow boundary in CFD were interpolated toward zero. The
wider segmentation in 3D PC-MR imaging led to higher input
velocities at the edges of the inflow boundary in the CFD simulation. Therefore 3D PC-MR imaging corresponded better with
CFD simulations with inflow boundary conditions obtained from
3D PC-MR imaging than the simulations by using inflow boundary conditions obtained from 2D PC-MR imaging.
Six simulations with boundary conditions obtained from 3D
PC-MR imaging were performed; in 2 cases, the inflow of the CFD
was located outside the imaging volume of the PC-MR imaging
sequence.
The systematic differences in local velocity were reduced 5-fold
for MDif and 2-fold for RDif by using inflow boundary conditions
from 3D PC-MR imaging instead of 2D PC-MR imaging. The fanshaped profiles of the Bland-Altman plots in On-line Figs 1– 4 reveal
that the discrepancies between 3D-PC-MR imaging and both CFD
methods are proportional with the mean of 3D PC-MR imaging and
CFD. Random differences (SDif) were similar for both inflow
boundary conditions. The results for the singular energy and the median angle were similar. We therefore conclude that different inflow
boundary conditions have a large influence on magnitude of velocity
values. However, velocity vector directions and locations and magnitude
of vortices are fairly independent of inflow boundary conditions.
The singular energy measure as presented in this study is introduced to facilitate the comparison between 3D PC-MR imaging and CFD. Singular energy provides a quantitative measure of
flow patterns. It is unclear whether it may lead to more insight
into the nature of the aneurysm with respect to rupture, as has
been discussed in the literature recently.35,36 While this is an intriguing possibility, it was not the purpose of the current work to
address the predictive value of this quantity.
Another limitation is the semiautomatic segmentation of the
3D rotational angiography dataset, resulting in possible under- or
overestimation of neck width.37 Also limitations with regard to
the 3D PC-MR imaging setup may contribute to the found discrepancies between both techniques. In our study, SNR values
within aneurysms were relatively low due to small voxel sizes and
the use of parallel imaging.38 Therefore, at low velocities during
diastole, the velocity may be overestimated due to noise. Furthermore, the temporal resolution of the 3D PC-MR imaging was
relatively low, resulting in temporal low-pass filtering (ie, underestimation of velocities in the systolic phase).
It is clear that more accurate estimation of intracranial aneurysm hemodynamics from PC-MR imaging requires improved
technology. Higher field strengths can improve SNR.39 One recently developed promising technique to improve PC-MR imaging measurement is divergence-reduction processing.40

CONCLUSIONS
In this study, high-resolution 3D PC-MR imaging was compared
with patient-specific CFD on a voxel-by-voxel basis in 8 aneurysms. In peak systole, qualitative similarities in flow features such
as vortical flow patterns and inflow behavior were evident. In end
diastole, the flow patterns of the 3D PC-MR imaging measurements were different compared with those generated with CFD
due to the low velocity-to-noise ratio of the 3D PC-MR imaging
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measurements. Singular energy calculation revealed quantitative
agreement between 3D PC-MR imaging and CFD in systole.
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16. van Ooij P, Guédon A, Poelma C, et al. Complex flow patterns in a
real-size intracranial aneurysm phantom: phase contrast MRI compared with particle image velocimetry and computational fluid dynamics. NMR in Biomed 2012;25:14 –26
17. Wilson JT, Pettigrew LE, Teasdale GM. Structured interviews for the
Glasgow Outcome Scale and the extended Glasgow Outcome Scale:
guidelines for their use. J Neurotrauma 1998;15:573– 85
18. Slavin GS, Bluemke DA. Spatial and temporal resolution in cardio-

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

vascular MR imaging: review and recommendations. Radiology
2005;234:330 –38
Lotz J, Meier C, Leppert A, et al. Cardiovascular flow measurement
with phase-contrast MR imaging: basic facts and implementation.
Radiographics 2002;22:651–71
Li C, Xu C, Gui C, et al. Level set evolution without re-initialization:
a new variational formulation. In: Proceedings of the 2005 IEEE Computer Society Conference on Computer Vision and Pattern Recognition,
San Diego, California. June 20 –25, 2005:430 –36
Antiga L, Piccinelli M, Botti L, et al. An image-based modeling
framework for patient-specific computational hemodynamics.
Med Biol Eng Comput 2008;46:1097–112
Jenkinson M, Smith S. A global optimisation method for robust
affine registration of brain images. Med Image Anal 2001;5:143–56
Murray CD. The physiological principle of minimum work: I. The
vascular system and the cost of blood volume. Proc Natl Acad Sci
U S A 1926;12:207–14
Price RR, Axel L, Morgan T, et al. Quality assurance methods and phantoms for magnetic resonance imaging: report of AAPM Nuclear Magnetic Resonance Task Group No. 1. Med Phys 1990;17:287–95
Liu W, Ribeiro E. Scale and rotation invariant detection of singular
patterns in vector flow fields. In: Hancock E, Wilson R, Windeatt T,
et al, eds. SSPR & SPR Proceedings of the 2010 Joint IAPR International
Conference on Structural, Syntactic, and Statistical Pattern Recognition,
LNCS No, 6218. Berlin: Springer-Verlag; 2010:522–31
Marquering HA, van Ooij P, Streekstra GJ, et al. Multiscale flow
patterns within an intracranial aneurysm phantom. IEEE Trans
Biomed Eng 2011;58:3447–50
Cebral JR, Mut F, Weir J, et al. Association of hemodynamic characteristics and cerebral aneurysm rupture. AJNR Am J Neuroradiol
2011;32:264 –70
Stalder AF, Liu Z, Hennig J, et al. Patient specific hemodynamics:
combined 4D flow-sensitive MRI and CFD. In: Wittek A, Nielsen
PMF, Miller K, eds. Computational Biomechanics for Medicine. New
York: Springer-Verlag; 2011:27–38
Isoda H, Ohkura Y, Kosugi T, et al. Comparison of hemodynamics of
intracranial aneurysms between MR fluid dynamics using 3D cine
phase-contrast MRI and MR-based computational fluid dynamics.
Neuroradiology 2010;52:913–20

30. Jiang J, Johnson K, Valen-Sendstad K, et al. Flow characteristics in a
canine aneurysm model: a comparison of 4D accelerated phasecontrast MR measurements and computational fluid dynamics
simulations. Med Phys 2011;38:6300 –12
31. Castro MA, Putman CM, Cebral JR. Computational fluid dynamics
modeling of intracranial aneurysms: effects of parent artery segmentation on intra-aneurysmal hemodynamics. AJNR Am J Neuroradiol 2006;27:1703– 09
32. Stalder A, Russe M, Frydrychowicz A, et al. Quantitative 2D and 3D
phase contrast MRI: optimized analysis of blood flow and vessel
wall parameters. Magn Reson Med 2008;60:1218 –31
33. Schneiders JJ, Ferns SP, van Ooij P, et al. Comparison of phasecontrast MR imaging and endovascular sonography for intracranial blood flow velocity measurements. AJNR Am J Neuroradiol
2012;33:1786 –90
34. Wentland A, Grist TM, Wieben O. Repeatability and internal consistency of abdominal 2D and 4D PC MR flow measurements. J Cardiovasc Magn Reson 2012;14(Suppl 1):W13
35. Kallmes DF. Point: CFD— computational fluid dynamics or confounding factor dissemination. AJNR Am J Neuroradiol 2012;33:
395–96
36. Cebral JR, Meng H. Counterpoint: realizing the clinical utility of
computational fluid dynamics– closing the gap. AJNR Am J Neuroradiol 2012;33:396 –98
37. Schneiders JJ, Marquering HA, Antiga L, et al. Intracranial aneurysm
neck size overestimation with 3D rotational angiography: an exploratory study on the impact on intra-aneurysmal hemodynamics
simulated with computational fluid dynamics. AJNR Am J Neuroradiol 2013;34:121–28
38. Thunberg P, Karlsson M, Wigstrom L. Accuracy and reproducibility
in phase contrast imaging using SENSE. Magn Reson Med
2003;50:1061– 68
39. van Ooij P, Zwanenburg JJM, Visser F, et al. Quantification and
visualization of flow in the circle of Willis: time-resolved threedimensional phase contrast MRI at 7 T compared with 3 T. Magn
Reson Med 2013;69:868 –76
40. Busch J, Giese D, Wissmann L, et al. Construction of divergence-free
velocity fields from cine 3D phase-contrast flow measurements.
Magn Reson Med 2013;69:200 –10

AJNR Am J Neuroradiol 34:1785–91

Sep 2013

www.ajnr.org

1791

ORIGINAL RESEARCH

INTERVENTIONAL

What Is Meant by “TICI”?
J.E. Fugate, A.M. Klunder, and D.F. Kallmes

ABSTRACT
BACKGROUND: In 2003, Higashida et al proposed the Thrombolysis In Cerebral Infarction scale to evaluate angiographic intracranial ﬂow.
Our aim is to review how subsequently published studies deﬁne TICI.
MATERIALS AND METHODS: We used the ISI Web of Knowledge and SciVerse Scopus databases to search for “TICI” and “thrombolysis
in cerebral infarction” and for articles that cited the original TICI paper from January 2004 through May 2012. Articles were categorized
according to their deﬁnition of the TICI categories, typically grades 0 – 4, with grade 2 (partial reperfusion) subdivided into 2a and 2b, and
rate of contrast entry to the perfused area. In addition, we catalogued the type of redeﬁnitions of TICI subcategory 2 and additions of new
categories.
RESULTS: Of 236 articles screened, 74 were included. Eight (11%) explicitly followed the TICI scale as originally deﬁned. Thirty-seven (50%)
cited Higashida but did not deﬁne their scale. Fifteen (21%) used and explained modiﬁed scales. Thirteen (18%) used the term TICI, but did
not deﬁne the scale and did not cite Higashida. Eighteen (24%) speciﬁed a 2a subcategory. Nine deﬁned grade 2a as ⬍67% ﬁlling, 6 deﬁned
it as ⬍50%, and 3 did not offer a percentage. Two studies added a 2c subcategory. Fifty-two (70%) used a cutoff level to deﬁne “successful
reperfusion.” Of these, 65% used TICI ⱖ2, 33% used TICI ⱖ2b, and 2% used TICI ⫽ 3.
CONCLUSIONS: There is substantial variability in the deﬁnition and/or application of the TICI scale in the literature. This variability could
considerably impact our understanding of results of revascularization studies.
ABBREVIATIONS: TICI ⫽ Thrombolysis in Cerebral Infarction; TIMI ⫽ Thrombolysis in Myocardial Infarction

T

he Thrombolysis in Myocardial Infarction scale is a widely
applied, graded response scale for assessment of treatment
outcome in the coronary arteries.1 In 2003, Higashida et al2 proposed a seemingly simple modification of the TIMI scale to evaluate intracranial perfusion assessed in cerebral angiography. This
new scale, the Thrombolysis in Cerebral Infarction scale, was intended to standardize the grading of angiographic outcomes, particularly for trials of endovascular treatment of acute ischemic
stroke (Table 1). As originally described, TICI categories span
from no perfusion (grade 0) to complete perfusion (grade 3). The
“partial perfusion” category (grade 2) is defined as cases in which
contrast passes the obstruction but with rates of entry and washout slower than normal and is subdivided into 2 subcategories, 2a
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and 2b. Although the TICI scale has achieved fairly rapid acceptance into the medical literature, the scale was somewhat arbitrarily created and has not been validated or tested systematically.
Although the TICI scale has been criticized because of confusing internal inconsistencies,3 it is still widely used in the literature.4 Modifications of the TICI scale have been subsequently
proposed, such as a change in the definition of the 2a subcategory
(to indicate ⬍50% filling of the vascular territory) or by the addition of a 2c subcategory.5 Our current aim is to review published
studies that use the TICI scale to describe how the TICI scale is
defined and utilized across studies.

MATERIALS AND METHODS
We performed a search of the medical literature by using the ISI
Web of Knowledge and SciVerse Scopus databases. We searched
for the terms “TICI” and “thrombolysis in cerebral infarction.”
We also used these databases to search for all articles from January
2004 through May 2012 that cited the original TICI paper. In
addition, we reviewed the reference list from all identified articles
to identify other papers by using graded response scales for cere-

Table 1: The original Thrombolysis in Cerebral Infarction perfusion scale2
Category
Title
Description
Grade 0
No Perfusion
No antegrade ﬂow beyond the point of occlusion.
Grade 1
Penetration with Minimal
The contrast material passes beyond the area of obstruction but fails to opacify
Perfusion
the entire cerebral bed distal to the obstruction.
Grade 2
Partial Perfusion
The contrast material passes beyond the obstruction and opaciﬁes the arterial bed
distal to the obstruction. However, the rate of entry of contrast into the vessel
distal to the obstruction and/or its rate of clearance from the distal bed are
perceptibly slower than its entry into and/or clearance from comparable areas
not perfused by the previously occluded vessel.
Grade 2a
Only partial ﬁlling (less than two-thirds) of the entire vascular territory is visualized.
Grade 2b
Complete ﬁlling of all of the expected vascular territory is visualized but the ﬁlling
is slower than normal.
Grade 3
Complete Perfusion
Antegrade ﬂow into the bed distal to the obstruction occurs as promptly as into
the obstruction and clearance of contrast material from the involved bed is as
rapid as from an uninvolved other bed of the same vessel or the opposite
cerebral artery.

bral perfusion, whether or not these papers referenced or utilized
the original TICI paper.
In the initial description of the TICI scale in 2003, grade 0
indicates no perfusion as evidenced by no antegrade flow beyond
the point of arterial occlusion.2 Grade 1 is defined as penetration
with minimal perfusion” and applies when the “contrast material
passes beyond the area of obstruction but fails to opacify the entire
cerebral bed distal to the obstruction.” Grade 2 is broadly defined
as partial perfusion, which occurs when the contrast material
passes beyond the obstruction, opacifies the distal arterial bed, but
the rate of entry of contrast and/or its rate of clearance from
the vascular bed are slower than comparable areas not perfused
by the previously occluded vessel. The opposite cerebral artery or
the arterial bed proximal to the occlusion can be used for comparison rates. Grade 2 is subdivided into 2a and 2b. A grade of 2a
indicates partial filling (less than two-thirds) of the entire vascular
territory and 2b indicates complete filling of the expected vascular
territory, but with a perceptibly slower filling rate than normal.
Finally, grade 3 is defined as complete perfusion and applies when
“antegrade flow into the bed distal to the obstruction occurs as
promptly as into the obstruction and clearance of the contrast
material from the involved bed is as rapid as from an uninvolved
other bed of the same vessel or the opposite cerebral artery.”2
With our literature search, we identified a total of 236 articles.
We excluded articles that did not relate to the TICI scale (115
articles) and articles that were in languages other than English or
that were not accessible in full length (49 articles). We qualitatively assessed whether the definition of TICI in each article adhered to the original definition of the TICI scale and evaluated the
articles that were cited when TICI was described. We then accordingly categorized the articles into 4 groups: 1) articles that explicitly stated the scale and followed the original TICI scale completely, 2) articles that did not explicitly define the scale but cited
the original TICI paper, 3) articles that defined a modified scale,
and 4) articles that used TICI but did not define the scale and did
not cite the original TICI paper. We also catalogued the type and
number of definitions of subcategory 2a and noted if a subcategory of TICI was used as a threshold for “successful revascularization.” This study was exempt from institutional review board
review.

FIG 1. Distribution of deﬁnition and citation of the TICI scale in the
literature. Articles in the English literature that use the TICI (Thrombolysis in Cerebral Infarction) grading scale, distributed according to
deﬁnition and citation of TICI.

RESULTS
Of 74 total included articles, 8 (11%) followed the original TICI
scale completely and explicitly stated the categories.6-13 One article claimed to have followed the scale completely but did not state
the categories.14 Thirty-seven (50%) articles did not explicitly define the scale but still cited the original paper by Higashida et
al.15-51 Modifications of the TICI scale were used in 15 (20%)
articles.4,5,52-65 Of these, 8 cited only the original TICI paper, 4
cited the original TICI paper and other papers, and 3 cited only
other papers. Thirteen (18%) articles used TICI but did not define
the scale and did not cite the original TICI paper.13,30,56,66-75
These results are depicted in Fig 1.
Eighteen (24%) of articles mentioned the rate of contrast filling in their use of TICI. Most modifications of TICI eliminated
the subcategories of 2a and 2b. Only 18 (24%) articles specified a
2a subcategory. Of these, 9 defined 2a as filling of ⬍67% of the
affected vascular territory (compatible with the original TICI)
and 6 defined 2a as filling of ⬍50% of the affected vascular territory. A 2c subcategory was added in 2 articles, and a category 4 was
added in 1 article. Examples of the variability in definitions of
TICI categories are detailed in Table 2.
Most articles (n ⫽ 52, 70%) defined a threshold within the
TICI scale that indicated “successful revascularization” as one of
the study end points. Of these, 34 (65%) used TICI ⱖ2, 17 (33%)
used TICI ⱖ2b (although only 1 of these studies defined a precise
AJNR Am J Neuroradiol 34:1792–97
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grading scale is increasingly used to define
end points of revascularization success in
studies. If we define success as achieving a
certain grade of TICI (eg, TICI 2b) but we
do not have consistent grading systems, we
cannot compare or combine results of clinical studies. To achieve enough patients for
studies to be powered adequately, it is necessary for investigators from different centers to collaborate together. Without a standardized grading scale, this will not be
possible. It is essential that we communicate clearly with consistent terminology.
To our knowledge, our study is the first
to specifically describe the varying definitions of the TICI scale as it is reported in the
literature. Others, however, have previously called attention to the confusion surrounding the TICI scale.3,76 In 2007, Tomsick76 acknowledged confusion about the
different revascularization scales. He noted
the inconsistent descriptions and applications in the literature; some focus on recanalization, some focus on reperfusion, and
others confusingly (and erroneously) use
the terms interchangeably. Letters denoting
acronyms for different scales are littered
throughout the literature and include the
TICI, TIMI, TIBI (Thrombolysis in Brain
Ischemia), and AOL (Arterial Occlusive Lesion) scales. In a previous review of the
TICI scale, the inherent inconsistencies within the original TICI
scale itself were identified.3 For example, there is no applicable
TICI grade for a case in which greater than two-thirds but less
than “complete” filling of the vascular territory is visualized. In
addition, there is no applicable TICI grade for a partially revascularized territory with normal rate of distal opacification, a scenario not uncommonly encountered.3
The TIMI scale— unlike the TICI scale— has not been the subject of frequent modifications. The definition of the TIMI scale
throughout the abundant cardiology literature has not been systemically evaluated, but there is general consensus that when used
for the evaluation of myocardial perfusion before and after coronary reperfusion therapies, it is used consistently. In the
mid1990s, a quantitative assessment of coronary flow called the
corrected TIMI Frame Count (CTFC) was reported in an attempt
to standardize the scale,77 but the original semiqualitative TIMI
scale has continued to be the standard used by interventional
cardiologists. However, the TIMI scale cannot be easily applied to
the more complex cerebral arteries. One review found that 7 different operationalized versions of the TIMI scale have been used
in major stroke trials, emphasizing again the need for a single,
uniform, consistent scale for grading of perfusion in cerebral
arteries.78
This study has several limitations. Some articles from our literature search were not reviewed because of a lack of accessibility
of full-length articles or because they were written in languages

Table 2: Varying deﬁnitions of TICI grades in the literature
Category
Deﬁnition
Grade 0
No ﬂow
No canalization
Complete occlusion
No recanalization/reperfusion
Grade 1
Minimal recanalization (⬍20%)
Minimal ﬂow (very slow) without signiﬁcant ﬂow distal to the occlusion site
Limited or no reperfusion
Distal movement of thrombus without reperfusion
Perfusion past initial occlusion, but limited distal branch
Filling
Grade 2
Partial recanalization—recanalization of some but not all of the occluded
arteries
Incomplete recanalization/reperfusion
Near-normal ﬂow, with ﬂow distal to the occlusion but not ﬁlling the distal
branches normally
Grade 2a
Perfusion of ⬍50% of the MCA distribution
Partial ﬁlling of the entire vascular territory
Partial perfusion with incomplete distal ﬁlling of ⬍50% of expected territory
Partial ﬁlling of the entire vascular territory
Grade 2b
Partial perfusion with incomplete distal branch ﬁlling of ⱖ50–99% of the
expected territory
Complete ﬁlling, but the ﬁlling is slower than normal
Perfusion of half or greater of the vascular distribution of the occluded artery
Grade 2c
Near-complete perfusion without clearly visible thrombus but with delay in
contrast run-off
Grade 3
Full perfusion with ﬁlling of all distal branches, including M3, M4
Normal ﬂow
Partial recanalization with ⬎50% reperfusion
Full perfusion with normal ﬁlling of distal branches in a normal hemodynamic
fashion
Grade 4
Complete recanalization/reperfusion

cutoff for 2b; 67% filling of the vascular territory), and 1 used
TICI ⫽ 3. These thresholds for successful angiographic revascularization were prespecified in the methods in 40 (77%) of these
articles.

DISCUSSION
The term “TICI” connotes a standard and widely accepted metric of
revascularization, analogous to the ubiquitous TIMI outcome for
coronary revascularization. In the current study, we found substantial variability in how the term “TICI” scale is both defined and used
in the recent English literature. Far from being a consistent and universal scale, we noted that only a small minority of studies, by use of
the term “TICI” when reporting outcomes after revascularization,
actually used the original TICI scale. Furthermore, many studies
failed to provide sufficient detail to allow the reader to understand
exactly what categories were used. Finally, the definition of successful
revascularization varied widely among studies. These current findings are relevant for several reasons.
First, our understanding of the current literature has the potential to be greatly affected by these findings. The modification
that changed the cutoff point between TICI subcategories 2a and
2b has particular relevance because a grade on the TICI scale ⱖ2b
was used as an end point to define successful reperfusion in
one-third of the articles that specified this end point in our study.
Second, the definition of TICI will affect study design for future
trials of endovascular therapy for acute ischemic stroke. The TICI
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other than English, creating a selection bias. However, increasing
the number of studies we reviewed may have increased the observed variability in TICI definitions. Also, the categories into
which articles were divided were subjectively chosen and were
evaluated by only 2 investigators.
Further opportunities to refine our grading scales and further
our understanding of brain reperfusion abound. Weaknesses in
current grading scales for cerebral perfusion are not limited to
confusing terminology. Vessel recanalization in the treatment of
acute ischemic stroke has been shown to be associated with favorable clinical functional outcomes, but when reperfusion is only
partial, the clinical relevance of the use of different TICI grade 2
subdivisions is not known. Furthermore, there are few data regarding the intra-observer and interobserver variability when applying the TICI scale to angiography results. It also remains unclear whether it is appropriate to apply TICI to the posterior
circulation and whether the degree of collateral flow—particularly in cases with distal M3– 4 occlusions—modifies the effect of
revascularization (as measured by TICI) on clinical outcomes.
Scales are designed to aid in the objective description of angiographic results, standardize data for research studies, and assist in
outcome prediction.79 We hope that by clarifying what we mean
by “TICI,” we will be better able to evaluate the efficacy of revascularization therapies for acute ischemic stroke in the future.

CONCLUSIONS
There is substantial variability in how the TICI scale is defined and
applied in the cerebrovascular literature. Few studies provide sufficient detail for readers to understand what is meant by each TICI
grade. Because TICI score is increasingly used as an outcome measure in studies of revascularization therapies in acute ischemic
stroke, this variability has the potential to considerably impact
results and our understanding of these therapies.
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Tentorial Dural Fistulas: Endovascular Management and
Description of the Medial Dural-Tentorial Branch of the
Superior Cerebellar Artery
J.V. Byrne and M. Garcia

ABSTRACT
BACKGROUND AND PURPOSE: TDAVFs are uncommon causes of spontaneous intracranial hemorrhage. A retrospective review of their
management was performed after repeatedly observing a previously under-recognized medial dural-tentorial branch of the SCA.
MATERIALS AND METHODS: Thirteen patients were diagnosed with TDAVFs by CT/MR imaging and DSA during a 5.8-year period. Seven
patients presented after intracranial hemorrhage. Twelve patients were treated endovascularly, and one, surgically.
RESULTS: Eleven TDAVFs were located in the midline (7 at the falx cerebelli and 4 at the torcular), and 2 were petrotentorial. All torcular
TDAVFs were associated with sinus thrombosis and showed bidirectional drainage relative to the tentorium. No sinus thrombosis was seen
in the falx cerebelli subtype, which drained infratentorially only, except in 1 patient who had had unrelated surgery previously. Venous
drainage was directly to cortical veins except for 1 petrotentorial and 2 torcular TDAVFs. A branch of the SCA, the medial dural-tentorial
artery, was observed in 5 midline TDAVFs. Its anatomy was deﬁned with selective angiography. Endovascular therapy resulted in a cure in
5 and subtotal occlusion in 6, and staged treatment is ongoing in 1 patient. One patient was cured after surgery.
CONCLUSIONS: TDAVFs frequently cause intracranial hemorrhage and therefore warrant treatment. Endovascular therapy proved
effective in this series, and arteriography was essential for understanding the various ﬁstula subtypes and for treatment planning. We
emphasize the importance of recognizing the medial dural-tentorial artery of the SCA with its characteristic course along the tentorium
on angiography. This artery should be included in future anatomic descriptions of the cranial blood supply.
ABBREVIATIONS: AICA ⫽ anterior inferior cerebellar artery; ADS ⫽ artery of Davidoff and Schechter; DAVF ⫽ dural arteriovenous ﬁstula; SCA ⫽ superior
cerebellar artery; TDAVF ⫽ tentorial dural arteriovenous ﬁstula

D

ural arteriovenous fistulas account for 10%–15% of all intracranial vascular shunts.1,2 The TDAVF is a rare subgroup,
constituting ⬍4% of DAVFs.1,3-6 TDAVFs are most frequently
diagnosed in middle-aged men,2,4,5,7 unlike DAVFs elsewhere,
which are more frequent in elderly women.8,9 Spontaneous intracranial hemorrhage is the usual presenting symptom because cortical venous reflux is common.4,6,7,10 Otherwise, diagnosis relies
on imaging because neurologic symptoms are nonspecific and
nonlocalizing.6,11-16
TDAVFs are generally considered separate from DAVFs located along the transverse and sigmoid sinuses despite their proximity. This distinction appears to be historic and is based on anatomic, symptomatic, and therapeutic differences. Anatomically,
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DAVFs primarily involve the single-layer dura of the calvaria,
while TDAVFs occur in the reflected (double-layer) dura of the
tentorium and its attachments. Because TDAVFs usually drain to
cortical veins, invasive treatment is recommended, irrespective of
presentation.4,6,7,10 Treatment is traditionally by surgical resection but access is often difficult,10 and endovascular therapy is a
recognized and increasingly used alternative, either alone or in
combination with surgery.17 Another alternative is stereotactic
radiosurgery, which has been reported in feasibility studies18,19
and may be a useful adjunct to endovascular treatment.
Due to their rarity, the number of reports describing TDAVFs
and their management is limited. Nevertheless, several classification systems have been proposed on the basis of location and
venous drainage patterns.5,7 The arterial supply is not an important feature in these descriptions, but with the increasing use of
endovascular treatment, it is clearly important and may be helpful
in classification and distinguishing TDAVFs from DAVFs located
at the tentorial margins.
We present 13 TDAVFs and classify them according to location and overall vascular supply. Special attention is drawn to an

Table 1: Patient details and presenting symptoms
No.
Age (yr)
Sex
Clinical Presentation
1
45
M
Collapse, headache
2
64
M
Unrelated stroke, incidental ﬁnding on imaging
3
4
5

56
65
65

M
F
M

Collapse, vomiting, dysarthria, blurred vision
Transient arm weakness
Acute-onset headache

6

64

F

Hearing loss, tinnitus, diplopia

7
8
9
10
11
12
13

64
66
58
60
64
56
60

F
M
M
F
M
F
M

Headache, progressive mental confusion, dysphasia
Visual disturbance and hemianopia
Acute-onset headache
Severe headache, vertigo
Collapse, vomiting, aphasia
Pulsatile tinnitus
Acute-onset headache

Initial CT/MR
CT/CTA: ICH posterior fossa, developing hydrocephalus
CT/CTA: small subacute ischemic area supratentorially,
dilated abnormal vessels in the posterior fossa
CT/CTA: ICH posterior fossa, developing hydrocephalus
MRI: abnormal vessels with venous engorgement
CT/CTA: SAH in the posterior fossa with ventricular
spread, hydrocephalus
MRI: abnormal vascular structures in the right-side
posterior fossa
CT/CTV: engorged leptomeningeal veins
MRI: multiple congested intracranial veins
CT/CTA: posterior fossa SAH
CT/CTA: perimesencephalic SAH
CT: posterior fossa SAH with intraventricular spread
MRI/MRA: abnormal vessels
CT: cerebellar ICH

Note:—CTV indicates venous phase CTA.

under-recognized medial dural-tentorial branch of the superior
cerebellar artery, which has not been previously demonstrated by
selective arteriography, to our knowledge. We describe the main
features of this artery to emphasize its importance in future anatomic descriptions of TDAVFs.

PATIENTS AND METHODS
Patients
A search of our institutional data base identified 13 patients with
TDAVFs presenting between January 2007 and September 2012.
DAVFs of the transverse or sigmoid sinuses and other posterior fossa
locations not supplied by tentorial arteries were excluded. All patients
underwent initial CT/CTA and/or MR imaging/MRA, as well as subsequent DSA before treatment. The mean age was 59.8 years (age
range, 45– 66 years) with a male/female ratio of 8:5 (Table 1).

Presentation
Symptoms were the following: headache (n ⫽ 7), tinnitus (n ⫽ 2),
visual disturbances (n ⫽ 3), transient weakness (n ⫽ 1), and progressive confusion (n ⫽ 1). One patient presented after imaging
for coincidental stroke. Seven patients presented after spontaneous intracranial hemorrhage; 3 were initially unconscious, requiring mechanical ventilation. Imaging showed posterior fossa hemorrhage; principally subarachnoid in 4, cerebellar in 3, with
intraventricular hemorrhage in 4 patients (Table 1).

Angiographic Findings
TDAVFs were classified by the arteriovenous shunt location (Fig 1).
Most were midline and could be separated into torcular (n ⫽ 4) (Figs
2 and 3) and falx cerebelli (n ⫽ 7) (Figs 4 and 5). The remaining 2
fistulas were at lateral petrotentorial locations along the petrous attachment of the tentorium. All drained to subarachnoid/cortical
veins and were classified as type III or IV fistulas, except 1 petrotentorial and 2 torcular fistulas that were graded type II a ⫹ b according
to Cognard et al.20 In 2 of the torcular fistulas, bilateral occlusion of
the lateral/sigmoid sinuses was present, and in the other 2, complete
or partial thrombosis of 1 lateral sinus was evident (Table 2).
The arterial supply demonstrated on DSA is detailed in Table
2. This arose from tentorial branches of the ICA in 8 cases, specifically the meningohypophyseal trunk (n ⫽ 7) and the inferolateral

FIG 1. Sites of TDAVFs: 1 ⫽ falx cerebelli, 2 ⫽ torcular, and 3 ⫽ petrotentorial locations.

trunk n ⫽ (1); from branches of the external carotid artery in 10
cases, specifically the middle meningeal (n ⫽ 8), the occipital (n ⫽
9), and the ascending pharyngeal (n ⫽ 3) arteries; from branches
of the vertebral artery in 8 cases, specifically the musculospiral
(extradural) branches (n ⫽ 3) and the posterior meningeal artery
(n ⫽ 7); from branches of the basilar artery, specifically the posterior inferior cerebellar artery (n ⫽ 3), AICA (n ⫽ 2), a previously under-recognized medial dural-tentorial branch of the SCA
(n ⫽ 5), and the tentorial branch of the posterior cerebral artery
(n ⫽ 4). In patient 11, a flow aneurysm arose from a feeding PICA.
There was bilateral fistulous supply in 7 patients, principally involving the posterior division of the middle meningeal and occipital arteries.
The tentorial arteries arising from the meningohypophyseal
trunk supplied both median and medial-laterally located fistulas.
However, the tentorial branch of the posterior cerebral artery,
also known as the artery of Davidoff and Schechter,21 and the
medial dural-tentorial branch of the SCA only supplied fistulas
located at the midline and showed the same characteristic courses
on lateral DSA projections. The ADS makes a gentle curve, concave
AJNR Am J Neuroradiol 34:1798 – 804
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Endovascular Treatments

FIG 2. Torcular TDAVF (patient 8). Injections of the right vertebral artery in the lateral (A) and
anteroposterior (B) views. Note the medial dural-tentorial branch of the left SCA (white arrow)
running below the ADS (black arrow); both arteries are supplying the ﬁstula. Additional supply is
seen from the posterior meningeal artery and muscular branches of the extracranial vertebral
artery.

Endovascular therapy was performed in
12 patients (1 after fistula recurrence following surgery), and 1 patient was
treated by surgery after failed endovascular therapy. Endovascular therapy was
performed as single treatments (7 patients) or staged (3 patients underwent
2, and 2 patients 3) treatments. Access
was transarterial in 10 or transvenous
and transarterial in 2 patients. Embolization was performed with either ethylene-vinyl alcohol, formulated as Onyx
(ev3, Irvine, California) or n-butyl
cyanoacrylate formulated as Glubran
(GEM, Viareggio, Italy). Onyx was used
alone in 5, in combination with Glubran
in 3, and with coils in 2 patients. Adjuvant coils were used transarterially to reduce blood flow and transvenously to
occlude a large venous pouch in treatments of torcular and petrotentorial
TDAVFs, respectively. Glubran was
used alone to occlude an arterial aneurysm after SAH in 1 patient.
Procedural complications occurred
during 4 endovascular treatments, without causing new symptoms or disability.
They comprised 1 arterial dissection, 1
perforation (managed by sealing with
Glubran), and 2 microcatheter ruptures (1
without vessel damage and 1 causing
Onyx efflux and occlusion of the distal occipital artery) (Table 3).

Treatment Results

FIG 3. Torcular TDAVF (patient 7). Injections into the left vertebral artery in lateral (A) and the
right vertebral artery in lateral-oblique (B) views show the supply to the ﬁstula from the left ADS
(black arrows) and the left medial dural-tentorial branch of the SCA (white arrows). There was
additional arterial supply from branches of the external carotid artery (not shown).

inferiorly, from anterior to posterior, while the more inferiorly lying
medial dural-tentorial artery of the SCA has a more horizontal posterior course toward the midpoint of the inferior surface of the
straight sinus. Both arteries turn medially posterior to the tentorial
hiatus and run toward the midline (Figs 2–5).
None of the fistulas showed supratentorial venous drainage
only. The fistulas at the falx cerebelli drained inferiorly to the
posterior fossa veins in all cases and additionally to the supratentorial cortical veins in 1 patient. The 4 lesions at the torcular
drained to tentorial veins and then to both infra- and supratentorial cortical veins. The petrotentorial fistulas drained to cortical
veins above and below the tentorial attachment in 1 patient and
only infratentorially in 1 patient (Table 2).
1800
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Anatomic. Endovascular therapy achieved
complete occlusion of the fistula in 5
and subtotal occlusion in 6 patients. One
patient is still in treatment, and the remaining patient (who was treated surgically) was cured (Table 4).

Clinical. Symptoms resolved completely in 3, improved in 6,
and are unchanged in 1 patient. Two patients died due to other
complications. One patient died 2 weeks after complete occlusion of the fistula due to malignant cerebellar swelling causing
brain stem compression despite decompression occipital
craniectomy to remove the presenting hematoma. The other
patient died 6 months after endovascular treatment due to
pulmonary edema. The last patient is still recovering after
emergency treatment of a ruptured flow-related PICA aneurysm. The patient who remains symptomatic showed temporary improvement after successful surgery but subsequently
developed headache without evidence of hydrocephalus or recurrence on imaging (Table 4).

located within the sinus wall2,5 and associated with sinus thrombosis,4,8
TDAVFs are typically located in the dura
not directly connected to major sinuses.2,5 However, among our patients,
all 4 torcular TDAVFs showed some degree of major sinus thrombosis. This observation may indicate that they had or
have direct connections with the sinus
and explain their more benign angioarchitecture, with 2 of the 4 being classified as Cognard type II a ⫹ b. It may also
be a clue to their etiology, because prior
sinus thrombosis is a probable cause for
the development of lateral and sigmoid
sinus DAVFs.8 Torcular TDAVFs could
thus represent an intermediate entity
between sinus and purely tentorial fistulas. Two torcular TDAVFs were graded
as Cognard type IV, which may indicate
a stage in the development of the fistula
with extension into the reflected dural
layers of the tentorium. In any event, all
FIG 4. Falx cerebelli TDAVF (patient 1). Injections of the left vertebral artery in anteroposterior (A) the torcular TDAVFs drained both inand lateral (B) views and superselective injection of the ADS (C) and medial dural-tentorial branch
of the SCA (D). The ﬁstula supply arises from the left ADS (black arrow) and left medial dural- fra- and supratentorially, so the location
tentorial branch of the SCA (white arrow). The asterisk marks a connection between these 2 appears to act as an anatomic venous
arteries within the tentorium.
epicenter connecting both supra- and
infratentorial compartments.
In this series, TDAVFs of the falx cerebelli were remote from a major sinus,
consistently drained infratentorially, and
were graded Cognard type III or IV. The
extent of the falx cerebelli varies from a
midline thickening of the dura to a septum
extending from the inferior surface of the
straight sinus to the foramen magnum. In
its more complete form, it rarely extends
farther anteriorly than the midpoint of the
straight sinus, which is often the site of cerebellar veins connecting to the sinus (eg,
FIG 5. Falx cerebelli TDAVF (patient 2). Injections of the left vertebral artery in lateral (A) and declival veins). This variability could exanteroposterior (B) views. Arterial supply to the ﬁstula arises, among others, from the medial plain overlap with torcular-located lesions
dural-tentorial branch of the right SCA (white arrows) and the right posterior meningeal artery
(black arrows). Additional supply from branches of the external carotid artery and the marginal at 1 extreme and the solely infratentorial
tentorial artery are not shown.
drainage of TDAVFs when the falx cerebelli is fully formed. It also explains the
frequency of hemorrhage at presentation
in the latter situation. Furthermore, beDISCUSSION
cause TDAVFs of the falx cerebelli were not associated with major
Classiﬁcation and Venous Features
sinus thrombosis, their etiology may differ from that of torcular and
In descriptions of TDAVFs, the term “incisura” is used ambigu22
petrotentorial TDAVFs.5,19 One possible cause is trauma, because
ously. For example, Ono et al called it “tentorial edge” and
21
one of our patients had had an occipital craniotomy. One can specWollschlaeger and Wollschlaeger, “free margin of the tentoulate that the superior attachment of the falx cerebelli could act as a
rium.” Literally it means “opening,” which would restrict the
stress point for traumatic vessel injury.
term to the hiatus and not the adjacent tentorium or its anterior
Our observed venous drainage routes support the classificafree edge.7 To avoid confusion, we have simply divided TDAVFs
tion of TDAVFs proposed by Picard et al,5 who divided TDAVFs
into midline and mediolateral lesions and used conventional aninto 3 groups: 1) the tentorial marginal type with the fistulas loatomic landmarks to separate the former.
In contrast to the more frequent DAVF of the lateral sinus
cated along the free edge of the tentorial hiatus and draining both
AJNR Am J Neuroradiol 34:1798 – 804
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Table 2: Anatomic and angiographic ﬁndings
No.
Site
Location
Drainage
1
Falx cerebelli
Midline
Infratentorially
Falx cerebelli
Midline
Infra- and supratentorially
2b

a
b

Gradea
IV
IV

3

Falx cerebelli

Midline

Infratentorially

IV

4

Torcular

Midline

Supra- and infratentorially

II a ⫹ b

5
6

Falx cerebelli
Petrotentorial right

Midline
Right

Infratentorially
Infratentorially

IV
IV

7
8

Torcular
Torcular

Midline
Midline

Supra- and infratentorially
Infra- and supratentorially

II a ⫹ b
IV

9
10
11

Falx cerebelli
Falx cerebelli
Falx cerebelli

Midline
Midline
Midline

Infratentorially
Infratentorially
Infratentorially

IV
III
IV

12

Petrotentorial left

Left

Infra- and supratentorially

II a⫹ b

13

Torcular

Midline

Supra- and infratentorially

IV

Arterial Feeders
Meningohypophyseal trunk, ADS, SCA
Occipital, middle meningeal, posterior meningeal
arteries, meningohypophyseal trunk, SCA
Occipital, middle meningeal, posterior meningeal
arteries
Occipital, middle meningeal, posterior
meningeal, ascending pharyngeal, arteries,
meningohypophyseal trunk, vertebral artery
branches
PICA, posterior meningeal artery
Middle meningeal, ascending pharyngeal arteries,
meningohypophyseal trunk, AICA
Occipital, middle meningeal arteries, ADS, SCA
Occipital, posterior meningeal arteries,
meningohypophyseal trunk, ADS, SCA
vertebral artery branches
Occipital middle meningeal, falcine arteries
Vertebral artery branches, PICA, SCA
Occipital, middle meningeal, posterior meningeal
arteries, PICA, ADS
Occipital, middle meningeal, falcine, ascending
pharyngeal arteries, meningohypophyseal
trunk, inferolateral trunk, AICA
Occipital, middle meningeal, posterior meningeal
arteries, meningohypophyseal trunk

According to Cognard et al.20
Previous surgery.

Table 3: Treatments
Method of
No.
Treatment
1
EVT
2
EVT
3
EVT
4
EVT
5
6
7
8
9
10
11
12
13

Embolic Material
Glubran, Onyx
Onyx
Onyx
Coils, Onyx

EVT
EVT
EVT
EVT
1) Surgery 2) EVT after
recurrence
Surgery after failed
EVT
EVT
EVT
EVT

No. of Embolized
Arterial Feeders
2
1
1
1

3 Coils
Glubran, Onyx
Onyx
Onyx
Glubran, Onyx

1
2
1
2
6

Route
Transarterial
Transarterial
Transarterial
Coils, transvenous; Onyx,
transarterial
Transarterial
Transarterial
Transarterial
Transarterial
Transarterial

None

N/A

Glubran to ﬂow aneurysm
Onyx, coils
Onyx

1
2
1

EVT
Sessions
1
1
1
2

Complications
None
None
None
Dissection

1
1
1
2
3

None
Perforation
None
None
Microcatheter rupture

N/A

1

None

Transarterial
Both
Transarterial

2a
3
1

None
Microcatheter rupture
None

Note:—N/A indicates not applicable; EVT, endovascular treatment.
a
Incomplete Onyx embolization 4 years previously at another hospital; ﬁstula then already present.

supra- and infratentorially, 2) the tentorial lateral type adjacent to
the lateral sinus and draining to supratentorial veins, and 3) the
tentorial medial type with fistulas sited adjacent to the torcular
and straight sinuses draining to the infratentorial draining system.
Lawton et al7 proposed a classification with 6 anatomic locations
and venous drainage patterns. This classification was based on a
larger series of 31 patients and separates midline lesions into Galenic, straight sinus, and torcular. The last 2 have drainage patterns similar to those of our falx cerebelli and torcular subtypes.

Arterial Characteristics
The tentorium derives its principal arterial blood supply from
tentorial branches of the ICA and dural branches of the vertebral
artery and external carotid artery. These arterial systems are men1802
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ingeal or dural and are usually identifiable on angiography in the
nonpathologic state. Additional transarachnoid supply from the
primarily pial arteries, such as the cortical branches of the PICA
and contributions to the subarcuate plexus at the internal acoustic
meatus from the AICA,9 is less evident, unless abnormally hypertrophied. Whether such transarachnoid arterial traffic is “normal” or only develops in response to the development of a DAVF
is difficult to establish in vivo, and we generally rely on postmortem descriptions. The identification of a tentorial branch of the
posterior cerebral artery, the ADS, was only after its enlargement
in response to pathology.21 We assume that this explains the development of the medial dural-tentorial branch of the SCA identified in our patients. Both arteries appear to supply medially sited

Table 4: Clinical and anatomic outcomes
No.
Clinical Result
1
Died 2 weeks later due to edema
with brain stem compression
2
Cure
3
Improved
4
Improved
5
Died due to pulmonary edema 8
months later
6
Improved
7
Cure
8
Improved
9
Improved
10
Unchanged
11
Residual symptoms (treatment
ongoing)
12
Improved
13
Cure

Anatomic Result
Cure
Cure
Cure
Subtotal occlusion
Subtotal occlusion
Subtotal occlusion
Cure
Subtotal occlusion
Subtotal occlusion
Cure (surgery)
PICA aneurysm occluded
Subtotal occlusion
Cure

DAVFs. The characteristics of the arterial supply to DAVFs in this
study helped to define both midline and mediolateral fistulas as
tentorial and proved crucial for endovascular therapy planning.
Thus, we suggest that the type of feeding artery and the venous
drainage should be used to categorize subtypes of TDAVF.

Medial Dural-Tentorial Branch of the SCA
The course and cerebral structures supplied by the SCA are described in standard anatomic texts and comprehensive reviews,
but these do not include a supply to the tentorial dura.19-22 Although a transcisternal branch to the dura of the tentorial hiatus
has been inconsistently described in anatomic studies,22-25 this
vessel has been mentioned in case reports of TDAVFs without
being fully characterized.2,4,7,19,26 Recently, a branch from the
SCA was observed during surgery for a TDAVF but could not be
identified on angiography.27
Various names being given to this poorly defined medial dural-tentorial artery of the SCA include “meningeal artery” or “tentorial artery” of the SCA,2,4,7,19,26 and some authors appear to
have confused this artery with the ADS.7 The ADS is described as
arising from the posterior cerebral artery19 and, therefore, runs
above the tentorium, so it should be easily differentiated from the
medial dural-tentorial branch of the SCA. However, artery-toartery anastomoses can develop between these arteries within the
tentorium (Fig 4) due to the rich dural arterial network.28 Such
connections are common in this vascular network, and in 2 patients, we further observed connecting branches between the marginal tentorial artery and the medial dural-tentorial branch of the
SCA.
The medial dural-tentorial branch of the SCA was a common
feature of midline TDAVFs. It is surprising that it has not found
its own nomenclature in anatomic descriptions of the blood supply to the tentorium. Its omission from reviews focusing on the
anatomic organization of the dura19,23 may be due to its absence
or small size in the nonpathologic state. It arises from the superior
or rostral trunk of the SCA and traverses the ambiens cistern
under the tentorium, which it enters in the posterior half of the
incisura. In our patients, it showed a characteristic course on lateral DSA, running in an almost straight or only slightly concave
downwards curve from anterior to posterior, and on anteropos-

terior DSA, it curves medially to reach the midline posterior to the
incisura. Its course thus parallels that of the marginal tentorial
artery. Fistulous contributions by transarachnoid anastomoses
from primarily cerebral arteries are well-recognized,5 and we considered whether these might occur superficial to the tentorium
(ie, that the artery runs inferior to the tentorium directly to the
fistula site, but the observed anastomosis with the ADS [Fig 4]
demonstrates a substantial transdural course).
Regardless of the explanation for its under-recognition, this
study suggests that the medial dural-tentorial branch of the SCA
should be expected to supply midline TDAVFs posterior to the
incisura. Selective angiography may be necessary for confirmation of its origin from the SCA and, as in one of our patients, can
be used for embolization (Fig 4). Thus, recognition of its contribution is essential for diagnosis, endovascular treatment planning, and possibly in posterior fossa surgery.27

CONCLUSIONS
Endovascular therapy was effective in this series, and arteriography was essential for diagnosis and planning. The medial duraltentorial artery of SCA supplies midline TDAVFs, has a characteristic course along the tentorium, and should be included in
future descriptions of tentorial blood supply.
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CLINICAL REPORT

INTERVENTIONAL

Endovascular Treatment of Deep Hemorrhagic Brain
Arteriovenous Malformations with Transvenous
Onyx Embolization
A. Consoli, L. Renieri, S. Nappini, N. Limbucci, and S. Mangiaﬁco

ABSTRACT
SUMMARY: Brain AVMs are a rare cause of cerebral hemorrhage and SAH, and their treatment is still debated. The aim of this study was
to describe a novel endovascular approach with transvenous embolization of deep hemorrhagic brain AVMs. Five patients (3 females, 2
males; mean age, 33.2 years) underwent a transvenous embolization of a deep hemorrhagic brain AVM at our institution between February
and April 2012. Clinical and angiographic data at the end of the procedure and after 6 months are reported. All the AVMs were completely
obliterated, and no intra- or postprocedural complications occurred. The clinical outcome was unchanged or improved in all patients.
Transvenous endovascular treatment may be considered in small, hemorrhagic, and deep AVMs with single deep drainage in those cases
in which neurosurgical and radiosurgical treatment might not be indicated.
ABBREVIATIONS: ACA ⫽ anterior cerebral artery; AchoA ⫽ anterior choroidal artery; bAVMs ⫽ brain AVM; mRS ⫽ modiﬁed Rankin Scale; PCA ⫽ posterior cerebral
artery

B

rain AVMs are a rare cause of cerebral hemorrhage or SAH,
and the therapeutic strategy is still debated. Several studies
reported in the literature compared the results of endovascular,
neurosurgical, and radiosurgical series, considering both single or
associated treatments.1-4 Concerning the embolization of
bAVMs, the conventional transarterial treatment showed encouraging results in terms of safety and effectiveness, even if the results
are less satisfactory than the surgical ones.5-8 However, in those
cases in which the surgical approach may expose the patient to
high risk, such as in deep localizations or eloquent areas, the endovascular and/or radiosurgical treatment may provide better
clinical results.9 Furthermore, the slow effects of radiosurgery
may be considered a limitation in hemorrhagic bAVMs because
the risk of an early rebleeding would not be reduced. The evolution of endovascular treatment with the introduction of embolizing agents that progressively occlude the lumen of arteries and
veins (Onyx 18; ev3-Covidien, Irvine, California) and detachabletip microcatheters has allowed interventional neuroradiologists
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to plan different strategies to obtain safe curative embolizations of
bAVMs. The aim of this work was to describe a preliminary experience with transvenous embolization in a small series of patients
with deep hemorrhagic bAVMs.

MATERIALS AND METHODS
Five patients (3 females, 2 males; mean age, 33.2 years) with deep
hemorrhagic bAVMs underwent endovascular treatment with Onyx
18 by using a transvenous approach at our institution between February and April 2012. Patient characteristics are summarized in the
Table. All patients were admitted or referred to our Interventional
Neuroradiology Unit after a CT scan showed an SAH or parenchymal hematoma in atypical locations and a DSA examination documented the presence of a bAVM with deep venous drainage (the size
of the nidus was evaluated in centimeters: height ⫻ length ⫻ width).
In 4 patients, the AVMs had never been treated, and in 1 patient, the
residual nidus of a previously subtotally occluded AVM was responsible for a late bleeding 3 years later.
Our interventional neuroradiology and neurosurgical teams discussed each case, and the endovascular treatment was preferred. Endovascular treatment was chosen after considering the risks of the
surgical approach and the transvenous approach because of the presence of arterial feeders made up of short perforator branches arising
from functional arteries (AChoA and the P2 segment of PCA in 3
cases, the posterolateral choroidal artery in 1 case, and the anteroinferior cerebellar artery in 1 case). The treatment was scheduled at least
3 weeks after the hemorrhage (average latency was 61.8 days). All the
endovascular procedures were performed with the patient under
general anesthesia, without systemic heparinization (heparin was adAJNR Am J Neuroradiol 34:1805–11
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Patient characteristics
Age
First
Patient (yr),
Treatment/
No.
Sex
Residual
Localization, Side
1
36, F First treatment Paraventricular, left
2
23, F First treatment Thalamomesencephalic,
left
3
11 F
First treatment Pontocerebellar angle,
left
4
36, M First treatment Paraventricular, left
5
61, M Residual
Medial temporopolar,
left

Nidus
Intra- or Post
Size
Angiographic
procedural
(cm)
Result
Complications
⬍3 Complete occlusion
None
⬍3 Complete occlusion
None

Venous
Drainage
Deep, single
Deep, single

Vascular
Approach
Transvenous
Transvenous

Deep, single

Combined

⬍3

Complete occlusion

None

Deep, single
Combined
Deep (single) and
Combined
superﬁcial (single)

⬍3
⬍3

Complete occlusion
Complete occlusion

None
None

ministered only in the perfusion sac). All arterial and venous accesses
were performed from the femoral artery and vein. A triaxial system
was used in the transvenous approach: a 6F guide catheter (Envoy;
Codman Neurovascular, Raynham, Massachusetts), an intermediate
catheter (DAC 0.044; Concentric Medical, Mountain View, California), and a 3-cm detachable-tip microcatheter (Apollo; ev3-Covidien). A second microcatheter (Apollo) was positioned in all cases in
the direct main arterial feeder to the AVM to obtain a selective study
of the nidus and its venous drainage without the overlap with other
vascular structures and to perform intraprocedural controls during
the transvenous embolization.
In 3 cases, a combined embolization (tranvenous ⫹ transarterial) was performed, and in the other 2 cases, Onyx was injected
only from the venous side. The “plug and push” technique was
used to inject Onyx retrogradely from the origin of the intranidal
portion of the draining vein into the nidus and subsequently into
the arterial feeders by using a roadmap view. The fractionated
injection of Onyx (average volume injected, 2.5 mL) was performed in 60 –90 minutes. The procedure was considered completed when arteriovenous shunts were no longer recognizable
during the angiographic controls, the draining vein was completely occluded, and a reflux within the arterial feeders direct to
the nidus was obtained. The final phases of the embolizations,
when the proximal segment of the draining vein was occluded,
were performed under controlled hypotension. All patients underwent CT immediately after the procedure, and a delayed awakening was performed in the Neurosurgical Intensive Care Unit
approximately 6 –12 hours later. A clinical neurologic examination was performed in all cases at discharge; at 6 months, angiographic follow-up was performed in 4/5 patients. IV dexamethasone, 8 mg/day, was administered for 1 week after the procedure
to prevent possible postoperative focal brain edema and perilesional swelling.

with perilesional edema. The patient immediately underwent a
DSA evaluation, which documented a small (2.5 ⫻ 2 ⫻1.5 cm),
deep, retroinsular, thalamic-pulvinar, periventricular, leftsided bAVM. The arterial feeders originated from the distal
segment of the AchoA, from the MCA (insular perforating
arteries), and from the ACA (artery of the splenium of the
corpus callosum); the AVM was drained through the deep venous system (single drainage: superior choroidal vein toward
the internal cerebral vein). The case was discussed with our
neurosurgical team, and we decided to proceed with the evacuation of the hematoma, which was considered life-threatening, and the removal of the AVM. After the operation, DSA
evaluation showed that the superficial part of the AVM, fed
from branches originating from the MCA and the ACA, was
removed and a deep residual portion of the AVM was still
present (Fig 1A, -B). The endovascular treatment was scheduled when the patient was clinically stable. A microcatheter
was positioned through the straight sinus and the internal cerebral vein within the intranidal segment of the superior choroidal vein. A second microcatheter was positioned within the
AchoA to perform a superselective study of the AVM and further controls during the procedure (Fig 1C, -D). The AVM was
completely obliterated, and the transvenous injection of 1.5
mL of Onyx (Fig 1E, -F) was necessary to obtain the retrograde
filling of the arterial feeders at the end of the procedure. The
final angiograms, the postprocedural CT scan, the MRI-MRA
(1 week later), and the 6-month DSA follow-up confirmed the
complete obliteration of the AVM without complications
(Fig 2). The patient was discharged with a slight dysarthria
(mRS score, 1) and, after 6 months, was asymptomatic (mRS
score, 0).

RESULTS

A 23-year-old female patient was referred to our institution after
a previous hemorrhage (1 year before) from a small (2 ⫻ 1.5 ⫻ 1.5
cm), left, subthalamomesencephalic AVM occurred a few days
after the positioning of ventriculo-peritoneal drainage in a thirdventricular cyst. Several radiosurgical opinions were sought with
negative responses. The neurologic examination at admission
documented a moderate right hemiparesis, a slight left seventh
cranial nerve palsy, left ptosis, and a partial deficit of the homolateral cranial nerve III with left mydriasis. Distal branches of the
AchoA and small thalamogeniculate perforators from the P2 segment of the posterior cerebral artery fed the AVM with a single,
deep venous drainage through the left peduncular vein, a tribu-

In all 5 cases, complete occlusion of the AVM was obtained without intra- or postprocedural complications and the CT performed at the end of the procedures showed no hemorrhage. The
clinical status of all patients was unchanged or improved at discharge and after 6 months. A brief description of each case is
reported below.

Case 1
A 36-year-old woman was admitted to our institution after the
onset of acute headache, aphasia, and severe hemiparesis. A CT
scan showed a 5 ⫻ 4 cm, deep, left temporoparietal hematoma
1806
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Case 2

FIG 1. Case 1. Pretreatment DSA examination in anteroposterior (AP; A) and lateral (B) views. Visualization of the angioarchitecture of the AVM
through a superselective injection within the AchoA in AP (C) and lateral (D) projections. Intranidal progression of Onyx during transvenous
injection from the intranidal portion of the main draining vein (E and F).

tary of the basal vein of Rosenthal. A bifemoral arterial access was
used. A microcatheter was placed within the AchoA, at the level of
the plexal point and immediately after the origin of perforators,
directed toward the internal capsule (visualized with injections
within the AchoA), to have direct control of the nidus. A balloon
(HyperGlide 4 ⫻ 15; ev3-Covidien) was positioned within the
PCA and inflated each time Onyx penetrated the nidus to avoid
retrograde filling of the artery through the perforators. A venous
femoral access was used to reach the intranidal segment of the
draining vein. The AVM, the draining vein, and the arterial feeders were occluded, preserving the PCA and the AchoA, with the
injection of 1.8 mL of Onyx. A postprocedural CT scan showed no
new ischemic or hemorrhagic lesions, and MR imaging performed 1 week later was negative for recent cerebral thalamopeduncular ischemic lesions. A 6-month DSA follow-up showed
stable occlusion of the nidus. The patient was discharged with
unchanged neurologic examination findings (mRS score, 3), with
a slight motor improvement after 6 months.

Case 3
An 11-year-old girl was referred to our interventional neuroradiology unit after a hemorrhage in the posterior cranial fossa
secondary to a small AVM (1 ⫻ 1 ⫻ 1.5 cm) of the left pontocerebellar angle fed by the rostrolateral branch of the anteroinferior cerebellar artery and drained through a cortical ectatic
cerebellar vein toward the superior petrous sinus. The case was
discussed with our pediatric neurosurgical team, and the en-

dovascular approach was chosen. At admission, the patient was
asymptomatic. A combined treatment was performed: The nidus was subtotally obliterated with 1 mL of Onyx from the
venous side; and the injection of 0.3 mL of Glubran (GEM,
Viareggio, Italy) at 20% dilution from the arterial feeder completed the embolization. The AVM was also completely occluded after 6 months, and the patient was asymptomatic at
discharge and during the clinical follow-up (mRS score, 0).

Case 4
A 36-year-old male patient was referred to our center after a CT
scan and DSA detected a small (1.5 ⫻ 2 ⫻ 2.5 cm), hemorrhagic,
left retrothalamic parasplenic AVM that caused a severe SAH with
ventricular inundation. The patient was comatose and an external
ventricular drainage was immediately positioned. On awakening,
he was in a vegetative status, which slightly improved during the 7
following months (mRS score, 5). The multiple arterial feeders
originated from the left posterior choroid plexus, and the single
venous drainage was observed through a homolateral subependymal parachoroidal vein tributary of the atrial vein toward the
basal vein of Rosenthal. The left posterolateral choroidal artery
and the draining vein were catheterized; and combined alternate
injections of Onyx (1.4 mL from the venous side and 0.8 mL from
the posterolateral choroidal artery) were performed, obtaining
the complete exclusion of the AVM (Figs 3 and 4). A postprocedural CT scan was negative for new ischemic or hemorrhagic lesions. In this patient, it was not possible to perform DSA control
AJNR Am J Neuroradiol 34:1805–11

Sep 2013

www.ajnr.org

1807

FIG 2. Case 1. Final angiograms at the end of the procedure in anteroposterior (AP; A) and lateral (B) views. Onyx cast at the end of the procedure
(DSA unsubtracted images) in AP (C) and lateral (D) views. Six-month DSA follow-up in AP (E) and lateral (F) projections conﬁrming the complete
and persistent occlusion of the AVM.

because his clinical condition was unchanged at discharge and
after the 6-month clinical follow-up (mRS score, 5).

Case 5
A 61-year-old man with type 1 neurofibromatosis and Crohn disease was referred to our institution in 2009 after a brain MR imaging and MR angiography revealed the presence of a left, medium (2 ⫻ 3 ⫻ 2.5 cm), medial temporobasal AVM fed by the
AchoA, middle meningeal artery, and MCA (temporal branches),
drained through a temporobasal cortical vein and the anterior
insular vein, a tributary of the first segment of the basal vein of
Rosenthal. The AVM was treated with transarterial embolization,
obtaining the subtotal exclusion of the nidus with a small remnant
portion (1.5 ⫻ 1 ⫻ 1 cm), and radiosurgical completion was recommended. The patient did not undergo radiosurgery for personal reasons and because of the surgical removal of a mediastinal
neurofibroma. In March 2012, he was admitted to our center
because of a left temporal hemorrhage, which was detected with
CT. At admission, the patient was in a stupor, aphasic, and severely hemiparetic (mRS score, 4). DSA evaluation was immediately performed and documented an increased volume of the
remnant portion of the AVM (3 ⫻ 2 ⫻ 2 cm) with arterial feeders
arising from the cisternal segment and from the plexal point of the
left AchoA, from small perforators of the MCA (anterior temporal
artery), from the PCA (anterior temporal branches), and minimally from the accessory meningeal artery. The plexiform nidus
1808
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was drained predominantly through the deep venous system
(basal vein of Rosenthal), and a small superficial drainage was
observed through a temporal cortical vein tributary of the vein of
Labbé. Endovascular treatment was preferred, and a combined
approach was chosen. The accessory meningeal artery and the
basal vein of Rosenthal were catheterized; after the occlusion of
the minimal meningeal feeders, the nidus and the draining vein
were completely obliterated with a transvenous intranidal injection of 6 mL of Onyx and retrograde filling of all the arterial
feeders. The patient was discharged without neurologic deficits
(mRS score, 0) and was asymptomatic even after 6 months. The
DSA follow-up confirmed the complete obliteration of the AVM.

DISCUSSION
The results obtained in this small series raised some questions
about critical issues that still remain debated, because to our
knowledge, no series of patients with deep bAVMs treated with
transvenous embolization has been reported in literature, though
Massoud and Hademenos10 had previously proposed a very similar concept. The only case previously reported by Nguyen et al11
described a transvenous embolization of a hemorrhagic bAVM
supplied by an en-passant arterial feeder. In this case, an intranidal pseudoaneurysm was angiographically detected and occluded with transvenous injections of Onyx 34 and Onyx 18, resulting in bAVM cure. The transvenous approach was chosen

FIG 3. Case 4. Pretreatment DSA evaluation in anteroposterior (AP; A) and lateral (B) views. Visualization of the nidus and the draining venous
system with transvenous injection through the microcatheter positioned at the origin of the draining vein (C) and the intermediate catheter
positioned within the straight sinus (D). Intranidal penetration of Onyx through transvenous injection from the main venous drainage (E and F).
DSA evaluation at the end of the procedure in AP (G) and lateral (H) views: The AVM is completely obliterated.

after an unsuccessful attempt of catheterization of the arterial
feeder complicated by a branch occlusion secondary to a spasm.
In our series, all the AVMs we treated with this approach were
small (⬍3 cm), hemorrhagic, localized in deep territories with
high risk for the surgical approach (1 in the pontocerebellar angle,
1 in the subthalamus and mesencephalon, 2 paraventricular thalamic-pulvinar AVMs, and 1 in the choroid fissure) and in eloquent areas. Furthermore, 4/5 AVMs had a single, deep drainage
(only in case 5 was a superficial drainage present). Therefore, we
considered these cases to be good targets for the transvenous
approach.
The timing of treatment after the hemorrhage remains contro-

versial. Although no evidence is reported in literature, to our
knowledge, the presence of an intranidal pseudoaneurysm may be
a reasonable indication for immediate endovascular treatment
(target embolization). In our series, the aim of the transvenous
approach was curative. A partial transvenous embolization would
result in the occlusion of the venous outlet and in a potentially
high risk of rebleeding from the residual nidus. The reason to wait
for at least 3 weeks was to obtain the spontaneous reabsorption of
the hematoma, which could compress and hide some portions of
the nidus, and to encourage the healing of the bleeding point.
Furthermore, no intra- or paranidal aneurysms were observed in
our series after the DSA evaluation performed in the acute phase
AJNR Am J Neuroradiol 34:1805–11
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FIG 4. Case 4. Onyx cast at the end of the procedure (DSA unsubtracted image, lateral view).

of hemorrhage. The venous access was performed from the femoral vein and intracranially through the straight sinus in 4/5 cases;
the nidus was reached through basal vein of Rosenthal in 3 cases
(cases 2, 4, and 5) and in 1 case from the superior choroidal vein
(case 1). In the other case, the superior petrous sinus was used for
the venous access and the nidus was reached through the vein of
the great horizontal fissure of the cerebellum (case 3).
No technical difficulties were observed and no access-related
complications occurred. In all the cases, the injection of Onyx was
performed from the intranidal segment of the draining vein, adjacent to the nidus. We always decided to catheterize both the
draining vein and the main arterial feeder for 2 reasons: to have a
pure view of the nidus and, when possible, to perform superselective intraprocedural controls without overlapping vascular structures, though complete angiographic series were also obtained
when injecting from the guiding catheter. A simultaneous injection in the carotid and vertebral territories from the guiding catheters was performed in 1 case, because the arterial feeders originated from the both the anterior and posterior circulation (case
2). In 3/5 cases, transvenous embolization was associated with
transarterial injection of Onyx to obliterate the peripheral parts of
the nidus (cases 3, 4, and 5). However, when combined injections
were performed, the nidus was predominantly occluded from the
venous side. The decision to perform intra-arterial injections was
case-dependent: In case of nonfunctional arteries (eg, the accessory meningeal artery or the distal posterolateral choroidal artery), the combined embolization with Onyx 18 (transarterial and
transvenous, cases 4 and 5) was performed alternately to occlude
the most peripheral portions of the nidus during the early phases
of the procedure. In 1 case (case 3), the transarterial embolization
was performed with 0.3 mL of Glubran exclusively during the
final stages to achieve a rapid occlusion of residual peripheral
portions of the bAVM. The transvenous injection of Onyx was
used with the rationale of determining the retrograde occlusion of
the nidus starting from the intranidal portion of the draining vein,
where the dysplastic plexal venous shunts converge.
The transvenous embolization may be considered “centrifugal” because it determines the progression of Onyx from the central portions of the nidus toward the peripheral ones. The Onyx
penetration through the intranidal dysplastic venous shunts,
which are interposed between the draining vein and the periph1810
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eral arterial feeders, occurs extensively when a stable plug is obtained within the origin of the draining vein. Onyx spreads toward
the peripheral portions of the nidus until complete obliteration of
the whole bAVM and its arterial feeders is achieved. During all the
phases of the transvenous embolization, it is mandatory to have
good control of the reflux along the draining vein. Onyx initially
laminates along the venous wall without causing an immediate
occlusion of the vessel. In this way, we were able to obtain a progressive reduction of the venous caliber and of the blood outflow,
to determine a slow alteration of the hemodynamic balance during all the phases of the procedure.
We also persisted in injecting Onyx in roadmap view when the
arteriovenous shunt was completely occluded during the angiographic controls, to obliterate all the small perinidal vessels that
would not be recognizable at DSA evaluation. The venous reflux
was 1–3 cm. In all cases, it did not exceed the distal marker of the
microcatheter and no difficulties were observed at retrieval. We
were careful not to occlude the confluent veins into the main
draining vein to avoid venous infarctions or bleeding secondary
to hemodynamic alterations in the functional cerebral veins
close to the bAVM. In all cases, the occlusion of a 1- to 3-cm
segment of the draining vein did not result in venous hemodynamic alterations, so we considered the deep occluded vein as
functionally excluded from the cerebral circulation. That was
confirmed in those patients who underwent MR imaging during
the postprocedural hospitalization, because no perilesional
edema was recognizable.
We considered the following as key points of this technique:
the progressive and controlled lamination of Onyx within the
draining vein; the transvenous rapid nidal occlusion and the retrograde filling of all the arterial feeders, which may prevent hemorrhagic complications. These complications may be secondary
to hemodynamic imbalance due either to the restriction of the
venous outlet caused by an early and uncontrolled obliteration of
the distal part of the draining vein in the presence of a subtotal
occlusion of the nidus, or because of the residual filling of portions of the nidus still fed by small feeders when the draining vein
is already occluded. For this reason, we believe that the transvenous embolization may provide good control of the nidal occlusion and of the retrograde filling of all the arterial feeders.
From this point of view, the mechanism of obliteration of a brain
AVM may be similar to that occurring in dural arteriovenous
fistulas: When the vein is occluded, retrograde occlusion of the
arterial feeders is observed. Only in the presence of multiple,
short, “comb” perforators supplying the AVM (case 2) was a balloon positioned within the PCA at the P2-P3 segment and inflated
during the injections of Onyx to prevent reflux into the parent
vessel. In the other cases, the perforators feeding the AVM were
single and longer, and we had sufficient control of their retrograde
filling.
The transvenous approach might not be indicated in medium and large AVMs with multiple venous drainage. Indeed,
in these cases, the penetration of Onyx within the nidus would
be slower with a venous outlet restriction when the main draining vein is occluded, with higher risk of venous hypertension
within the accessory venous drainage and consequent possible
venous bleeding.

The main limitation of this series is the small number of patients, though we consider this study to represent only a preliminary experience. The possible indications, the operators’ experience, and the selection of the patients represent some of many
critical issues. However, further studies with larger populations
are necessary to demonstrate the safety of this approach.

CONCLUSIONS
The transvenous embolization of deep bAVMs should still be described as an “experimental” treatment in small, hemorrhagic
AVMs, when the surgical approach may be considered high risk
and radiosurgery is not indicated. The feasibility of the technique
and the possibility to achieve complete occlusion of the nidus with
a single procedure, in those cases in which a conventional endovascular treatment is also challenging or not safe, may suggest that
the transvenous approach is a further alternative therapeutic
strategy in these types of bAVMs.
Disclosures: Salvatore Mangiaﬁco—UNRELATED: Consultancy: ev3* and Codman
Neurovascular.* *Money paid to the institution.
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Incidental Thyroid Nodules on CT: Evaluation of 2
Risk-Categorization Methods for Work-Up of Nodules
X.V. Nguyen, K. Roy Choudhury, J.D. Eastwood, G.H. Lyman, R.M. Esclamado, J.D. Werner, and J.K. Hoang

ABSTRACT
BACKGROUND AND PURPOSE: Thyroid nodules are common incidental ﬁndings on CT, but there are no clear guidelines regarding their
further diagnostic work-up. This study compares the performance of 2 risk-categorization methods of selecting CT-detected incidental
thyroid nodules for work-up.
MATERIALS AND METHODS: The 2 categorization methods were method A, based on nodule size ⱖ10 mm, and method B, a 3-tiered
system based on aggressive imaging features, patient age younger than 35 years or nodule size of ⱖ15 mm. In part 1, the 2 categorization
methods were applied to thyroid cancers in the SEER data base of the National Cancer Institute to compare the cancer capture rates and
survival. In part two, 755 CT neck scans at our institution were retrospectively reviewed for the presence of ITNs of ⱖ5 mm, and the same
2 categorization methods were applied to the CT cases to compare the number of patients who would theoretically meet the criteria for
work-up. Comparisons of proportions of subjects captured under methods A and B were made by using the McNemar test.
RESULTS: For 84,720 subjects in the SEER data base, methods A and B each captured 74% (62,708/84,720 and 62,586/84,720, respectively)
of malignancies. SEER subjects who would not have met the criteria for further work-up by both methods had equally excellent 10-year
cause-speciﬁc and relative survival of ⬎99%. For part 2, the prevalence of ITNs of ⱖ5 mm at our institution was 133/755 (18%). The number
of ITNs that would be recommended for work-up by method A was 57/133 (43%) compared with 31/133 (23%) for method B (P ⬍ .0005).
CONCLUSIONS: Compared with using a 10-mm cutoff, the 3-tiered risk-stratiﬁcation method identiﬁed fewer ITNs for work-up but
captured the same proportion of cancers in a national data base and showed no difference in missing high-mortality cancers.
ABBREVIATIONS: CI ⫽ conﬁdence interval; ITN ⫽ incidental thyroid nodule; OR ⫽ odds ratio; SEER ⫽ Surveillance, Epidemiology, and End Results

A

n incidental thyroid nodule is defined as a thyroid nodule
detected in studies performed for indications not specific to
the thyroid in a patient without known thyroid disease. An ITN is
a common finding seen in 1 in 6 contrast-enhanced neck CT scans
and also frequently seen on cervical spine CT and chest CT scans.1
ITNs pose a difficult problem for radiologists and clinicians because despite favorable features of the low malignancy rate in ITN
of 0.5%–9%2,3 and excellent survival for most thyroid cancers,
many radiologists feel compelled to recommend work-up of ITNs
seen on CT for fear of missing a malignancy. The decision to
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further evaluate such incidental nodules can start a cascade of
sonographic imaging, biopsy, and even surgery for nodules that
are commonly discovered to be benign. The cost of routinely pursuing work-up of ITNs includes unneeded patient anxiety and a
substantial health care economic burden.1
Additionally, the radiologist’s approach to reporting ITNs
on CT can vary widely because of a lack of clear guidelines.4,5
In practice, the most common method for selecting a CT-detected ITN for sonography is to use a 10-mm-size cutoff.5 This
size has been arbitrarily chosen on the basis of extrapolation
from sonographic recommendations, but unlike sonography,
CT has no signs that help to further differentiate malignant
from benign nodules.4,6 If ⱖ10 mm is the only criterion for
selection, then ⱕ78% of ITNs on CT could require sonography.3 Thus, there is a need for a more effective method of
managing CT-detected ITNs.
A recently proposed strategy for reporting ITNs seen on crosssectional imaging is based on prioritizing subsets of patients who
are more likely to have malignant nodules.7 Each of the risk

categories in this 3-tiered system is intended to help the radiologist communicate the risk of malignancy in a CT-detected ITN
and the need for work-up with sonography. We modified the
3-tiered system for this study: Risk category 1 is a nodule of any
size with aggressive imaging features of invasive or metastatic disease, risk category 2 is a nodule of any size in a patient younger
than 35 years of age, and risk category 3 is a nodule at or above a
cutoff of 15 mm and not meeting criteria for categories 1 and 2.
The ideal categorization method for reporting nodules should
increase the detection of malignancy while also reducing the
number of nodules requiring work-up. Although this tiered risk
system could potentially perform better than a method based
solely on size, it requires validation.
This study aimed to compare the performance of 2 risk-categorization methods of selecting CT-detected ITNs for work-up.
These aims were evaluated by an analysis of the Surveillance, Epidemiology, and End Results data base of the US National Cancer
Institute (http://seer.cancer.gov) to determine the malignancy
capture rate and a retrospective review of ITNs on neck CT studies
at our institution to determine the number of ITNs that would
potentially require work-up. Our hypothesis was that the 3-tiered
system, compared with size cutoff alone, would capture clinically
important cancers that confer the greatest risk of mortality while
reducing the number of nodules that would be referred to sonography for work-up.

MATERIALS AND METHODS
In part 1, we evaluated the performance of these 2 categorization
methods by using the SEER cancer registry to compare capture of
thyroid cancer and survival. In part 2, we applied the categorization methods to a retrospective cohort of ITNs seen on CT at our
institution to compare the proportion of patients that would be
recommended for sonographic work-up. Part 2 also served as an
additional check to ensure that the methods worked in a realworld population of patients.

Categorization Methods
Method A was based simply on nodule size. When applied to
tumors in part 1, nodule size refers to the recorded maximum
tumor diameter in the SEER data base, obtained from pathology
or imaging reports. When applied to nodules on CT in part 2,
nodule size refers to the largest diameter on axial CT images in the
region of focal attenuation abnormality. In addition to the cutoff
of ⱖ10 mm, we also evaluated sizes of 15 and 20 mm to consider
alternate size cutoffs that other groups or practices may adopt.
Method B used a 3-tiered system based on the aggressiveness
of imaging features, patient age, and nodule size.8 In this system, 3
subcategories were created on the basis of the risk of malignancy
as described below.
Risk category 1 (highest risk) denotes patients with concerning
CT findings such as local invasion, suspicious lymphadenopathy,
or systemic metastatic disease. Risk category 2 is patients younger
than 35 years of age and not meeting the criteria for risk category
1. This group was selected because of their higher ratio of malignant-to-benign nodules.6,9-13 Risk category 3 is nodule size ⱖ15
mm and not meeting the criteria for risk category 1 or 2. The
15-mm cutoff for risk category 3 is higher than that in method A

and is intended to reflect a higher size threshold for work-up of
nodules that lack aggressive imaging findings or demographic risk
factors. This cutoff has also been used in sonographic evaluation
of thyroid nodules by several groups.2,14
The purpose of having 3 risk categories is to help the radiologist communicate the risk of malignancy in a CT-detected ITN
and the need for work-up with sonography. For example, for risk
category 1 the radiologist would strongly recommend work-up,
while for risk category 3, the radiologist could report the finding
in the impressions without specific mention of work-up, leaving
more flexibility for the clinician’s input.
For purposes of this study, patients meeting the criteria for any
of the 3 risk categories were considered to be receiving work-up
under method B. We evaluated the performance of method B
overall and the performance of each risk category.
Of note, clinical risk factors such as family history, childhood
radiation exposure, and endocrine syndromes were not included
in our risk assessment because this information is not available in
the SEER data base and radiologists’ access to this information
may be limited in practice. In the original description of the 3-tier
system, patients with these risk factors were assigned to risk category 2.8
Uncategorized subjects not meeting the size criteria for
method A or B would compose the subgroup for which work-up
with sonography and biopsy would have theoretically not been
pursued if the nodule was seen on CT.

Part 1: SEER Data Base of Thyroid Malignancy
Subjects. The SEER Program collects cancer data from 18 population-based registries representing 28% of the US population.15
Cases were selected on the basis of a diagnosis of thyroid carcinoma. Although this data base only contained cancers and not
benign ITNs, this part of the study served as a model to compare
the number of cancers that would potentially be captured or
missed with the categorization methods. The purpose of using
these data was to compare the capture rate and not the diagnostic
ability (sensitivity, specificity, and accuracy) of the 2 methods
because calculating these latter statistics would require inclusion
of benign cases.
Subjects were excluded if they were coded as any of the following: not the first malignant primary, not actively followed, alive
with no survival time, missing or unknown cause of death (for the
cause-specific survival analysis only), not in the research data
base, or missing data regarding age or nodule size. The SEER data
base provided the sex and age of each patient at diagnosis, follow-up time, vital status at follow-up, tumor size, and staging
information. Recorded tumor sizes are intended to reflect sizes at
initial staging. Because tumor size was not recorded in the SEER
data base before 1983, the dataset used in this study included only
cases diagnosed from January 1983 through December 2009.15
Application of Categorization Methods. The SEER data on tumor size and stage were based on a combination of pathology and
imaging, but for the purposes of this study, we assumed that this
information could be obtained on CT. SEER subjects were stratified by methods A and B by using data on age; size of the cancer;
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and initial staging designation of localized, regional, or distant
metastatic disease.
Outcome Measure. We calculated the proportion of patients in
the SEER data base that would have been captured with method A
compared with B. This indicated the number of cancers that
would have met the criteria for undergoing work-up and thus
would have been potentially diagnosed if they had presented initially as ITNs on CT. We compared the relative survival and
cause-specific survival for patients that were uncategorized by
methods A and B. This was a way of determining whether the
cancers missed (uncategorized) by method A differed from those
in method B.

Part 2: CT Cohort of Incidental Thyroid Nodules
Subjects. We retrospectively reviewed all (consecutive) subjects
with contrast-enhanced neck CT and CTA examinations performed at a single institution in a 12-month period from July 1,
2002, to June 30, 2003. We chose the first year in which an electronic PACS was available at our institution to maximize the duration of clinical follow-up. Although thyroid nodules may also be
seen on cervical spine and chest CT and MR images of the neck
and chest, we have not examined these studies because the protocols are less likely to consistently include the entire thyroid gland
(smaller FOV, saturation bands, or artifacts). Of 1127 contrastenhanced neck CT or CTA examinations performed in the target
time interval, 266 were excluded because they were not the patient’s first neck cross-sectional study during the target time, 13
were not available for review due to technical reasons, 22 were
excluded due to incomplete visualization of the thyroid, and 71
were excluded due to a thyroid-specific indication or known history of thyroid cancer or thyroid surgery. The final study group
consisted of 755 patients with 549 soft-tissue neck CT scans (section thickness, 3 mm; interval, 3 mm) and 206 neck CTA examinations (section thickness, 1.25 mm; interval, 0.5 mm). During
the period, imaging was performed with 120 –150 mL of iopamidol (Isovue-300; Bristol-Meyers Squibb, Princeton, New Jersey)
with an injection rate of 3 mL/s on 16-row multidetector CT scanners (LightSpeed; GE Healthcare; Milwaukee, Wisconsin).
The study was approved by the institutional review board at
our institution, with waivers of informed consent and authorization of the Health Insurance Portability and Accountability Act.
Application of Categorization Methods. Two fellowship-trained
neuroradiologists with 5 years’ experience in interpreting neck
CT examinations retrospectively reviewed axial CT images for
thyroid nodules measuring at least 5 mm in diameter by using
electronic calipers. A nodule is defined as a focal region of attenuation distinct from the remainder of the thyroid parenchyma.
They recorded the following findings: number of nodules in the
thyroid, maximal dimension of the largest nodule, calcification or
simple cystic composition, and aggressive features. Aggressive
features fulfilling the criteria for risk category 1 for method B were
extrathyroid invasion and distant or nodal metastases. Data were
recorded independently, with observers blinded to any follow-up
information. Nodules meeting the criteria for category 1 (invasive
or lymphadenopathy) were reviewed by a third neuroradiology
fellowship–trained radiologist with 10 years’ experience reading
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neck CT scans. Any potentially ambiguous cases were also flagged
for consensus review. Medical records of subjects with ITN were
reviewed to determine age, sex, clinical follow-up, and pathology
if available.
Outcome Measure. We compared the proportion of nodules
that would meet the criteria for methods A and B. This was an
indication of the work-up rate for ITNs detected on CT.

Statistical Analysis
For part 1, relative survival and cause-specific survival analyses
were performed by using Seer*Stat 7.0.9 (National Cancer Institute; http://seer.cancer.gov/seerstat/releasenotes.html) and the R
package (www.r-project.org). Relative survival was calculated on
the basis of observed survival of the cohort relative to expected
survival, where expected survival is determined from census population survival data, adjusting for age, sex, race, and year. The
mean survival and 95% confidence intervals for the 3 size-cutoff
values of method A and the 3-tiered system of method B were
calculated and compared. Comparison of survival was performed
by using Cox regression to yield hazard odds ratios for the variables in the categorization methods.
For part 2, comparisons of proportions of patients captured
under methods A and B were made by using the McNemar test.
Statistical significance was determined by P value ⬍ .05.

RESULTS
Part 1: SEER Data Base of Thyroid Malignancy
Subjects and Survival. We recorded 107,466 cases of thyroid carcinoma as the patient’s first or only malignant primary. After
exclusion criteria were applied, there were 84,720 subjects for relative survival and 84,439 subjects for cause-specific survival analysis. The histologic types were papillary (86% [72,582/84,720]),
follicular (10% [8721/84,720]), medullary (2.1% [1777/84,720]),
and anaplastic (0.6% [508/ 84,720]) carcinomas. Table 1 shows
the characteristics of the subjects and the thyroid cancers.
Overall, there were 2697 deaths attributed to thyroid cancer
that occurred within 10 years of diagnosis, representing 3.2% of
the cohort of 84,439 subjects and yielding a 10-year cause-specific
survival of 95.7% (80,840/84,439). Overall relative survival in the
cohort at 10 years was 97.4% (89.4/91.7). Relative and thyroid
cancer–specific survival by age, sex, and tumor characteristics is
presented in Table 1.
Categorization Methods: Effect on Cancer Capture. Table 2
shows the cancers captured with each method for the thyroid
cancer population. The size cutoff of ⱖ10-mm of method A captured 74% of cancers, compared with 59% with a 15-mm threshold and 46% with a 20-mm threshold. The 3-tiered system of
method B captured 74% of the thyroid cancer population.
Categorization Methods: Effect on Survival. Table 2 shows the
survival of subsets of the thyroid cancer population classified by
the categorization methods. Regarding method A, relative survival estimates show no evidence of excess mortality for thyroid
cancer subgroups with tumor sizes ⬍10 mm, 15 mm, or 20 mm.
The thyroid cancer–specific 10-year survival rates for tumor sizes
⬍10 mm, 15 mm, and 20 mm were greater than 99% and are

Table 1: Survival of patients with thyroid carcinoma by patient demographics and tumor characteristics
10-Year Thyroid
Percentage
10-Year Relative
Cancer–Speciﬁc
Total
Survival (%)
95% CI
Survival (%)
Total
100%
97.4
97.0–97.7
95.7
Sex
Male
23%
93.8
92.9–94.7
92.0
Female
77%
98.4
98.0–98.6
96.8
Age (yr)
0–19
2.2%
99.1
98.3–99.5
99.3
20–34
21%
99.3
98.9–99.5
99.7
35–49
36%
99.3
98.9–99.5
98.9
50–64
27%
96.2
95.3–96.9
94.6
ⱖ65
15%
90.3
88.1–92.1
81.0
SEER summary stage
Localized or unstaged
61%
99.9
99.8–99.9
99.0
Regional
35%
95.6
95.0–96.2
94.4
Distant
4.1%
56.1
53.5–58.5
58.2
Tumor size (mm)
⬍5
12%
99.9
99.7–99.9
99.4
5–10
14%
99.8
99.6–99.9
98.9
10–14
15%
99.8
99.5–99.9
99.0
15–19
13%
99.8
99.5–99.9
98.3
20–29
20%
99.4
98.3–99.8
97.0
30–39
11%
96.6
95.5–97.4
95.2
ⱖ40
14%
84.0
82.7–85.2
83.3

95% CI
95.5–95.9
91.4–92.5
96.6–97.0
98.7–99.6
99.5–99.8
98.7–99.0
94.1–95.1
79.9–82.0
98.9–99.1
94.0–94.8
56.0–60.4
99.0–99.6
98.6–99.2
98.7–99.2
97.9–98.6
96.7–97.4
94.6–95.7
82.4–84.2

Table 2: Survival in patients with thyroid malignancy in the SEER data base using risk-categorization methods of size cutoff (method A)
and the 3-tiered system (method B)a
10-Year Thyroid
Percentage
10-Year Relative
Cancer-Speciﬁc
Total
Survival (%)
95% CI
Survival (%)
95% CI
Method A (size cutoff)
ⱖ10 mm
74%
96.4
96.0–96.7
94.7
94.4–94.9
⬍10 mm
26%
99.8
99.7–99.9
99.1
98.9–99.3
ⱖ15 mm
59%
95.4
94.9–95.8
93.7
93.4–94.0
⬍15 mm
41%
99.8
99.8–99.9
99.1
98.9–99.2
ⱖ20 mm
46%
94.1
93.5–94.6
92.4
92.0–92.7
⬍20 mm
54%
99.9
99.8–99.9
98.9
98.7–99.0
Method B (3-tiered risk categories)
Categories 1, 2, and 3
74%
96.0
95.6–96.3
94.6
94.3–94.8
Category 1
39%
91.5
90.9–92.1
90.7
90.3–91.1
Category 2
13%
99.7
99.2–99.9
99.9
99.7–99.9
Category 3
23%
99.8
99.7–99.9
98.0
97.7–98.3
Not categorized
26%
99.9
99.8–99.9
99.5
99.3–99.7
a

Nodules smaller than the size cutoff and in the “not categorized” group for method B would represent nodules that would not receive work-up if the methods were applied.

significantly different for tumors above the size cutoffs (P ⬍
.0001). The cause-specific survival curves as a function of tumor
size are shown in Fig 1.
Under method B, the 26% unassigned subjects had a 99.9%
relative survival and 99.5% cause-specific survival. Cause-specific
survival among cancers not captured under method B was not
significantly different from that of method A (P ⫽ .26). Compared with the uncategorized subset, the 39% of cancer subjects
identified as risk category 1 had a markedly worse 10-year causespecific survival with an OR of 22.07 (95% CI, 17.11–28.47; P
value ⬍ .0001). The OR for risk category 2, relative to the uncategorized group was 0.43 (95% CI, 0.25– 0.75; P value ⫽ .003),
indicating that it had a significantly better survival rate than the
uncategorized group. Risk category 3 had a moderately worse 10year cause-specific survival rate than the unassigned group (OR,
4.90; 95% CI, 3.73– 6.47; P value ⬍ .0001). The thyroid cancer–
specific survival curves stratified by method B are shown in Fig 2.

Part 2: CT Cohort of Incidental Thyroid Nodules
Subjects and Prevalence of Incidental Thyroid Nodules. Among
755 subjects (mean age, 50.2 ⫾ 20.8 years; 52% male), there
were 133 patients with thyroid nodules of ⱖ5 mm (mean age,
60.7 ⫾ 16.5 years; 32% male), resulting in an ITN prevalence of
18%. Mean nodule size was 11 ⫾ 6.9 mm. The characteristics of
these patients and their CT findings are shown in the On-line
Table.
Categorization Methods: Effect on Work-Up Rate. One hundred
thirty-three patients with ITNs were included in the cohort for
evaluation of categorization methods (Table 3). Method A captured 54 patients (43%) with the ⱖ10-mm threshold. Alternative
size thresholds of ⱖ15 and ⱖ20 mm captured 22 (17%) and 12
(9%) patients, respectively.
The 3-tiered system of method B captured 31 patients
(23%) (Table 3), significantly less than those captured with
AJNR Am J Neuroradiol 34:1812–17
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Table 3: Comparison of capture rates of incidental thyroid
nodules by methods A and Ba
Categorization Method
Patients
Total
Method A (size cutoff)
ⱖ10 mm
57
43%
⬍10 mm
76
57%
ⱖ15 mm
22
17%
⬍15 mm
111
83%
ⱖ20 mm
12
9%
⬍20 mm
121
91%
Method B (3-tiered system)
Category 1, 2, or 3
31
23%
Category 1
2
2%
Category 2
9
7%
Category 3
20
15%
Not categorized
102
77%
Total
133
a

Incidental thyroid nodules from retrospective CT review were stratiﬁed by size
cutoff (method A) and the 3-tiered system (method B). The nodules smaller than the
size cutoff and in the “not categorized” group for method B would represent nodules
that would not receive work-up if the methods were applied.

FIG 1. Cause-speciﬁc survival curves as a function of tumor size for
thyroid cancers in the SEER data base. This represents method A of
risk categorization.

FIG 2. Cause-speciﬁc survival curves of thyroid cancers in SEER stratiﬁed by the 3-tiered system (method B).

method A (P value ⬍ .0005). All nodules in category 2 were
⬍10 mm.
Review of medical records found that a small number of nodules underwent further evaluation. Biopsy performed in 14 patients revealed 12 benign nodules and 2 cases of thyroid lymphoma. There were no cases of papillary thyroid cancers. Both
cases of lymphoma met the criteria for category 1; one measured
1.5 cm and the other measured 2 cm in the maximal axial dimension on CT. Patients without pathology had a median follow-up
time of 24 months (interquartile range, 6 –105 months). No additional thyroid cancers were diagnosed during that time.

DISCUSSION
ITNs are very common on CT, but malignancy in the ITN is
uncommon. While it would be ideal for a categorization method
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to capture all incidental thyroid malignancies, it may be more
rational and cost-effective to capture all malignancies associated
with poor outcome. Our 3-tiered system improved on a size-only
method by capturing the same proportion of cancers as in the
SEER data base while almost halving the number of nodules targeted for work-up. Although interpretation of these findings is
subject to the limitations discussed below, the clinical implication
is that a larger proportion of ITNs detected on CT can be managed
more conservatively without missing high-mortality cancers.
To date, a size of 10 mm is the most common method of
triaging CT-detected nodules for work-up,4,5 despite there being
no guidelines and no evidence to support this cutoff size. While
increasing the cutoff size for work-up would obviously reduce the
number of patients having work-ups, there should be a balance so
as not to increase the proportion of missed malignancies. Our
retrospective review of ITNs on CT in 1 year at our institution
shows that if we considered size alone, using a 15-mm cutoff compared with a 10-mm cutoff could more than halve the number of
patients requiring work-up, but the disadvantage is that with
SEER data, nearly half the number of cancers would be missed.
The rationale for developing method B was to improve on a
size-based categorization by taking into consideration additional
features that either increase the risk for malignancy in an ITN or
are associated with higher mortality. The performance of method
B in capturing cancers with poorer survival in the SEER data base
is largely the result of including aggressive imaging features or
suspicious lymphadenopathy in risk category 1. The other subgroup highlighted by method B was young subjects because this
group has a higher malignant-to-benign ratio in a given thyroid
nodule.6,9-13 We found that the age group younger than 35 years
had a discordant proportion of ITNs versus thyroid cancer:
Younger than 35 years represented 7% of ITNs by CT review, but
23% of thyroid cancers recorded in SEER. Thus, the additional
burden associated with working up young patients may be justified by the greater yield of detecting malignancy.
There are additional clinical risk factors such as family history
of malignancy, childhood radiation, and endocrine syndromes
that increase the malignancy risk.4 In the original description of
the 3-tiered system, patients with these risk factors were assigned

to risk category 2.8 In our modified 3-tiered system (method B),
we did not include clinical risk factors because this clinical information was not available from the SEER data base and, in practice,
the radiologist’s access to this information may be limited. Radiologists reporting ITNs should be aware of the clinical risk factors
and modify their recommendations when these factors are
present.
There are several limitations to this study. In part 1, a major
limitation was the assumption that the data in SEER correspond
to information seen on imaging. In practice, early tumor with
microscopic local invasion and nodal metastases may have been
missed on CT. This study may, therefore, overestimate the relative
performance of method B in capturing malignancies on CT. It is
also possible that some cancers between 10 and 15 mm were not
seen on CT and we have overestimated the performance of
method A. The second limitation of part 1 is that survival for most
cases in the SEER data base was based on diagnosed and treated
tumors. The uncategorized patients by our 2 methods could have
had worse survival had they not been diagnosed and treated.
However, the main purpose of evaluating survival was to compare
the biology of the tumors between the 2 categorization methods.
The data show that the tumors uncategorized by both methods
are equally less aggressive than the tumors that met the criteria for
work-up. Furthermore, survival in small tumors is likely to be
excellent because epidemiologic trends show the absence of a survival improvement despite increased diagnosis of small thyroid
cancers and a Japanese study showed no deaths during 10 years in
nonaggressive small thyroid carcinomas that did not receive
treatment.16,17
There are also limitations for our CT retrospective review. It
would have been interesting and ideal to have histology of the
thyroid nodules to determine the number of missed cancers with
each categorization method. However, the purpose of using the
cohort was to determine the potential work-up rate and not the
accuracy of the methods. The work-up rate in a future study could
be improved with uniform radiology-report recommendations
based on our proposed stratification system. In the present study,
we did not address other risk factors that are known to affect the
risk of thyroid malignancy, such as radiation exposure and family
history.

CONCLUSIONS
A stratification approach to ITN that incorporates aggressive imaging findings, age younger than 35 years, and a 15-mm cutoff for
triaging work-up has several advantages. Compared with the
common practice of a 10-mm-size cutoff, the 3-tiered system reduces excess work-up of benign ITNs while capturing the same
proportion of thyroid malignancies and is no more likely to miss
high-mortality malignancies.
Disclosures: Gary H. Lyman—UNRELATED: Grant: Amgen,* Comments: grant goes
directly to Duke. *Money paid to the institution.
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CT Imaging Correlates of Genomic Expression for Oral Cavity
Squamous Cell Carcinoma
C.R. Pickering, K. Shah, S. Ahmed, A. Rao, M.J. Frederick, J. Zhang, A.K. Unruh, J. Wang, L.E. Ginsberg, A.J. Kumar,
J.N. Myers, and J.D. Hamilton

ABSTRACT
BACKGROUND AND PURPOSE: Imaging correlates of genetic expression have been found for prognostic and predictive biomarkers of
some malignant diseases, including breast and brain tumors. This study tests the hypothesis that imaging ﬁndings correlate with relevant
genomic biomarkers in oral cavity squamous cell carcinoma.
MATERIALS AND METHODS: Surplus frozen tissue from 27 untreated patients with oral cavity squamous cell carcinoma who underwent
preoperative CT imaging was analyzed for gene expression. A team of neuroradiologists blinded to the genomic analysis results reviewed
an extensive list of CT ﬁndings. The imaging correlated with genomic expression for cyclin D1, angiogenesis-related genes (vascular
endothelial growth factor receptors and ligands), which relate to enhancement on the basis of other tumor types; and epidermal growth
factor receptor, which may relate to proliferation and mass effect.
RESULTS: Expression of vascular endothelial growth factor receptors 1 and 2 correlated with the enhancement of the primary tumor (P ⫽
.018 and P ⫽ .025, respectively), whereas the epidermal growth factor receptor correlated with mass effect (P ⫽ .03). Other exploratory
correlations included epidermal growth factor receptor to perineural invasion (P ⫽ .05), and certain vascular endothelial growth factor
receptors and ligands to mass effect (P ⫽ .03) and increased (P ⫽ .01) or decreased (P ⫽ .02) primary tumor size.
CONCLUSIONS: We report that CT imaging correlates with gene expression in untreated oral cavity squamous cell carcinoma. Enhancement of the primary tumor and degree of mass effect correlate with relevant genomic biomarkers, which are also potential drug targets.
Eventually, treatment decisions may be aided by combining imaging ﬁndings into meaningful phenotypes that relate directly to genomic
biomarkers.
ABBREVIATIONS: ECS ⫽ extracapsular spread; EGFR ⫽ epidermal growth factor receptor; HPV ⫽ human papillomavirus; HU ⫽ Hounsﬁeld unit; OSCC ⫽ oral cavity
squamous cell carcinoma; VEGF ⫽ vascular endothelial growth factor

H

ead and neck squamous cell carcinoma is the sixth most
common cancer with approximately 600,000 cases per year
worldwide and approximately 50,000 cases per year in the United
States.1,2 Despite advances in treatment, the 5-year survival rate of
patients with squamous cell carcinoma remains at 40%–50%.3
The most common site involved is the oral cavity.1 Known risk
factors include alcohol; tobacco; and, to a lesser degree, human
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papillomavirus (HPV).4 As in most solid tumors, squamous cell
carcinoma is usually caused by genetic alterations. Tumors in tobacco users tend to have more genomic alterations than in HPVassociated disease,5 and these alterations may contribute to treatment resistance.
Treatment failure most frequently takes the form of local and
regional recurrences, but as disease control in these areas improves, treatment failures are more often a result of distant metastasis. The presence of cervical lymph node metastases, especially extracapsular spread (ECS), is a reliable adverse prognostic
factor.6 The promise of basing treatment decisions on specific
driver gene mutations or changes in expression, known as
genomic biomarkers, has yet to be fully realized because of our
poor understanding of the mechanisms of regional and distant
metastases of squamous cell carcinoma.
Imaging phenotypes may convey relevant genomic information. Correlation of imaging morphologic features to the genotype and gene expression have already been made in other tumor

sites, such as the breast, liver, or brain.7-15 Advantages of imaging
include a larger area of coverage than pathologic specimens,
which extends evaluation to tissue beyond the surgical resection
margins, and less expense than combinations of multiple genomic
tests, especially if obtained anyway as routine practice. If imaging
findings can correlate with clinically useful molecular or genomic
biomarkers, then a potential exists for improved tissue sample
targeting,8 clinical decision making, response monitoring,16 and
discovering and validating molecular targets.17 For example,
higher expression of a gene correlated with invasion in glioblastoma by MR imaging and was subsequently found to be a prognostic biomarker of survival.17 However, imaging-to-genetic correlations have yet to be demonstrated for squamous cell
carcinoma of the oral cavity (OSCC).
Epidermal growth factor receptor (EGFR) is a tyrosine kinase
receptor on the cell surface related to cell growth that is both a
predictive biomarker in head and neck squamous cell carcinoma18,19 and a chemotherapy target.3,20 EGFR expression has
been related to the ratio of contrast-enhanced tumor and necrosis
in brain tumors9 and primary tumor size and nodal metastasis for
breast cancer.21 Vascular endothelial growth factor (VEGF) ligands and receptors are signaling proteins involved in angiogenesis and are targets for chemotherapy.9 VEGF expression has been
related to brain and liver tumor enhancement and elevated perfusion.10,11,15 Cyclin D protein alters cell cycle progression and
interacts with several proteins and receptors, including tumor necrosis factor alpha and retinoblastoma protein. Cyclin D1 may be
a marker of poor prognosis and higher recurrence rates in OSCC,
especially of the tongue,22,23 and has been associated with smaller,
well-defined breast cancers.24 We tested the hypothesis that CT
imaging findings correlate with selected genomic biomarkers in
patients with OSCC.5,25

MATERIALS AND METHODS
Genomics
After institutional review board approval, untreated patients with
OSCC underwent extensive genomic evaluation of surplus frozen
tissue removed during a clinically indicated surgical procedure. A
total of 27 of these patients had good-quality pathology specimens
that underwent genomic analysis and also preoperative contrastenhanced CT examinations for retrospective review. Exome sequencing for some of these patients has been published previously.5 Only gene expression was examined for this analysis. Total
RNA was isolated by using Tri Reagent (Sigma-Aldrich, St. Louis,
Missouri) according to the manufacturer’s instructions. RNA was
hybridized to the Human Exon 1.0ST expression array platform
(Affymetrix, Santa Clara, California) according to the manufacturer’s instructions. Data were background-corrected with robust
multiarray average and quantile normalized in R (R statistical
computing software; http://www.r-project.org/) with the aroma.affymetrix library. Probes were averaged across each gene. The
groups of genes assessed in this preliminary study included cyclin
D1 protein, EGFR, and VEGF ligands (VEGF-A, -B, and -C) and
receptors including VEGF-r1 (also known as FMS-like tyrosine
kinase receptor 1), VEGF r2 (kinase insert domain receptor or
fetal liver kinase 1), and VEGF-r3 (FMS-like tyrosine kinase re-

Table 1: Patient demographics
Patient No.
Age (y)
Sex
1
62
M
2
66
M
3
62
M
4
75
F
5
23
M
6
40
M
7
50
M
8
69
M
9
61
M
10
62
F
11
60
F
12
40
M
13
60
M
14
50
M
15
85
F
16
56
M
17
50
F
18
74
M
19
53
M
20
61
F
21
76
F
22
56
M
23
48
M
24
74
M
25
64
M
26
62
M
27
67
M

Stage
T2 N0
T3 N2
T3 N0
T4 N2c
T3 N2b
T3 N1
T4 N2b
T4 N2c
T2 N1
T3 N0
T2 N2b
T4 N2c
T4 N0
T4a N2c
T2 N0
T4 N2c
T2 N0
T4 N2b
T3 N0
T2 N2b
T2 N0
T3 N2b
T2 N1
T4 N0
T2 N1
T1 N0
T4 N2c

Subsite
OT
OT
OT
OT/FOM
OT
OT
OT
OT/FOM
OT
OT
OT/BOT
OT
OT/FOM
OT
OT
FOM
OT
OT
OT
OT
OT
Bucca
FOM
Gingiva
FOM
Bucca
FOM

Note:—BOT indicates base of tongue; F, female; FOM, ﬂoor of mouth; M, male; N,
nodal stage; OT, oral tongue; T, tumor stage.

ceptor 4). Additional demographic, pathology, and follow-up
data were gathered. HPV status was noted if available.

Imaging
Imaging analysis was done by consensus of 2 board-certified neuroradiologists. A third reader was used to resolve discrepancies.
All readers were blinded to genetic results.
The CT technique changed during the course of the study.
Most patients underwent imaging on a 16-detector LightSpeed
CT scanner (GE Healthcare, Milwaukee, Wisconsin) with axial
1.25- to 2.5-mm collimation at 120 kVp and 200 –240 mA, after
injection of 120 mL of Omniscan (GE Healthcare) at 3 mL/s with
a 90-second delay. A second angled acquisition was performed as
necessary to eliminate dental artifacts.
Bidimensional measurements of the primary tumor and, if
present, the largest metastatic lymph node were made on axial
images. The cross-sectional area [for an ellipse ⫽  (1⁄2 long axis ⫻
1⁄2 short axis)] and the ratio of the long axis over the short axis
were calculated. Enhancement of the primary site and of the largest solid component of lymph nodes was measured by a representative region of interest in Hounsfield units (HU). The enhancement of the submandibular gland was used as a positive control to
normalize the values among patients (lesion HU/submandibular
gland HU). For the primary tumor, borders were judged as ill- vs
well-defined and as regular vs irregular. Invasion into adjacent
structures was noted. Mass effect was graded as none, mild if there
was ⬍ 1 cm displacement of airway or other adjacent structures,
moderate for 1–2 cm displacement and marked if ⬎ 2 cm.
Perineural extension of the primary tumor or ECS from lymph
nodes was assessed both by imaging and subsequent pathologic
AJNR Am J Neuroradiol 34:1818 –22
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examination. Necrosis was estimated by fifths (0%–20%, 20%–
40%, etc) for both primary and lymph nodes. The presence of
calcification or ulceration was also noted.

Statistics
Associations between gene expression and imaging variables were
assessed by use of Pearson correlation and ordinal regression for
contiguous and categoric imaging features, respectively. Bonferroni correction set the adjusted significant level at a P value ⱕ

.00036 for an unadjusted P value ⱕ .05. Specific hypotheses to be
tested based on other tumor types included 1) positive correlations between VEGF expression and enhancement10,11; 2) EGFR
expression with necrosis, tumor size, and presence of nodal metastasis9,21; and 3) a negative correlation with cyclin D1 expression and tumor size and invasion.24 We also hypothesized that
because EGFR relates to growth and proliferation, it would
have a positive correlation to mass effect,8 though this trend
has not been reported previously. To check for confounding
factors and groups of imaging features, we also assessed the
associations among imaging features themselves by using ordinal regression (categoric vs continuous), Pearson correlation
(continuous vs continuous), or the Fisher exact test (categoric
vs categoric).

RESULTS
Images were available from 2001–2010. The average age of the
patients was 59 ⫾ 13 years; of 27 patients, 20 (74%) were men
(Table 1). Most tumors were located in the oral tongue (19/27, or
59%), with 4 tumors involving the floor of the mouth, 3 tumors
involving the bucca or gingiva, and 4 tumors involving a combination of sites. Primary tumors were staged pathologically as T1 in
1 patient, T2 in 9 patients, T3 in 6 patients, and T4 in 11 patients.
Nodal staging was N0 in 10 patients, N1 in 4 patients, N2 in 13
patients, and N3 in no patients. Only 1 patient with a T4 N2b
cancer of the oral tongue was found to test positive for HPV.
FIG 1. Scatterplot showing relationship of increased enhancement
Imaging results revealed a spectrum of findings. The average
and VEGF receptors 1 and 2 expression. The linear ﬁtting demonstrates that as the absolute enhancement in HU increases, the recepsize of the primary tumor was 3.6 ⫾ 1.2 cm in the long axis with an
tor expression (in log base 2) also increases.
elliptic cross-sectional area of 6.1 ⫾ 5.8 cm2. All primary tumors
enhanced to some degree with either avid enhancement (absolute
119 ⫾ 29 HU or normalized ratio 1.2 ⫾ 0.3), minimal enhancement (3 patients: absolute 89 ⫾ 16 HU or normalized ratio 1.2 ⫾
0.2), or in 1 case rim enhancement with a primarily necrotic tumor. A total of 9 patients had invasion deep into the muscle, 3 had
invasion into the bone, and the remaining patients did not have
deep invasion. Although no gross perineural extension was seen
on imaging, 8 patients had perineural invasion by pathologic examination. Most tumors were irregular (n ⫽ 22), ill defined (n ⫽
21), and partially necrotic (n ⫽ 21), and had mild to moderate
mass effect (n ⫽ 19) with few ulcers (n ⫽ 9) and no calcifications.
Of the 17 patients with pathologic nodal disease, 2 had tumors
FIG 2. Bar graph reﬂecting positive correlation between the grading
that were not readily detected on CT scanning. Of the affected
of mass effect and the expression of EGFR (in log base 2) with standard
largest lymph nodes, the average size was 1.4 ⫾ 0.4 cm in the long
deviation bars.
axis. Most lymph nodes enhanced (n ⫽
Table 2: Correlations of gene expression to maximal axial cross-sectional area
12) and were necrotic (n ⫽ 10), with 8
Coefﬁcient
Signiﬁcance patients having ECS on pathologic exImaging Finding
Gene Expressed
Value
(P Value)
amination (only one of which was idenMass effect
EGFR
OR: ⫹1.2
.032a
tified on imaging). In these presurgical
Perineural invasion
EGFR
OR: ⫹3.1
.047
patients, no nodal calcification was seen
VEGF ligand A
PC: ⫹0.49
.014
Axial cross-sectional area (cm2)
and distant metastatic disease was not
Axial orthogonal distance (cm)
VEGF ligand A
PC: ⫹0.47
.010
found.
Mass effect
VEGF ligand B
OR: ⫹2.8
.026
Enhancement of primary tumor (HU)
VEGF receptor 1
PC: ⫹0.45
.018a
Expression of VEGF receptors 1 and
Axial maximal diameter (cm)
VEGF receptor 2
PC: ⫺0.44
.023
2
correlated
with enhancement of the
VEGF receptor 2
PC: ⫺0.42
.029
Axial cross-sectional area (cm2)
primary tumor (P ⫽ .018 and P ⫽ .025,
a
Enhancement of primary tumor (HU)
VEGF receptor 2
PC: ⫹0.43
.025
respectively; Fig 1), whereas EGFR corEnhancement of submandibular gland (HU)
VEGF receptor 2
PC: ⫹0.43
.026
related with mass effect (P ⫽ .03; Fig 2).
Note:—cm indicates centimeter; OR, ordinal regression; PC, Pearson correlation.
a
The hypothesis that EGFR would correDenotes conﬁrmation of a priori hypothesis.
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late with necrosis, primary tumor size, or lymph node metastases
was not supported. No significant correlations were found for
cyclin D protein, VEGF ligand C, or VEGF receptor 3. However, a
trend was observed toward cyclin D1 expression and decreased
orthogonal primary tumor size (P ⫽ .11). Additional exploratory
correlations that did not survive correction of significance values
for multiple correlations are given in Table 2. As demonstrated in
Fig 3, when the estimated cross-sectional area of the primary tumor increased, the expression of VEGF ligand A increased (P ⫽
.01) but expression of VEGF receptor 2 decreased (P ⫽ .03).
We also tested associations among imaging characteristics to
look for confounding variables and groups of imaging characteristics. Larger tumors (maximal diameter, orthogonal, and crosssectional area) tended to have more mass effect (P ⫽ .0018 –P ⫽
.0035). The largest-diameter tumors correlated with invasion into
muscle or bone (P ⫽ .04). The patients who had moderate to
marked mass effect or perineural invasion on pathologic examination had higher EGFR expression compared with those patients
with neither moderate to marked mass effect nor perineural invasion (10.7 ⫾ 0.7 vs 10.2 ⫾ 0.4, respectively; P ⫽ .05 by unpaired t
test). Furthermore, 4 (50%) of 8 patients with moderate to
marked mass effect had perineural invasion, but 4 (33%) of 12
patients with mild mass effect and none (0%) of 7 patients with no

FIG 3. Scatterplot showing relationship of increasing primary tumor
ellipsoid estimated cross-sectional area with increasing VEGF ligand A
and decreased receptor 2 expression (in log base 2) with linear ﬁtting.

mass effect had perineural invasion. This trend was not quite statistically significant (P ⫽ .08; Fisher exact test between markedmass-effect group and no-mass-effect group). Also, enhancement
tended to correlate with both the tumor and the submandibular
gland as a regional control (P ⫽ .00005), possibly because of contrast bolus differences among patients.

DISCUSSION
We tested correlates of the CT imaging appearance with genomic
expression in a group of patients with previously untreated
OSCC. Initial results suggest that degree of enhancement and
mass effect indicate particular genetic alterations, similar to associations in other tumor types and related to drug targets. Limitations to this study included the small population, small number of
genes tested, the relatively long period during which patients underwent imaging with varying imaging techniques, and the general nature of the retrospective review. None of the image-to-gene
associations survived correction for the multiple correlations and,
therefore, must be viewed with some skepticism. However, the
associations demonstrated by other tumor types (eg, enhancement and VEGF receptors 1 and 2) are more likely to be true
according to Bayesian probability. These simple correlations between a single imaging measurement and single gene expression
are reductions of the complex interactions between the host
stroma and the tumor.
Despite these limitations, the correlations suggest that
grouping imaging findings into imaging phenotypes may further
correlate with specific driver genes. Increased EGFR has correlated previously with worse stage and prognosis with treatment
resistance.18,19,26 The association between size with mass effect
and invasion, which also correlated with EGFR expression, may
help to elucidate the association with tumor grade. The grouping
of clinical and imaging findings into representative phenotypes
could not only help in understanding and predicting genomic
expression but also reinforce imagers’ search patterns and the risk
for invasion, which may not be directly visualized on imaging.
Smaller tumors had increased expression of different genes
(VEGF receptor 2) than larger tumors (EGFR, VEGF ligand A),
suggesting that tumor size and growth pattern are governed by
underlying genomic expression and not solely by the time until
diagnosis (Fig 3). Thus, a large tumor with invasion could suggest
EGFR predominant expression, whereas
a small tumor with avid enhancement
could suggest increased VEGF receptor
2 expression (Fig 4). The differential expression of VEGF ligands and receptors
with varying imaging features indicates
that further work is needed to understand the reported association between
high VEGF expression and increased recurrence rates with poor survival outcome, which did not clarify the subtypes
of the receptor or ligand.27

FIG 4. Example cases of highest expression for speciﬁc genes by use of contrast-enhanced axial
CT images in different patients. A, Large OSCC located in the left tongue and at the ﬂoor of the
mouth OSCC (arrow) with intrinsic tongue and perineural invasion (on histologic examination)
and mass effect narrowing the airway. This tumor has the highest EGFR expression. B, Small left
buccal tumor with avid enhancement with the highest VEGF receptor 1 and 2 expression.

CONCLUSIONS
In summary, we demonstrated correlations between CT findings and OSCC
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gene expression. The size and invasion of the tumor (and therefore stage and prognosis) may relate to specific driver gene expression. Further studies are needed with a greater number of patients,
additional imaging modalities, additional tumor sites, and other
potentially relevant genes to determine if grouping imaging features related to gene expression into imaging phenotypes is useful
in the management of head and neck squamous cell carcinoma.
Disclosures: Curtis Pickering—RELATED: Grant: NIH and CPRIT.* Mitchell Frederick—RELATED: Grant: NIH and Texas CPRIT, Comments: Genomic studies were
funded by peer-reviewed grants from the NIH and Texas Cancer Prevention Institute. Jiexin Zhang—RELATED: Grant: NIH and CPRIT.* *Money paid to institution.
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Reduced Cerebral Arterial Spin-Labeled Perfusion in Children
with Neuroﬁbromatosis Type 1
K.W. Yeom, R.M. Lober, P.D. Barnes, and C.J. Campen
EBM

2

ABSTRACT
BACKGROUND AND PURPOSE: Neuroﬁbromatosis type 1 is associated with increased risk for stroke, cerebral vasculopathy, and neurocognitive deﬁcits, but underlying hemodynamic changes in asymptomatic children remain poorly understood. We hypothesized that
children with neuroﬁbromatosis type 1 have decreased cerebral blood ﬂow.
MATERIALS AND METHODS: Arterial spin-labeled CBF was measured in 14 children with neuroﬁbromatosis type 1 (median age, 9.7 years;
mean, 10.2 years; range, 22 months to 18 years) and compared with age-matched control subjects on 3T MR imaging. Three-dimensional
pseudocontinuous spin-echo arterial spin-labeled technique was used. Measurements were obtained at cortical gray matter of bilateral
cerebral hemispheres and centrum semiovale by use of the ROI method. Comparison by Mann-Whitney test was used, with Bonferroniadjusted P values ⱕ.004 judged as signiﬁcant.
RESULTS: We identiﬁed 7 of 12 areas with signiﬁcantly diminished arterial spin-labeled CBF in patients with neuroﬁbromatosis type 1
compared with control subjects. These areas included the anterior cingulate gyrus (P ⫽ .001), medial frontal cortex (P ⫽ .004), centrum
semiovale (P ⫽ .004), temporo-occipital cortex (P ⫽ .002), thalamus (P ⫽ .001), posterior cingulate gyrus (P ⫽ .002), and occipital cortex (P ⫽
.001). Among patients with neuroﬁbromatosis type 1, there were no signiﬁcant differences in these regions on the basis of the presence of
neuroﬁbromatosis type 1 spots or neurocognitive deﬁcits.
CONCLUSIONS: Reduced cerebral perfusion was seen in children with neuroﬁbromatosis type 1, particularly in the posterior circulation
and the vascular borderzones of the middle and posterior cerebral arteries.
ABBREVIATIONS: ASL ⫽ arterial spin-labeled; NF-1 ⫽ neuroﬁbromatosis type 1; UBO ⫽ unidentiﬁed bright object

N

eurofibromatosis type 1 (NF-1) is a common autosomal
dominant genetic disorder affecting 1 in 3500 live births1
and frequently associated with café au lait spots, freckling, neurofibromas, optic pathway gliomas, Lisch nodules, and skeletal abnormalities.2 Other significant complications include strokes and
neurocognitive dysfunction.
Risk for stroke in NF-1 has been attributed to cerebral vasculopathy, including Moyamoya syndrome.3,4 Typical vessels afReceived October 24, 2012; accepted after revision December 9.
From the Departments of Radiology (K.W.Y., P.D.B.), Neurosurgery (R.M.L.), and
Neurology (C.J.C.), Lucile Packard Children’s Hospital, Stanford University, Palo
Alto, California.
Abstract previously presented at: Annual Meeting of the Society for Pediatric Radiology April 2012; San Francisco, California.
Please address correspondence to Kristen W. Yeom, MD, Lucile Packard Children’s
Hospital, Stanford University, Department of Radiology, Pediatric MRI and CT,
Room 0511, 725 Welch Rd, Palo Alto, CA 94304; e-mail: kyeom@stanford.edu
Indicates article with supplemental on-line table
EBM

2 Evidence-Based Medicine Level 2.

http://dx.doi.org/10.3174/ajnr.A3649

fected are, in order of occurrence, the renal, aortic, mesenteric,
and cerebral arteries.5-7 There are few cerebrovascular data on the
pediatric NF-1 population, but the largest series of 8 children
reported vascular ectasia, stenosis, aneurysms, and Moyamoya
changes on the basis of cerebral MR angiogram findings.3
Cognitive complications are relatively common in NF-1, ranging from 30 – 65%, and include developmental delay, learning disabilities, attention deficit disorder, and headaches.8-11 Some authors have postulated that impaired cognition may arise from
unidentified bright objects (UBOs),12-14 though no reliable link
exists between the number of UBOs and cognitive performance.15-17 Others have suggested abnormal cortical connectivity9,10 and underlying cerebral dysgenesis18 as sources of poor
cognitive performance, whereas the relationship between NF-1
arteriopathy and cognitive impairment remains unknown.
Given the lack of cerebral hemodynamic data in the setting of
risks for cerebral vasculopathy and neurocognitive complications, we sought to understand cerebral perfusion patterns in children with NF-1. Because abnormal perfusion is expected in
AJNR Am J Neuroradiol 34:1823–28
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patients with strokes or Moyamoya syndrome, we specifically targeted patients with NF-1 without these features. Although various
MR perfusion techniques exist, we applied arterial spin-labeled
(ASL) perfusion, given the unique advantages of this technique in
children, including labeling efficiency, high signal-to-noise ratio,
lack of contrast requirement, and its ability to directly quantify
CBF.19,20 We hypothesized that children with NF-1 have decreased CBF as compared with normal control subjects.

MATERIALS AND METHODS
Subjects
All patients presenting with history of NF-1 at our children’s hospital between April 2010 and April 2012 were retrospectively reviewed after approval was given by the institutional review board
(IRB protocol 4223; No. 4947). The study cohort was identified
on the basis of the following inclusion criteria: the patient obtained ASL perfusion at 3T as part of routine surveillance MR
imaging for NF-1. Patients presenting with acute neurologic
symptoms, known underlying vasculopathy (aneurysms, arteriovenous malformations, fistulas, or steno-occlusive disease, including Moyamoya changes), prior strokes or stroke-like symptoms, radiation, or chemotherapy were excluded from the study.
Patients with a history of seizures, hydrocephalus or shunt placement, underlying cardiac diseases, or abnormal blood pressures,
including hypertension from underlying NF-1–related renal artery stenosis, were also excluded, given their potential effects on
CBF. Chart review of these patients was also performed to document the presence of neurocognitive deficits. Patients were considered to have neurocognitive deficits if chart review indicated
developmental delay, learning disability, or attention deficit disorder or if they required special education, for example, an individualized education plan on the basis of clinical history and academic performance. Documentation was considered complete if
the chart review specifically mentioned that no such deficits were
present.

Control Subjects
Age-matched control subjects who had obtained ASL perfusion at
3T as part of routine brain MR imaging were recruited from our
data base. The control group consisted of patients with no underlying neurologic disease and normal brain MR imaging. Examples of
clinical reasons for imaging in the control group included isolated
headaches, dizziness, family history of aneurysms, cholesteatoma of
the middle ear, isolated facial lesions (eg, hemangioma), or ophthalmologic work-up (strabismus) without correlative orbital/brain pathology or neurologic symptoms. Children with other neurocutaneous syndromes, psychiatric diseases, migraines, and any chronic
diseases, including seizures, cancer, as well as previously treated neurologic diseases, and prior or ongoing medical therapy were excluded
from the control group.

Imaging Methods
All patients were examined with brain MR imaging at 3T (Discovery 750; GE Healthcare, Milwaukee, Wisconsin), by use of an
8-channel head coil. The technique used to perform perfusion
ASL MR imaging has been described in detail elsewhere.21 Briefly,
our vendor-supplied ASL was performed by use of a pseudocontinuous labeling period of 1500 ms, followed by a 1500-ms postlabel delay. Whole-brain images were acquired with a 3D back1824
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FIG 1. Brain ROI placement. ROI placement is shown in the cortical
regions of the bilateral cerebral hemispheres, the deep gray nuclei,
and in the centrum semiovale at 2 axial levels: at the level of the
thalamus and centrum semiovale.

ground-suppressed FSE stack-of-spirals method, with a TR of
approximately 5 seconds. Multi-arm spiral imaging was used,
with 8 arms and 512 points acquired on each arm (bandwidth,
62.5 kHz), yielding in-plane and through-plane spatial resolution
of 3 and 4 mm, respectively. A high level of background suppression was achieved by the use of 4 separate inversion pulses spaced
around the pseudocontinuous labeling pulse. The sequence required 5 minutes to acquire, which included proton attenuation
images required for CBF quantification. For graphic prescription
of the ASL, the sagittal image following the 3-plane localizer was
used for alignment. Postprocessing was performed by use of an
automated reconstruction script that returned CBF images directly to the scanner console within 1 minute, by use of the microsphere methodology described by Buxton et al.22 Other ASL
MR imaging parameters were TR/TE, 4632/10.5; FOV, 24 ⫻ 24
cm; matrix, 512 ⫻ 8; and NEX of 3. Conventional MR imaging
was also performed, including T1 FLAIR, T2 FSE, FLAIR, T1
spoiled gradient-recalled, DWI/DTI, gradient-recalled, and
3-plane T1 spoiled gradient-recalled and T1 spin-echo gadolinium-enhanced sequences.

Imaging Analysis
Quantitative cerebral cortical CBF was measured at 2 axial sections at the level of the thalamus and the centrum semiovale.
Fourteen cortical ROIs and 4 ROIs of the deep gray nuclei were
obtained at the level of the thalamus; an additional 4 ROIs were
obtained at the level of the centrum semiovale, as shown in Fig 1.
These regions included anterior and posterior cingulate gyri, medial frontal lobe, frontal operculum, anterior caudate nucleus,
globus pallidus, thalamus, superiomedial temporal cortex, temporo-occipital cortex, occipital cortex, centrum semiovale, and
parietal cortex. The ROI sizes ranged from 100 – 800 mm2, depending on the size of the structure interrogated. A board-certified neuroradiologist (K.W.Y.) with added Certificate of Added
Qualification (7 years of experience) selected ROIs, blinded to
clinical information and at the same anatomic levels in all patients. A second blinded board-certified neuroradiologist
(P.D.B.) with a Certificate of Added Qualification (⬎30 years of
experience) independently confirmed appropriate anatomic
placement of the ROI. To test for significant differences in CBF

Table 1: Patient characteristics and clinical data (n ⴝ 14)
Age of diagnosis, y
Median
9.7
Range
1.8–18
Sex
Male
7 (50%)
Female
7 (50%)
MRI ﬁndings
NF-1 spots
14 (100%)
Optic nerve/chiasm thickening
7 (50%)
Plexiform neuroﬁbroma
6 (43%)
Clinical ﬁndings
Headaches
6 (43%)
Cognitive or speech delay
5 (36%)
ADHD
2 (14%)
Note:—ADHD indicates attention deﬁcit/hyperactivity disorder.

between the patients and control subjects, comparison by MannWhitney test was used, with Bonferroni-adjusted P value ⱕ.004
judged as significant. To test for difference in cerebral perfusion in
the brain regions between the sedated and nonsedated groups, as
well as between boys and girls, independent samples of the MannWhitney test were used, with Bonferroni-corrected ␣ ⫽ 0.004 (for
12 comparisons).

RESULTS
Clinical Findings
Fourteen children met clinical criteria for NF-1 (median age, 9.7
years; mean, 10.2 years; range, 22 months to 18 years) and were
included in the study. There were 7 boys and 7 girls. Patient demographics and clinical data are shown in Table 1.
Four patients were completely asymptomatic except for cutaneous manifestations of NF-1 (eg, café au lait spots, axillary freckling,
Lisch nodules, and plexiform neurofibromata) without gross neurocognitive, neuro-opthalmologic, or behavioral disorders.
Six patients reported chronic or occasional headaches. Five children had cognitive, speech, or intellectual difficulties requiring special education or various forms of neurocognitive therapy. Two children had attention deficit disorder and difficulty focusing at school
but were not receiving medical therapy at the time of the study.
Six patients had optic nerve or chiasm thickening (4 showed
no enhancement; 2 showed mild enhancement) that was conservatively managed at the time of the study. In 1 patient, T2-highintensity abnormality was present in left optic tract and portion of
the optic radiation without associated abnormal enhancement or
signal extending into the posterior regions of the optic radiation
or the occipital lobe. Of the 6 patients with thickening or enhancement of the optic apparatus, 4 had no visual acuity or field deficits,
2 required corrective lenses for decreased visual acuity (20/30 and
20/20; 20/400 and 20/30), and 1 patient (22 months old) demonstrated gross asymmetry in visual acuity (by assessing the child’s
reaction to covering one of the eyes) but without a field cut. All 6
patients with optic nerve or chiasm thickening were deemed stable by ophthalmologic examination and required no therapy at
the time of this study.
All patients demonstrated multiple NF-1 spots on their surveillance T2-weighted MR imaging scans predominantly in the
basal ganglia, thalami, brain stem, and cerebellum. In the 4 older
children (ages 13–18 years), these NF-1 spots were relatively faint
in appearance. Except for characteristic NF-1 spots and optic

FIG 2. Various patterns of reduced cerebral perfusion in patients with
NF-1 are shown compared with age-matched control subjects. Note
marked hypoperfusion of bilateral thalami (arrows) in a 7-year-old girl
(A) and a 13-year-old boy (B) with NF-1 in the setting of global and
patchy hypoperfusion. More focal reduced perfusion is seen in the
right occipital cortex (arrow) superimposed on heterogeneous hypoperfusion in a 10-year-old boy with NF-1 (C). More superiorly, there are
additional patchy areas of hypoperfusion in this child (D) with asymmetric low ASL signal in bilateral frontoparietal regions (arrows).

nerve/chiasm thickening, no other abnormality, including mass,
abnormal brain enhancement, or dysgenesis/dysplasia, was present on conventional MR imaging.

Cerebral Blood Flow
Reduced CBF was seen in children with NF-1 compared with
control subjects (Fig 2). The most significant difference in perfuAJNR Am J Neuroradiol 34:1823–28
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centric intimal thickening, spindle cell
proliferation, and disruption of the internal elastic have also been observed in
brain specimens of patients with NF-1.23
Reduced expression of neurofibromin,
the NF-1 gene product important for
maintenance of the endothelial layer,
may disrupt vascular wall integrity7 and
result in intimal thickening and arterial
stenosis through the Ras signaling system and smooth muscle proliferation.24
The reasons for more dominant perfusion deficits in the posterior and border zones remain unclear. Vasoconstriction or hypoperfusion superimposed
on vaso-autoregulatory dysfunction at
these sites25-27 may contribute to this
pattern, similar to posterior reversible
encephalopathy syndrome.28 It is also
possible that there are variations of neuNote:—ACA indicates anterior cerebral artery; PCA, posterior cerebral artery; PcomA, posterior communicating artery.
rofibromin expression within the differa
Signiﬁcant at ⱕ.004.
ent regions of the cerebral vasculature,
sion was seen in the anterior cingulate gyrus (P ⫽ .001), medial
though this remains unknown.
frontal lobe (P ⫽ .004), centrum semiovale (P ⫽ .004), temporoAlternatively, decreased CBF could reflect underlying reduced
occipital lobe (P ⫽ .002), thalamus (P ⫽ .001), posterior cingulate
cerebral metabolic requirement in children with NF-1. A potengyrus (P ⫽ .002), and the occipital lobe (P ⫽ .001). The quantitial biomarker of regional brain function, CBF is tightly coupled
tative results of the CBF values by specific brain regions and vasto brain metabolism29,30 and may thereby provide information
cular territories are summarized in Table 2.
similar to FDG-PET, which is sensitive in detecting disease-reNo NF-1 spots were present within the ROIs of the cortical
lated functional changes.31 Similar results derived from FDG-PET
regions and the centrum semiovale; varying degrees of NF-1 spots
metabolism, 15O-PET perfusion, and ASL perfusion in healthy
were present within the ROIs of the deep gray nuclei. There were
adults and those with neurodegenerative conditions32-34 suggest
no significant differences in these regions on the basis of the presthat neuronal glucose metabolism could be inferred from CBF
ence or number of NF-1 spots, optic pathway glioma, or neurotechniques.
cognitive deficits (On-line Table).
Prior FDG-PET studies in NF-135-37 have shown abnormal
Of 28 children (14 NF-1 and 14 control subjects), 12 received
cerebral metabolism similar in distribution to the perfusion patsedation and 16 did not require sedation. The mean ages of those
tern noted in this study, for example, global hypometabolism with
patients were 7.1 ⫾ 3.0 years and 13.4 ⫾ 4.4 years, respectively
a more marked hypometabolism in the posterior brain regions.
(independent samples Mann-Whitney U test P ⬍ .001). There
For example, in 4 adolescents with NF-1 (9 –20 years of age),
was no difference in cerebral perfusion at any location between
global hypometabolism with a more marked reduction of FDG
these groups (independent-samples Mann-Whitney U test; Bonactivity in the thalamus and the occipital lobes was noted with
ferroni-corrected ␣ ⫽ 0.004 for 12 comparisons). There were 17
intact metabolism in the striatum.35 Another study of 10 children
boys and 11 girls in our cohort; no difference in cerebral perfusion
with NF-1 (4 –15 years of age) observed heterogeneously deat any location between these 2 groups was seen (independentcreased cortical FDG uptake. Although regional cerebral metasamples Mann-Whitney U test; Bonferroni-corrected ␣ ⫽ 0.004
bolic differences were not quantitatively analyzed in that study,
for 12 comparisons).
profound hypometabolism in the thalamus was observed.36 A
study of 20 adults with NF-1 also showed reduced FDG-PET meDISCUSSION
tabolism in the thalamus, and to a lesser degree, in the cerebellum.
These results demonstrate significantly lower CBF in patients
In these studies, the extent of abnormal cerebral metabolism did
with NF-1 compared with control subjects, occurring most promnot correlate with the presence or number of UBOs,35,37 degree of
inently in the posterior circulation and the borderzones of the
cognitive impairment,35 or differences in age or sex,37 similar to
middle and posterior cerebral arteries. To our knowledge, this is
the present study.
the first study to report perfusion abnormalities in children with
Although a primary defect of the thalamus or cerebral cortex
NF-1 in the absence of prior strokes or underlying Moyamoya synhas not been defined, investigators have postulated that dysfuncdrome. There are 2 potential mechanisms to account for this: 1)
tion in the cortical-thalamic relationship is a potential source of
vasculopathy and associated steno-occlusive changes in the cerebral
neurocognitive complications in NF-1.17,36,37 Marked reduction
microvasculature and 2) alteration in cerebral metabolic demand.
in CBF in the thalamus and variable alterations in cortical perfuChildren with NF-1 are known to harbor cerebral vasculopathy.3 Vascular proliferative and dysplastic changes such as consion in our study also implicate these brain regions, potentially
Table 2: Comparison of CBF in patients with NF-1 and control subjects by anatomic location
and vascular territories
Control CBF,
NF-1 CBF,
mL/100 mg
mL/100 mg
Mann-Whitney
Structure
per minute (n = 14) per minute (n = 14)
P Value
ACA territory
a
.001
Anterior cingulate gyrus
71 ⫾ 7
61 ⫾ 8
a
Medial frontal cortex
65 ⫾ 7
56 ⫾ 9
.004
Anterior caudate nucleus
57 ⫾ 9
51 ⫾ 4
.013
ACA-MCA borderzone
a
.004
Centrum semiovale
28 ⫾ 5
22 ⫾ 4
MCA territory
Frontal operculum
68 ⫾ 8
60 ⫾ 8
.013
Globus pallidus
50 ⫾ 6
44 ⫾ 6
.012
MCA-PCA borderzone
Parietal cortex
65 ⫾ 9
55 ⫾ 9
.008
Superomedial temporal cortex
67 ⫾ 9
60 ⫾ 8
.012
a
.002
Temporo-occipital cortex
64 ⫾ 10
51 ⫾ 8
Anterior choroidal–PcomA–PCA
a
.001
Thalamus
55 ⫾ 10
44 ⫾ 8
PCA territory
a
.002
Posterior cingulate gyrus
70 ⫾ 13
57 ⫾ 8
a
Occipital cortex
61 ⫾ 13
45 ⫾ 10
.001
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reflecting underlying dysgenesis or a dysfunction in their relationship, or underlying arteriopathy as a source of cognitive deficits,
not unlike the adult model for vascular dementia.38
In the present study, we used ASL perfusion to measure CBF
because it directly quantifies CBF by use of in-flowing arterial
protons as an endogenous tracer39,40 and has additional advantages in children because of the high labeling efficiency and signalto-noise ratio.19 Direct comparisons of ASL with 15O-PET have
also shown that MR imaging and PET methods for measuring
CBF are highly comparable41 and reproducible across variable
time intervals,42,43 and therefore ASL is a reliable perfusion
method that could also be clinically implemented by use of standard MR imaging equipment and without the need for ionizing
radiation or contrast.
Limitations of this study included small sample size and a tertiary care center referral pattern that may attract a more severely
affected NF-1 population. Therefore, our results may overestimate cerebral perfusion differences in typical patients with NF-1.
Although we did not observe worse perfusion in those reported to
have cognitive dysfunction, our analysis was based on the need for
special education or cognitive therapy and lacked standardized
psychiatric tests. As such, subtle deficits could have been overlooked, and, in the very young, cognitive changes may be difficult
to identify or have yet to emerge. Of note, none of our patients
underwent cervical or intracranial MRA/CTA because they were
not suspected of strokes or vascular anomalies, and it is possible
that occult cervical vascular anomalies could have affected cerebral perfusion. Given other causes for cerebral perfusion abnormality, such as seizures, migraines, medications, and changes in
cardiac output and blood pressure status, we excluded patients
with any acute symptoms at the time of imaging or chronic conditions that might alter cerebral perfusion, and therefore these
factors probably did not affect the study.
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CONCLUSIONS
Reduced cerebral perfusion was seen in children with NF-1, most
significantly in the posterior circulation and borderzones of the
middle and posterior cerebral arteries. Future studies may demonstrate an important role for ASL perfusion in the presymptomatic diagnosis of NF-1-related cerebral vasculopathy and the definition of NF-1-related vasculopathy patterns and in providing a
link between cerebral perfusion and cognitive performance in
NF-1.
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Cerebral Diffusion Tensor MR Tractography in Tuberous
Sclerosis Complex: Correlation with Neurologic Severity and
Tract-Based Spatial Statistical Analysis
A.M. Wong, H.-S. Wang, E.S. Schwartz, C.-H. Toh, R.A. Zimmerman, P.-L. Liu, Y.-M. Wu, S.-H. Ng, and J.-J. Wang

ABSTRACT
BACKGROUND AND PURPOSE: The neurologic signiﬁcance of residual cerebral white matter tracts, identiﬁed on diffusion tensor
tractography, has not been well studied in tuberous sclerosis complex. We aimed to correlate the quantity of reconstructed white matter
tracts with the degree of neurologic impairment of subjects with the use of DTI and determined differences in white matter integrity
between patients with tuberous sclerosis complex and controls with the use of voxelwise analysis.
MATERIALS AND METHODS: In this case-control study, 16 patients with tuberous sclerosis complex and 12 control subjects underwent
DTI. Major white matter tracts, comprising bilateral PF and CF, were reconstructed and assessed for quantity, represented by NOP and
NOF. A neurologic severity score, based on the presence of developmental disability, seizure, autism, and other neuropsychiatric disorders, was calculated for each subject. We then correlated this score with white matter quantity. Voxelwise tract-based spatial statistics was
used to determine differences in FA, axial, and radial diffusivity values between the tuberous sclerosis complex group and the control
subjects.
RESULTS: NOP and NOF of CF, bilateral PF, and MWT in the tuberous sclerosis complex group were all signiﬁcantly lower than those in the
control subjects (P ⬍ .05). The neurologic severity score was moderately negatively correlated with NOF and NOP regarding CF (r ⫽ ⫺.70;
r ⫽ ⫺.75), bilateral PF (r ⫽ ⫺.66; r ⫽ ⫺.68), and MWT (r ⫽ ⫺.71; r ⫽ ⫺.74). Tract-based spatial statistics revealed that patients with tuberous
sclerosis complex showed a widespread reduction (P ⬍ .05) in FA and axial diffusivity in most cerebral white matter regions.
CONCLUSIONS: Patients with tuberous sclerosis complex with reduced residual white matter were neurologically more severely affected. Tract-based spatial statistics revealed decreased FA and axial diffusivity of the cerebral white matter in the tuberous sclerosis
complex group, suggesting reduced axonal integrity.
ABBREVIATIONS: CF ⫽ commissural ﬁbers; MWT ⫽ major white matter tracts; NOF ⫽ number of ﬁbers; NOP ⫽ number of tract points; PF ⫽ projection ﬁbers

T

uberous sclerosis complex is one of the most commonly identified neurocutaneous disorders and is estimated to affect 1 in
6000 to 10,000 births.1 Patients with tuberous sclerosis complex
typically have seizures, developmental disability, autism, and
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other neuropsychiatric signs.2 On neuroradiologic examination,
tuberous sclerosis complex shows cortical tubers, transmantle
white matter lesions, subependymal nodules, and/or tumors.3
Many researchers have studied the relationship between brain
MR features and seizures, developmental disability, or autism in
patients with tuberous sclerosis complex.4-7 A recent study correlated neurologic outcome with cortical tuber burden and transmantle white matter lesions, resulting in a proposed composite
clinical scoring system assessing major neurologic features of tuberous sclerosis complex.5
DTI has been used to quantify the 3D distribution of water
diffusion in tissue8,9 and evaluate the microstructural change
of the brain white matter. Diffusion tensor tractography, based
on tract orientation information obtained from DTI, is a noninvasive method by which we can create a 3D representation of
the white matter tracts10,11 to qualitatively and quantitatively
assess the tracts.
AJNR Am J Neuroradiol 34:1829 –35
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In tuberous sclerosis complex, several DTI studies have described decreased FA and increased mean diffusivity in white matter lesions12,13 and normal-appearing white matter.14 Investigators have also studied the relationship between the diffusion
characteristics of the white matter and the neurologic severity of
patients with tuberous sclerosis complex but found no significant
association.15
Previous quantitative DWI and DTI studies of tuberous sclerosis complex largely involved manually counting and measuring
individual brain lesions including cortical tubers, transmantle
white matter lesions, and subependymal nodules.12,13,16 Because
larger tuber volume was correlated with more severe DTI change
of white matter tracts,16 studying the white matter therefore may
be a reasonable way to assess the load of brain abnormality in
tuberous sclerosis complex. However, in many studies measuring
diffusion or DTI parameters of specific regions or white matter
tracts, technical errors may arise when drawing ROIs to determine
the boundaries of specific structures or white matter tracts. Also,
in studies that use ROIs, generally only lesions visible on conventional MR imaging are assessed. Furthermore, the neurologic significance of specific white matter tracts in patients with tuberous
sclerosis complex is unknown. Assessing whole-brain white matter by means of voxelwise analysis and correlating the quantity of
residual major white matter tracts with neurologic severity of patients may be more clinically feasible and relevant approaches in
evaluating patients with tuberous sclerosis complex.
Tract-based spatial statistics, a recently developed voxelwise statistical analytical method for DTI data, is an automatic and operatorindependent method with a specific registration algorithm.17 It
needs no data smoothing, which minimizes misregistration. Tractbased spatial statistics has been used to identify microstructural white
matter abnormalities in many diseases.18-21 Because of its ability to
analyze the whole brain, tract-based spatial statistics may be valuable
for assessing diseases with diffuse brain lesions, such as tuberous sclerosis complex.
With the use of diffusion tensor tractography to reconstruct
brain white matter tracts, we aimed to correlate the quantity of
reconstructed white matter tracts with the degree of neurologic
impairment of subjects. We also aimed to determine any differences in white matter integrity between patients with tuberous
sclerosis complex and control subjects by means of voxelwise
analysis. We hypothesized that children with tuberous sclerosis
complex have fewer reconstructed major white matter tracts than
do control subjects and that this would negatively correlate with
neurologic severity. Second, we hypothesized that there is a difference in DTI metrics between the 2 groups.

MATERIALS AND METHODS
Subjects
During a 2-year-period, we prospectively recruited 32 subjects for
DTI and diffusion tensor tractography, including 20 consecutive
subjects with a clinical diagnosis of tuberous sclerosis complex.
The study groups, after the exclusion of 4 patients (ages 0 –3
years), consisted of 16 patients (7 male and 9 female; ages 5–29
years; mean ⫾ SD age, 13 ⫾ 6.48 years) and 12 control subjects (7
male and 5 female; ages 4 –34 years; mean ⫾ SD age, 15.33 ⫾ 8.26
years) with a normal conventional MR imaging. Patients did not
1830
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differ from control subjects on age distribution (t test, P ⬎ .4).
Our institutional review board approved the study, and informed
consent was obtained from the subjects. Diagnosis of tuberous
sclerosis complex was made by an experienced pediatric neurologist (H.-S.W.), and all patients met established revised diagnostic criteria for tuberous sclerosis complex.22 Subjects were excluded if they were ⬍4 years of age or had ⬍2 years of follow-up
history and incomplete clinical information. Individuals eligible
for selection as control subjects were prospectively recruited during the reading sessions of a particular neuroradiologist
(A.M.W.). All control subjects had unremarkable conventional
MR imaging findings and no developmental abnormality, neuropsychiatric disorders, or motor deficits. The indications for clinical MR imaging of the control subjects included headaches, vertigo, suspected sellar mass, suspected intracranial vascular lesions,
or suspected arachnoid cyst.

Neurologic Severity Assessment
A pediatric neurologist (H.-S.W.), a clinical professor with 30
years of experience in pediatric neurology, who was blinded to
MR findings, assessed the neurologic severity of the patients at
the time of diffusion tensor tractography by clinical examination and reviewing medical records, if necessary. A severity
score was devised to quantify the severity of each subject.5,23
According to criteria in the Diagnostic and Statistical Manual of
Mental Disorders, 4th edition, the components of neurologic
severity assessed included: developmental disability, seizures
(controlled or intractable), autism, and other neuropsychiatric
disorders (including self-injury, violent behavior, learning disorder, language difficulties, and anger outbursts). Developmental disability was assigned 3 points. Intractable seizure and
autism were assigned 2 points each. The “other neuropsychiatric disorders” component, regardless of how many disorders
a patient had, and controlled seizure, were assigned 1 point
each. Intractable seizure was defined as failure of seizure control after using ⱖ2 first-line antiepileptic medications, 1 seizure per month for 18 months, or freedom from seizures for
fewer than 3 consecutive months. The neurologic severity
score of each subject was calculated by totaling the points of the
components.

MR Imaging
MR imaging was performed with a 1.5T unit (Intera; Philips
Medical Systems, Best, The Netherlands) with a slew rate of 150
T/m/s. Conventional MR imaging included coronal T2weighted FSE and FLAIR sequences, axial T1-weighted spinecho and FLAIR sequences, and a sagittal T2-weighted FSE
sequence. DTI was performed with a 6-channel sensitivity encoding head coil operating in the receive mode by use of a
single-shot EPI sequence, with TR ⫽ 5188 ms, TE ⫽ 78 ms,
b-values ⫽ 0, 1000 seconds/mm2, acquisition matrix ⫽ 128 ⫻
128, number of sections ⫽ 55, section thickness ⫽ 3 mm, and
number of gradient directions ⫽ 16. The gradient strength was
19.5 mT/m for b ⫽ 1000 seconds/mm2 with diffusion times ⌬
of 43.8 ms and ␦ of 26 ms. The DTI sequence was repeated 4
times with 1 signal acquired and with a total image acquisition
time of 7 minutes.

NOF. NOP was an arbitrary unit proportional to the volume of the generated tracts in a single reconstruction,
and NOF was the number of tracts
generated in that reconstruction.

Tract-Based Spatial Statistics
Analysis
Voxelwise statistical analysis of the DTI
data was performed by using tract-based
spatial statistics17 implemented in the
Functional MR Imaging of the Brain
Software Library toolbox (Version 4.1.6,
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
FslInstallation).27 The raw DTI data were
FIG 1. Regions of interest (green shaded areas) were manually drawn on axial B0 image (A) to corrected for motion and eddy current efinclude the ipsilateral caudate head, internal capsule, lentiform nucleus, external capsule, and fects. FA images were then created by fitthalamus for reconstructing the PF on one side, and on sagittal B0 image (B) to include the corpus
ting a tensor model to the data by using the
callosum for reconstructing the CF.
Diffusion Toolbox, and automatic brain
extraction was performed by using the
ROI Tractography Analysis
Brain Extraction Tool.28 For spatial normalization, all subjects’ FA
DTI data were transferred to an off-line computer equipped with
data were then aligned into a common space by using the Nonlinear
an automated image registration software (Diffusion Registration
Registration Tool. Among the 3 options for nonlinear registration
Tool, release 0.4; Phillips Medical Systems, and IDL; ITT, Boul(by use of predefined target image, automatically chosen target, and
der, Colorado) to correct for eddy current and motion-related
most representative target), we chose the “most representative” opmisalignment. Diffusion-weighted images, ADC, and FA maps
tion for the registration such that every FA image was aligned to every
were generated by use of Philips Research Imaging Development
other one to identify the most representative image as the target imEnvironment software provided by the manufacturer. FA was calage.17 This option was recommended for generating a study-specific
culated from the eigenvalues that were obtained by diagonalizing
target, particularly in a study containing mostly children. The target
diffusion tensors at each voxel.8,24 Fiber tracking was performed
image was then affine-aligned into Montreal Neurological Institute
with the use of the software, which used a line propagation tech152 space, and every image was transformed into 1 ⫻ 1 ⫻ 1 mm
nique with the assumption of the principal eigenvector indicating
Montreal Neurological Institute 152 space by combining the nonlinthe orientation of axons in each voxel. Tracking was started from
ear transform to the target FA image with the affine transform from
a seed ROI from which a line was propagated in both forward and
the target native space to Montreal Neurological Institute 152 space.
backward directions from voxel to voxel, according to the princiThe mean FA image of all subjects was created and thinned to create
pal eigenvector at each voxel.10 Tracking was terminated when it
the mean FA skeleton, which represented the centers of all tracts
reached a pixel with low fractional anisotropy (FA ⬍ 0.25) and/or
common to all subjects. This skeleton was thresholded at FA ⬎ 0.2.
a predetermined trajectory curvature between 2 consecutive vecThe aligned FA data of each subject were then projected onto this
tors (turning angle ⬎30°). A lower turning angle was used in
skeleton for voxelwise cross-subject statistics. Tract-based spatial statracking termination to decrease false-positive fiber tracts and
tistics analysis was also applied to maps of axial diffusivity and radial
computational load.25 To reconstruct PF on 1 side, 1 investigator
diffusivity.
(A.M.W.), who is a neuroradiologist having 1 year of fellowship
training in pediatric neuroradiology, 9 years of experience in
Statistical Analysis
practicing pediatric neuroradiology, and 5 years of experience in
Independent t tests were used to compare each of the results of
DTI, manually drew an ROI on an axial b ⫽ 0 section to include
fiber tracking (FA, NOP, and NOF) of the PF (left PF, right PF,
the ipsilateral head of the caudate nucleus, internal capsule,
bilateral PF) and CF between the patient group and the control
lentiform nucleus, external capsule, and thalamus (Fig 1A) and
group. Results of the MWT, calculated by summation of results of
another ROI over the brain stem. CF within the corpus callothe bilateral PF and CF regarding NOP and NOF, and by weighted
sum were generated by placing a 2D ROI to include the corpus
averaging of results of these tracts regarding FA, were also comcallosum, which was identified on the sagittal section nearest
pared between the patient group and the control group. Pearson
to the midline (Fig 1B). As a result, the major white matter
correlation tests were used to calculate the strength of association
tracts of each subject were reconstructed in 3 sessions: 2 yieldbetween the neurologic severity score and the results of fiber
ing the PF and 1 yielding the CF. Quantitative results of the
tracking in all subjects. Voxelwise comparisons of FA, axial diffugenerated fibers, including the right and left PF, CF, and the
sivity, and radial diffusivity between groups were performed with
summation of these tracts (MWT), were automatically obthe recommended Randomize Tool in the Functional MR Imagtained by the software,26 initiated by right-clicking with the
ing of the Brain Software Library toolbox by use of nonparametric
t tests. The data were analyzed by use of permutation-based infermouse on the fibers. The results include the FA, NOP, and
AJNR Am J Neuroradiol 34:1829 –35
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Table 1: Composition of neurologic severity score of patients with TSC
Developmental
Neuropsychiatric
Patient No.
Seizure
Disability
Autism
Disorders
1
1
3
0
1
2
0
0
0
0
3
1
3
2
0
4
2
3
2
1
5
1
3
0
1
6
1
3
0
1
7
1
0
0
0
8
1
0
0
1
9
1
3
2
1
10
1
0
0
0
11
1
0
0
1
12
2
3
0
1
13
1
0
0
0
14
1
3
2
1
15
1
3
0
0
16
1
0
0
1
Note:—TSC indicates tuberous sclerosis complex.

ence (5000 permutations) and threshold-free cluster enhancement. The results were corrected for multiple comparisons by
controlling the family-wise error rate. A result with P ⬍ .05 was
considered statistically significant.

RESULTS
Of the 16 subjects, 13 had controlled seizures, 2 had intractable
seizures, 9 had developmental disability, and 4 had autism (Table
1). Ten subjects had neuropsychiatric disorders including selfinjury, violent behavior, learning disorder, language difficulties,
or anger outbursts.

ROI Tractography
NOP and NOF of CF, left PF, right PF, bilateral PF, and MWT in
the tuberous sclerosis complex group were all significantly smaller
than those in the control group (P ⬍ .05) (Table 2). No significant
difference in FA between the tuberous sclerosis complex group
and the control group was found in CF, left PF, right PF, bilateral
PF, and MWT (P ⬎ .05). The neurologic severity score was moderately negatively correlated with NOF and NOP regarding CF,
left PF, right PF, bilateral PF, and MWT (Fig 2) (Table 3).

Tract-Based Spatial Statistics Analysis
Axial diffusivity of the tuberous sclerosis complex group was
lower than that of the control group in all cerebral white matter
regions including the corpus callosum, the internal capsules, the
external capsules, bilateral frontal, parietal, temporal, and occipital white matter regions (P ⬍ .05). FA was lower in the tuberous
sclerosis complex group in all cerebral white matter regions (P ⬍
.05) except the bilateral occipital regions, right temporal and
parietal regions, and the corpus callosum (Fig 3). We did not

Neurologic
Severity Score
5
0
6
8
5
5
1
2
7
1
2
6
1
7
4
2

find areas in which FA was lower in the
control group. No statistically significant difference in radial diffusivity between the tuberous sclerosis complex
and the control groups was found.

DISCUSSION

Our results showed that the NOP and
NOF of MWT in the tuberous sclerosis
complex group were significantly
smaller than those of the control subjects. NOP was proportional to the volume of the generated tracts; NOF was
concerned with the number but not the
length of the tracts. The lack of statistical
difference of FA of MWT between the
tuberous sclerosis complex group (95%
CI, 0.463– 0.478) and the control subjects (95% CI, 0.463– 0.483) suggested that the reconstructed white
matter tracts in the tuberous sclerosis complex subjects were predominantly normal white matter tracts. Our results therefore implied that patients with tuberous sclerosis complex, when compared
with control subjects, had a reduced quantity of residual normal
white matter tracts and a widespread decrease in cerebral white matter integrity. Pathologically, atypical cells including balloon cells, giant neurons, and areas of hypomyelination are present in the white
matter of patients with tuberous sclerosis complex.29 The presence of
these abnormal cells within the WM region, probably a result of
faulty neuronal migration and differentiation, may be associated
with decreased WM integrity. Decreased FA and increased diffusivity
have been reported in both white matter lesions12,13 and normalappearing white matter14 in patients with tuberous sclerosis complex. Our results also showed a moderate negative correlation between the neurologic severity score and both NOP and NOF in the
CF and PF, suggesting that patients with decreased quantity of residual white matter tracts in these regions were neurologically more
severely affected. Through the use of diffusion tensor tractography,
several studies have revealed reduction of white matter tracts in developmental delay30 and autism31 as well as decreased FA in specific
white matter networks in temporal lobe epilepsy32; these neurologic
features were major components of the neurologic severity score in
our study. We therefore demonstrated a possibility of correlating the
neurologic status of patients with tuberous sclerosis complex with the
quantity of residual major white matter tracts (CF and bilateral PF)
by use of a relatively time-saving region of an interest– based tractography method, instead of assessing individual tuberous sclerosis
complex lesions.

Table 2: Mean (ⴞ SD) NOF, NOP, and FA of the commissural ﬁber, projection ﬁbers, and major white matter tracts of patients with TSC
and control subjects
NOF
NOP
FA
CF
Left PF
Right PF
Bilateral PF
MWT

TSC
77.1 ⫾ 27.4
169 ⫾ 32.2
146 ⫾ 25.7
315 ⫾ 53.3
391 ⫾ 76.7

Control
100 ⫾ 13.7
247 ⫾ 61.3
198 ⫾ 32.7
445 ⫾ 73.0
545 ⫾ .770

Note:—TSC indicates tuberous sclerosis complex.

1832

Wong

Sep 2013

www.ajnr.org

P
.01
.01
.01
.01
.01

TSC
2440 ⫾ 1190
4200 ⫾ 1270
3290 ⫾ 976
7490 ⫾ 2130
9900 ⫾ 3110

Control
3280 ⫾ 494
6360 ⫾ 1430
4510 ⫾ 961
10870 ⫾ 1870
14150 ⫾ 2210

P
.02
.01
.01
.01
.01

TSC
.504 ⫾ .026
.458 ⫾ .011
.458 ⫾ .016
.459 ⫾ .012
.470 ⫾ .014

Control
.522 ⫾ .016
.460 ⫾ .022
.453 ⫾ .019
.458 ⫾ .020
.473 ⫾ .017

P
.05
.05
.05
.05
.05

feature of the measured DTI metrics or
the change was too small to cause a statistically significant difference.
We did not specifically reconstruct
the association fibers because a portion
of the association fibers was reconstructed in each of the trackings of the
PF and the CF. Thus, the volume of the
remaining association fibers was relatively insignificant when compared with
the white matter of the entire brain.
Moreover, multiple ROIs would have
been used to select the diffusely distributed association fibers, and this probably would result in technical errors that
would reduce the accuracy and reproFIG 2. Scatterplots show moderate negative correlation between the neurologic severity score
ducibility of the study. Like other studies
and NOF (A) and NOP (B) in the patients with tuberous sclerosis complex and control subjects.
of diffusion tensor tractography, our
study used a method to reconstruct fibers dependent on directional consistency computation, which
Similar results of reduction of NOF and NOP were obtained in
has been a limitation common to current fiber-tracking methpatients with tuberous sclerosis complex. If the patients and the
ods.38 However, we chose to study the CF and the PF that were less
control subjects had a similar number of fibers but the patients
likely to have highly curved turns susceptible to this computation
had shorter fibers, the patients would have NOF similar to that in
limitation. The range of age of our patients was wide (4 –30 years).
the control subjects but smaller NOP. Furthermore, if the patients
Myelination is active in early childhood and may affect the quanhad fewer but longer fibers, they would have a lower NOF but
tity of generated tracts computed by diffusion tensor tractograprobably an NOP similar to that in control subjects. Therefore,
phy. However, in our study, subjects younger than 4 years of age,
the decrease in both NOF and NOP in the tuberous sclerosis comin whom myelination would be still active, were excluded. Moreplex group suggested that the patients might have fewer fibers
over, we recruited control subjects who did not significantly differ
with shorter or similar length.
from the patients with tuberous sclerosis complex on age distriVoxelwise tract-based spatial statistics analysis revealed debution. Because the relative significance of each feature was uncreased FA and decreased axial diffusivity in the tuberous sclerosis
known, it would have been ideal to correlate the DTI and tractogcomplex group. A decrease in FA may be attributed to disorga33,34
raphy results with individual neurologic features rather than by
Previous DTI studies of
nized axons and hypomyelination.
use of a composite score; however, this would lead to fewer samtuberous sclerosis complex also revealed a reduction of FA in the
12,13
14
ples in each group with a single feature.
and normal-appearing white matter.
white matter lesions
Early behavioral intervention may be beneficial to children
The lower axial diffusivity in the tuberous sclerosis complex
35,36
with
tuberous sclerosis complex,39 particularly during the period
group suggested poor integrity of axons.
Moreover, because
of brain plasticity. Newer therapeutic agents, such as rapamycin,
FA is known to positively correlate with axial diffusivity,37 our
have been reported to prevent epilepsy and to reverse mental reresult of a decrease in both FA and axial diffusivity was reasonable.
tardation and learning problems in mouse models of tuberous
We did not find a statistical difference of radial diffusivity between
sclerosis complex.40,41 Subgroup analysis of a recent phase I/II
the tuberous sclerosis complex group and the control subjects.
trial of everolimus, a mammalian target of rapamycin inhibitor,
Although increased radial diffusivity was reported in a recent tracdemonstrated increased FA and decreased radial diffusivity in the
35
tography study, this finding was only found in the callosal spnormal-appearing white matter of the treated subjects.42 Objeclenium but not in most of the white matter regions in that study.
tively assessing the cerebral white matter quantity and comparing
Considering the findings reported by Krishnan et al35 and our
diffusion tensor metrics between patient groups, diffusion tensor
findings, change in radial diffusivity may not be a predominant
tractography may be a clinically practical neuroimaging technique to evaluate treatment efficacy.
Table 3: Pearson correlation coefﬁcients between the neurologic
severity score versus NOF and NOP in the commissural ﬁber,
projection ﬁbers, and major white matter tracts
NOF
NOP
CF
r ⫽ ⫺.70; P ⬍ .001
r ⫽ ⫺.75; P ⬍ .001
Left PF
r ⫽ ⫺.55; P ⬍ .001
r ⫽ ⫺.60; P ⬍ .001
Right PF
r ⫽ ⫺.66; P ⬍ .001
r ⫽ ⫺.67; P ⬍ .001
Bilateral PF
r ⫽ ⫺.66; P ⬍ .001
r ⫽ ⫺.68; P ⬍ .001
MWT
r ⫽ ⫺.71; P ⬍ .001
r ⫽ ⫺.74; P ⬍ .001

CONCLUSIONS
Patients with tuberous sclerosis complex with reduced residual
cerebral white matter were neurologically more severely affected.
Voxelwise tract-based spatial statistics analysis revealed decreased
FA and decreased axial diffusivity of the cerebral white matter in
the tuberous sclerosis complex group, suggesting reduced axonal
integrity. Diffusion tensor tractography may be a clinically appliAJNR Am J Neuroradiol 34:1829 –35
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FIG 3. Results of tract-based spatial statistics analysis revealed signiﬁcant differences between the tuberous sclerosis complex and control
groups in FA (A) and axial diffusivity (B) maps, with overlaid mean value skeleton. Regions of the skeleton in green represent areas of no signiﬁcant
differences in values between the tuberous sclerosis complex group and the control subjects. Regions in blue are areas in which the value was
signiﬁcantly lower in the tuberous sclerosis complex group.
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cable neuroimaging approach to assess the tuberous sclerosis
complex brain abnormalities in a global way.
22.
Disclosures: Alex Wong—RELATED: Grant: National Science Council (Taiwan).
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Retrospective Review of Rapid Pediatric Brain MR Imaging at
an Academic Institution Including Practice Trends and Factors
Affecting Scan Times
B.D. Niederhauser, R.J. McDonald, L.J. Eckel, G.F. Keating, E.M. Broomall, N.M. Wetjen, F.E. Diehn, K.M. Schwartz, C.H. Hunt,
K.M. Welker, and D.F. Kallmes

ABSTRACT
BACKGROUND AND PURPOSE: In an effort to reduce radiation exposure in children requiring regular follow up for shunted hydrocephalus, our institution implemented a rapid brain MR imaging protocol. The purpose of this study was to review an academic practice
experience with pediatric rapid brain MR imaging without patient sedation in the evaluation of hydrocephalus and a limited group of other
conditions.
MATERIALS AND METHODS: We retrospectively analyzed limited-sequence, rapid brain MR imaging scans performed in nonsedated
patients younger than 14 years between April 2009 and December 2011. So-called failed examinations were determined by consensus of 2
authors as insufﬁciently diagnostic for evaluation of ventricular size. CT and MR imaging quarterly volumes for hydrocephalus-related
indications were determined from 2005–2012. Multivariable logistic regression analysis was performed to elucidate factors potentially
affecting scan durations including examination indication and patient age, sex, inpatient status, and clinical conditions.
RESULTS: A total of 398 examinations were performed on 168 patients (103 boys, 65 girls; median age, 13 months). None were deemed to
be failed examinations. Median scan duration was 4.43 minutes (interquartile range, 4.42 minutes-5.88 minutes; SD, 2.42 minutes). Examination indication of altered mental status was the only factor associated with increased scan duration (⫹1.77 minutes; P ⫽ .0021).
Hydrocephalus-related imaging volumes approximately doubled in the 7 years reviewed, but rapid MR imaging introduced in 2009 is
quickly replacing CT scanning for these indications, accounting for nearly 7 of every 8 examinations at the end of the study period.
CONCLUSIONS: In every case of initial work-up and follow-up, rapid brain MR imaging effectively evaluated ventricular size and/or
intracranial ﬂuid and represents a viable alternative to CT scanning, irrespective of a child’s age or clinical condition. For this indication and
patient group, MR imaging is now the predominant imaging method in our practice.
ABBREVIATIONS: EMR ⫽ electronic medical record; HASTE ⫽ half-Fourier acquisition single-shot turbo spin-echo; true FISP ⫽ true fast imaging with steady-state
precession

C

T scanning has historically been the preferred imaging technique for the initial evaluation and follow-up of hydrocephalus and intracranial cysts within the pediatric population at
many institutions. Compared with traditional MR imaging methods, pediatric head CT imaging offers much faster acquisition
times, comparable anatomic resolution, and lower patient cost.
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Furthermore, the prolonged scan time of traditional MR imaging
methods often demands use of general anesthesia in pediatric patients because of poor compliance and image motion artifacts.
Such measures significantly increase cost and result in risk from
anesthetic administration1-3 and result in substantial delays
within the imaging suite. However, ongoing parental and physician concern for the potential long-term effects of ionizing radiation,4-6 particularly to young patients who require subsequent
imaging studies, have resulted in increased interest in alternatives
to CT scanning. The Alliance for Radiation Safety in Pediatric
Imaging, a collaboration of 13 leading medical societies, has led
the way in promoting appropriate low-dose and limited use of
radiation in pediatric imaging through its Image Gently campaign,7 with an emphasis of the Society for Pediatric Radiology As
Low as Reasonably Achievable (ALARA) principles.8
Recent developments in MR pulse sequences now allow for
rapid evaluation of ventricular size in the pediatric population

without the need for sedation.9-14 Although various techniques
have been used, heavily T2-weighted single-shot fast spin-echo
and gradient recalled-echo imaging are the 2 most common pulse
sequence methods used to interrogate ventricular size and shunt
catheter tip location, respectively.15 Starting in April 2009, our
institution introduced a similar T2-weighted HASTE rapid-sequence MR imaging protocol.
A significant factor affecting resolution of anatomic detail in
MR imaging is patient motion, which is directly related to the time
required to complete each sequence. Thus, shorter sequences are
desirable and beneficial. Heavily T2-weighted sequences, which
typically require less than 30 seconds of imaging for each anatomic plane, provide excellent imaging with high intrinsic contrast between intracranial fluid and brain tissue and maintain
short scan durations for the nonsedated child. Standard spin-echo
sequences can require up to several minutes to complete, which is
an unacceptably long time for a nonsedated and potentially uncooperative infant or child. Our institution, along with most radiology practices, is continually striving to minimize scan durations, not only for the purpose of patient comfort but also for
efficient patient throughput. Understanding patient factors that
increase scan durations could potentially guide informed consent
discussions before examinations, as well as triage potential socalled failed examinations that may require sedation or general
anesthesia for diagnostic MR imaging. The purpose of this study
was to review an academic practice experience with pediatric
rapid brain MR imaging without the need for patient sedation in
the evaluation of hydrocephalus and a limited group of other
conditions.

MATERIALS AND METHODS
Study Design and Data Extraction
Design and implementation of this single-center retrospective
study met institutional review board and Health Insurance Portability and Accountability Act guidelines. Informed consent was
waived. All data for this study were extracted from the institutional EMR. Selected imaging and clinical notes within the EMR
were searched to identify clinical indications and comorbidities
pertinent to this study. Scanner time and total imaging time were
extracted from the proprietary institutional radiology imageviewing platform. The total number of pediatric imaging examinations, sorted by month, was extracted from the radiology information management system.
For each patient record identified, the following data were
extracted from the EMR: date of scan, scan type and duration,
magnet strength of the scanner, primary diagnoses, imaging indications, whether a ventricular shunt was in place, patient location
(inpatient, outpatient, or emergency department), and demographic data including date of birth and sex. The number and type
of each scan sequence, including repeated scans and plane of imaging, were also recorded. Total scan duration was determined
from differences in image time stamps between the first scout
image and the last sequences obtained.
Departmental imaging volumes for hydrocephalus, including
the number of rapid MR imaging and pediatric head CT scans
performed per month, were collected. The number of noncontrast CT examinations during the 3-year period leading up to the

introduction of the rapid MR imaging protocol was determined
by searching the radiology data base for all pediatric head CT
examinations with indications of “hydrocephalus,” “shunt,”
“cyst,” “macrocephaly,” “ventricles,” “ventricular,” “aqueductal
stenosis,” and “vp” and was compared with rapid MR imaging
examinations performed for the same indications.

Imaging Protocol
Our rapid MR imaging technique used for evaluation of ventricular size in pediatric patients was HASTE, a T2-weighted MR
imaging technique (matrix size, 256 ⫻ 179; field of view, 22 cm;
TR, 2000 ms; TE, 105 ms; section thickness, 4 mm; imaging time
to cover the entire brain, approximately 30 seconds per plane,
typically in both axial and coronal planes). This technique was
implemented at our institution beginning in April 2009. Additional imaging sequences were added ad hoc as appropriate per
the interpreting radiologist’s discretion to avoid repeated or return examinations. In this patient population, additional sequences most commonly consisted of sagittal views or multiplanar T2 balanced gradient true FISP sequences (matrix size, 256 ⫻
192; field of view, 29 cm; TR, 3.3 ms; TE, 1.3 ms; flip angle, 70
degrees; section thickness, 4 mm).

Patient Population
Inclusion criteria were patients younger than 14 years with suspected or confirmed hydrocephalus or intracranial cysts who underwent a rapid MR imaging scan between April 1, 2009, and
December 31, 2011. Patients were excluded if the limited MR
imaging study was not performed according to defined rapidsequence protocol parameters. In addition, imaging studies that
included 3 or more pulse-sequence types or administration of
intravenous contrast were excluded because they did not meet the
strict definitions of a rapid MR imaging protocol.

Deﬁnition of Failure
Rapid MR imaging failure was defined as an examination unable
to answer the clinical question (most commonly, ventricular size
assessment) because of inadequate resolution or enough patient
motion artifacts requiring further imaging with same-day or
next-day subsequent rapid MR imaging, CT imaging, or MR imaging with the patient under sedation. To determine whether a
scan was considered a failure, we searched radiology reports for
key words or phrases such as inadequate and nondiagnostic or
whether recommendation was made to pursue additional imaging with CT scanning, repeated MR imaging, or MR imaging with
the patient under sedation. In addition, we reviewed radiology
reports for all head CT and MR imaging examinations performed
within 2 weeks subsequent to the identified rapid MR imaging
examination, along with the accompanying clinical notes to further gain an understanding of whether multiple examinations in a
short period were the result of rapid MR imaging failure. Cases of
potential failure were analyzed by a consensus of 2 radiologists
(B.D.N. and L.J.E.) after full clinical and radiologic record review.
Cases requiring additional imaging to further evaluate findings
other than the ventricle size or shunt position on the limited MR
imaging, such as mass, encephalocele, etc, were not considered
failures of rapid MR imaging.
AJNR Am J Neuroradiol 34:1836 – 40
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examinations, 248 (62%) were performed on patients with ventricular shunts in place.

Study Indications

FIG 1. Axial (A) and coronal (B) HASTE sequence MR imaging of the
brain in a 4-year-old child with shunted hydrocephalus demonstrating
excellent delineation of the ventricles and mild shunt reservoir artifacts (white arrow) with few motion artifacts despite lack of sedation.
Similar axial (C) and coronal (D) HASTE MR imaging of the brain in a
6-month-old child performed for follow-up of known hydrocephalus
demonstrating adequate ventricular delineation despite signiﬁcant
patient motion.

Statistical Methods
We performed all statistical analyses by using JMP version 9 (SAS
Institute, Cary, North Carolina). Categoric data were displayed as
relative frequencies (percentages) and were compared by use of 2
tests. Continuous data were presented as median scores with interquartile ranges because of non-normal data distributions, and
were compared by used of the Wilcoxon signed-rank test of significance. Linear regression models were generated to determine
the effect of imaging indication, demographic variables (age, sex),
and comorbidities on total scan and examination room times. We
estimated trends in imaging volumes with time by using regression analysis.

RESULTS
Demographic and Clinical Characteristics
A total of 404 rapid MR imaging examinations were performed in
168 patients during the designated time. Six examinations were excluded for ad hoc addition of at least 3 MR imaging sequences, for a
total study sample of 398 rapid MR imaging examinations. Examinations were performed on various MR imaging scanners, including
1.5 and 3T; however, 341 (86%) of 398 examinations were completed
on a Magnetom Espree 1.5T MR imaging scanner with a 70-cm bore
(Siemens, Erlangen, Germany). The demographic characteristics of
the study population are shown in On-line Table 1. All examinations
consisted of HASTE images in the axial plane, and nearly all (⬎ 99%
[397/398]) examinations included additional coronal plane acquisitions (Fig 1). A total of 265 (67%) of 398 examinations were performed on patients in the outpatient setting, 93 (23%) on inpatients,
and 40 (10%) on patients in the emergency department. Of these 398
1838
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The breakdown of indications and clinical situations for all rapid
MR imaging examinations is shown in On-line Table 1. Evaluation of ventricular size was the most common reason for ordering
rapid MR imaging in this population, accounting for 318 (79.9%)
of 398 imaging indications. Less common requests included follow-up of known intracranial blood or fluid (9.0% [36/398]),
unspecified macrocephaly (3.0% [12/398]), and evaluation of intracranial cyst (2.3% [9/398]). A total of 23 (5.8%) of 398 requests
were performed for other reasons, including evaluation of known
encephalocele, infarction, or intracranial mass. Of the 327 examinations performed specifically to evaluate ventricular size or intracranial cyst, 162 (49.5%) were performed as routine clinical
follow-up in asymptomatic patients; 38 (11.6%) for headache; 37
(11.3%) for postoperative evaluation; 35 (10.7%) for vomiting; 23
(7.0%) for “shunt malfunction”; 19 (5.8%) for altered mental
status; 12 (3.7%) for macrocephaly; 6 (1.8%) for “fussy”; 5 (1.5%)
for seizure; and 15 (4.6%) for other clinical symptoms such as
localized pain, history of intracranial hemorrhage, or cranial dysmorphism. Some patients (21/327, 6.4%) had multiple symptoms
such as headache plus vomiting.

Rapid MR Imaging Study Quality and Failure
No examination failures were identified. That is, all (398/398)
rapid MR imaging examinations in this study provided the diagnostic information necessary to answer the clinical question
posed. This included 9 (2.3%) of 398 rapid MR imaging reports
that described image degradation by motion artifacts. A total of 6
(1.5%) same-day or next-day examinations were performed with
either MR imaging with the patient under sedation (n⫽2) or with
CT imaging (n⫽4). However, none of these were determined to
have been the result of inadequate rapid MR imaging, and each
was performed to obtain additional data not available on rapid
MR imaging. These cases included: 1) a patient who had a seizure
in the MR imaging suite after images were obtained and was then
transferred to CT for an emergent scan; 2) a patient who presented to the emergency department with symptoms of obstructive hydrocephalus on 2 consecutive weeks and had negative results on rapid MR images, but then was referred within 48 hours
for CT scan on the next similar presentation, which was also negative for hydrocephalus; 3) a patient who was evaluated from the
emergency department with MR imaging for symptoms of obstructive hydrocephalus who received a CT for evaluation of possible craniosynostosis the following day; 4) a patient who had a
report of a mass on an outside CT scan and received a rapid MR
imaging for confirmation and an operative planning CT scan the
following day; 5) a patient in whom an unusual intracranial mass
abutting the inner table of the skull was identified by rapid MR
imaging and a same-day CT scan was obtained to evaluate further
for bony erosion; and 6) a patient with craniosynostosis, ventriculoperitoneal shunt, and an encephalocele being evaluated for
shunt malfunction who received a next-day CT scan because the
radiology report stated that the encephalocele was not well seen.

FIG 2. Trends in CT and rapid MR imaging use for hydrocephalusrelated conditions, 2005–2011. Note that although overall imaging volumes for these indications have increased, rapid MR imaging is rapidly
replacing CT imaging.

None of these 6 cases overlapped with those 9 in which reports
mentioned significant motion.

Rapid MR Imaging Performance
The average scan duration was 4.43 minutes (SD, 2.42 minutes).
Linear regression analysis (On-line Table 2) revealed that altered
mental status, as an indication for imaging, was the only variable
significantly associated with longer scan duration, resulting in
increased average scan duration of 6.20 minutes compared with
4.43 minutes (On-line Table 2). No other indication, comorbidity, or demographic variable was significantly associated with scan
duration. There were 40 (10.1%) of 398 examinations that had
additional sequences added on ad hoc by the interpreting radiologist, most commonly axial gradient-echo true FISP sequences.

Trends in Rapid MR Imaging Use
During the 6-year period of this study, 643 unenhanced CT scans
were performed in pediatric patients younger than 14 years for
indications relating to intracranial cyst or ventricular size. From
the beginning of 2005 to the end of 2011, the average number of
monthly imaging studies used to diagnose ventricular pathologic
conditions has increased from an average of 22.5 to 45 (Fig 2).
Before mid-2009, this upward trend was entirely attributable to
greater use of pediatric CT scanning. However, beginning in the
second quarter of 2009, rapid MR imaging has steadily replaced
CT scanning as the primary technique used for evaluation of ventricular pathologic conditions in the pediatric population. In the
last quarter of 2011, rapid MR imaging accounted for 85.4% (35/
41) of all cross-sectional brain imaging performed on children
with suspected or known ventricular abnormalities, not including
transcranial sonography.

DISCUSSION
The results from our retrospective study indicate that, across a
wide age range, rapid-scan pediatric brain MR imaging with the
patient nonsedated allows fast and successful assessment of ven-

tricular size without the need for repeated examination because of
motion artifacts or poor study quality. Referral patterns within
our institution suggest that providers are increasingly favoring
rapid MR imaging vs CT scanning for pediatric ventricular evaluation. In addition, our study demonstrates that no particular
patient demographic or clinical presentation precludes attempting rapid MR imaging in evaluation of ventricular size or intracranial cyst, because all patients completed an examination without the need for additional imaging to answer the clinical
question. Only those with an indication of altered mental status
required nominally increased scan durations, which is likely clinically and economically inconsequential.
These results are clinically relevant because the rapid MR imaging technique represents a reasonable means to evaluate hydrocephalus within the pediatric population and can be performed
quickly, with nearly the same speed as conventional head CT
scanning. It avoids the time and risk associated with conventional
pediatric MR imaging scans of the head with the patient under
sedation, as well as the ionizing radiation from CT scanning.
Several previous studies relating to pediatric rapid MR imaging have either focused on techniques to optimize shunt catheter
tip localization, to describe its various uses, or to estimate potential benefits of radiation dose reduction.9,11-15 A recent study
demonstrated value in an 8-second gradient-echo technique for
determining ventricular size; however, this technique was performed in cases of failed examinations and provides scarce anatomic detail and, subsequently, minimal additional diagnostic information aside from ventricular size.16 Despite substantial
motion artifacts in some cases, meaningful diagnostic value can
be inferred from our results because no cases required conversion
to a CT scan or to sedated, standard MR imaging.
We believe that proper selection of appropriate patients for
rapid MR imaging examinations can reduce or eliminate the
number of CT or sedated MR imaging examinations performed
for a number of indications, as long as the referring clinician has a
good understanding of its limitations and value. For example, this
rapid MR imaging protocol would not be appropriate in pediatric
trauma cases or in cases needed to evaluate tumors or infection,
given the low sensitivity of rapid MR imaging in the detection of
fractures and small amounts of subarachnoid hemorrhage and
presumed low specificity in the evaluation of masses and extraaxial fluid collections. As such, these results show how standard
CT imaging for indications of hydrocephalus or intracranial cyst
has been considerably reduced but remains an essential part of
our emergency medicine and oncologic practices. In our institution, these studies are now routinely performed when outpatient,
nonemergent imaging of these pediatric patients is needed.
Our study had several limitations, including its retrospective
nature. Identifying the causes of imaging failure via subjective
chart review can lead to erroneous conclusions regarding the clinical reasoning that brought about a repeated examination. In addition, given the overlap between indications for use of MR imaging and CT scan in the pediatric population, we limited our
comparisons to a limited set of hydrocephalus-related indications. Lastly, we did not have long-term follow-up on these patients, and further analysis is needed to determine how rapid MR
imaging affects clinical decision-making and outcomes.
AJNR Am J Neuroradiol 34:1836 – 40
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Rapid MR imaging examinations being obtained for indications other than hydrocephalus represent an area of potential mismatch between the expectations of the ordering clinicians and the
realistic capabilities of this technique. Despite some strengths,
rapid MR imaging has a potential limitation in patients with programmable shunts because repeated exposure to magnetic fields
may require shunt reprogramming. At our institution, these patients are usually monitored with pre- and post-MR imaging skull
radiographs, and as such, the patient’s examination risk and exposure to radiation are not zero. In addition, costs to both the
patient and the institution should also be factored into decisions
to perform rapid MR imaging. We do not recommend eliminating CT scanning in the practice of imaging hydrocephalus, as
evening and nighttime MR imaging coverage is not readily available in many centers and timely off-hours imaging is therefore not
feasible. In addition, MR imaging carries with it additional safety
issues such as projectile injury, which could potentially carry a
greater health risk than the dose of radiation from CT, particularly
as new low-dose CT techniques are developed.

CONCLUSIONS
Pediatric rapid brain MR imaging without the need for sedation is
an effective and efficient alternative to standard CT imaging for
assessment of ventricular size and/or intracranial fluid spaces, irrespective of a child’s age or clinical condition. Only patients with
altered mental status required nominally increased scan duration,
but the time difference was minimal and was without substantial
clinical implication. Our practice trends confirm that rapid MR
imaging has nearly completely replaced routine, nonemergent CT
scanning for these indications.
Disclosures: David Kallmes—UNRELATED: Consultancy: ev3,* Medtronic,* Codman;* Comments: Planning and implementation of clinical trials and core laboratory
duties; Grants/Grants Pending: ev3,* Sequent Medical,* Cordis,* Codman,*
MicroVention;* Royalties: UVA Patent Foundation, Comments: Spine fusion license;
Travel/Accommodations/Meeting Expenses Unrelated to Activities Listed:
MicroVention.*
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2. Coté GA, Hovis RM, Ansstas MA, et al. Incidence of sedation-related
complications with propofol use during advanced endoscopic procedures. Clin Gastroenterol Hepatol 2010;8:137– 42

1840

Niederhauser Sep 2013

www.ajnr.org

3. Cravero JP, Beach ML, Blike GT, et al. The incidence and nature
of adverse events during pediatric sedation/anesthesia with
propofol for procedures outside the operating room: a report
from the Pediatric Sedation Research Consortium. Anesth Analg
2009;108:795– 804
4. Brenner D, Elliston C, Hall E, et al. Estimated risks of radiationinduced fatal cancer from pediatric CT. AJR Am J Roentgenol
2001;176:289 –96
5. Brenner DJ, Sachs RK. Estimating radiation-induced cancer risks at
very low doses: rationale for using a linear no-threshold approach.
Radiat Environ Biophys 2006;44:253–56
6. Brenner DJ. Estimating cancer risks from pediatric CT: going from
the qualitative to the quantitative. Pediatr Radiol 2002;32:228 –23;
discussion 242– 44
7. Goske MJ, Applegate KE, Boylan J, et al. The Image Gently campaign:
working together to change practice. AJR Am J Roentgenol
2008;190:273–74
8. The ALARA (as low as reasonably achievable) concept in pediatric
CT intelligent dose reduction. Multidisciplinary conference organized by the Society of Pediatric Radiology. August 18 –19, 2001.
Pediatr Radiol 2002;32:217–313
9. Koral K, Blackburn T, Bailey AA, et al. Strengthening the argument
for rapid brain MR imaging: estimation of reduction in lifetime
attributable risk of developing fatal cancer in children with shunted
hydrocephalus by instituting a rapid brain MR imaging protocol in
lieu of head CT. AJNR Am J Neuroradiol 2012;33:1851–54
10. Forbes KP, Pipe JG, Karis JP, et al. Brain imaging in the unsedated
pediatric patient: comparison of periodically rotated overlapping
parallel lines with enhanced reconstruction and single-shot fast
spin-echo sequences. AJNR Am J Neuroradiol 2003;24:794 –98
11. Iskandar BJ, Sansone JM, Medow J, et al. The use of quick-brain
magnetic resonance imaging in the evaluation of shunt-treated hydrocephalus. J Neurosurg 2004;101(2 Suppl):147–51
12. Missios S, Quebada PB, Forero JA, et al. Quick-brain magnetic resonance imaging for nonhydrocephalus indications. J Neurosurg Pediatr 2008;2:438 – 44
13. Penzkofer AK, Pfluger T, Pochmann Y, et al. MR imaging of the brain
in pediatric patients: diagnostic value of HASTE sequences. AJR
Am J Roentgenol 2002;179:509 –14
14. Ashley WW Jr, McKinstry RC, Leonard JR, et al. Use of rapid-sequence magnetic resonance imaging for evaluation of hydrocephalus in children. J Neurosurg 2005;103(2 Suppl):124 –30
15. Miller JH, Walkiewicz T, Towbin RB, et al. Improved delineation of
ventricular shunt catheters using fast steady-state gradient recalled-echo sequences in a rapid brain MR imaging protocol in
nonsedated pediatric patients. AJNR Am J Neuroradiol 2010;31:
430 –35
16. Wait SD, Lingo R, Boop FA, et al. Eight-second MRI scan for evaluation of shunted hydrocephalus. Childs Nerv Syst 2012;28:1237– 41

CLINICAL REPORT

PEDIATRICS

Bilateral Cavitations of Ganglionic Eminence: A Fetal MR
Imaging Sign of Halted Brain Development
A. Righini, C. Frassoni, F. Inverardi, C. Parazzini, D. Mei, C. Doneda, T.J. Re, I. Zucca, R. Guerrini, R. Spreaﬁco, and F. Triulzi

ABSTRACT
SUMMARY: Ganglionic eminence is the main transitory proliferative structure of the ventral telencephalon in human fetal brain and it contributes for at least 35% to the population of cortical interneurons; however data on the human GE anomalies are scarce. We report 5 fetal MR
imaging observations with bilateral symmetric cavitations in their GE regions resembling an inverted open C shape and separating the GE itself
form the deeper parenchyma. Imaging, neuropathology, and follow-up features suggested a malformative origin. All cases had in common
characteristics of lissencephaly with agenesis or severe hypoplasia of corpus callosum of probable different genetic basis. From our preliminary
observation, it seems that GE cavitations are part of conditions which are also accompanied by severe cerebral structure derangement.
ABBREVIATIONS: CC ⫽ corpus callosum; GA ⫽ gestational age; GE ⫽ ganglionic eminence

T

he ganglionic eminence is a transitory proliferative structure
of the ventral telencephalon localized in human fetal brain
along the lateral walls of the frontal (and to a less extent the temporal) horns of the lateral ventricles. During development, the GE
persists longer than other proliferative areas and only by term has
nearly disappeared. The GE contains precursor neurons of the
basal ganglia and amygdala; it also contributes at least 35% to the
population of interneurons that tangentially migrate toward to
the cerebral cortex1,2 and to a population of the thalamic neurons.
In rodents, the medial GE represents the major source of the cortical interneurons; the caudal GE is an additional source of tangentially migrating interneurons to the cortex and hippocampus
and the lateral GE is the major source of striatal gamma-aminobutyric acid projection neurons. Although data in humans are
scant, the partition of GE has been recently proposed.3,4 The GE
also represents an intermediate target for corticofugal and
thalamocortical axons.5
Despite the pivotal importance of the GE in human brain de-
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velopment, data on GE anomalies are scarce, for example, the
recent report on hemorrhage occurring in this region in premature babies.6
Recently in our institution, in a clinical fetal MR imaging observation, we found bilateral symmetric cavitations in the GE region. To better understand the significance of this unusual finding, we then set out to analyze similar cases possibly present in our
prenatal MR imaging data base. We found 4 additional fetal cases,
all of which also had bilateral symmetric cavitations in the GE
regions (probably of malformative origin). All 5 cases also had in
common characteristic features of lissencephaly with agenesis or
severe hypoplasia of the corpus callosum of probable different
genetic basis.
The main purpose of this report is to present the imaging and,
when available, pathology data of this rare finding.

MATERIALS AND METHODS
From our 10-year prenatal MR imaging data base (containing
approximately 2200 cases), we collected 5 fetal cases (22, 29, 23,
22, and 25 weeks of gestational age, respectively; 4 female and 1
male) with reported “cavitations or cysts in the GE-basal ganglia
region.” Two of these cases had familial recurrence (cases 2 and 3
in On-line Table 1).
All 5 MR imaging studies had been performed for clinical purposes, after expert sonography study. All mothers had signed the
specific consent form for fetal MR imaging in use at our institution, and the study complied with the internal guidelines for clinical retrospective studies used at our institution.
Follow-up data analysis was based on the following methods
(On-line Table 1): 2 cases (case 1 and 4) after pregnancy terminaAJNR Am J Neuroradiol 34:1841– 45
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and cut in 10-m-thick coronal sections. Sampled sections of the anterior
part of the brain, at the level of the GE,
were stained with thionin (0.1% in distilled water) and hematoxylin and eosin and examined with the use of an
Aperio Image Scope (Nikon, Tokyo,
Japan). Additional series of sections
were cut and processed for immunolocalization of the neuronal calciumbinding proteins calbindin and calretinin, of the intermediate filament
protein vimentin, which is early-expressed in the radial glia. After incubation in 10% (volume-volume percent)
normal serum to mask nonspecific adsorption sites, sections were processed
with the use of the following primary
antibodies: polyclonal anti-Calbindin
(1:600; Swant, Bellinzona, Switzerland),
polyclonal anti-Calretinin (1:300; Swant),
FIG 1. Prenatal single-shot FSE T2-weighted MR images of the 5 reported cases, each case and monoclonal anti-Vimentin (1:200,
displayed horizontally in a row. Case number, GA, and sex are reported. White arrows DAKO, Glostrup, Denmark). Unfortuindicate GE region cavitations. In the case 3 row, an inverted open C shape is drawn, showing
how cavitation appears on sagittal sections. The corpus callosum is agenetic or severely nately, the scanty preservation of tissue
caused by the autolytic processes hamhypoplastic in all cases. Frontal opercula are shallow and dysmorphic.
pered a reliable result of immunohistochemistry. Thus, only routine histologic
tion underwent pathology examination, 1 case (case 3) after pregstaining was reliably used for neuropathologic examination.
nancy termination was studied solely by MR-autopsy, 1 case (case
2) underwent neonatal MR imaging, and 1 pregnancy (case 5) was
Genetic Analysis
terminated outside of our institution without available autopsy or
DNA was extracted from formalin-fixed, paraffin-embedded tisMR autopsy data.
sue sections from cases 1 and 4 by use of the QIAamp DNA FFPE
Tissue Kit (QIAGEN, Hilden, Germany). Mutation analysis of the
MR Imaging Methods
LIS1 (genebank accession: NM_000430.3) and TUBA1A (geneA 1.5T scanner was used for fetal MR imaging, with a phasedbank accession: NM_006009.2) genes, known to be involved in
array abdominal or cardiac coil. All the selected 5 cases had
lissencephalies, was performed by direct sequencing. No mutabeen investigated through T2-weighted single-shot fast spintions were identified. Unfortunately, genomic rearrangements inecho multiplanar sections: 3– 4-mm section thickness, TR/TE
volving the LIS1 gene could not be excluded by multiplex ligation3000/180 ms, 1.1 mm2 in-plane resolution; in some cases
dependent probe amplification analysis because of poor DNA
BALANCE 2–3-mm thick sections were also acquired (Philips
quality. Sequence analysis of the ARX gene could not be perMedical Systems, Eindhoven, the Nerthlands). In the 2 most
formed either, because of the poor quality of DNA and the high
recent cases (cases 1 and 4), T1-weighted FSE 5.5-mm-thick
guanine-cytosine content of this gene.
sections (TR/TE ⫽ 300/14 ms, turbo factor ⫽ 3, 1.4 mm2
in-plane resolution) and diffusion-weighted imaging 5.5-mmRESULTS
thick sections (TR/TE ⫽ 1000/90 ms, b factor ⫽ 0 – 600 secThe findings reported in expert sonography examinations (Ononds/mm2, FOV ⫽ 320 ⫻ 320 mm, matrix ⫽ 128 ⫻ 128) were
line Table 1) were CC agenesis in all 5 cases, as well reduced cranial
also available.
and cerebellar biometry, mild-moderate ventriculomegaly in 3
Two senior pediatric neuroradiologists (A.R., C.P.), with 12
cases, and reduced whole-body biometry in 2 cases. None of the
years of experience in fetal MR imaging, evaluated the images in
sonography reports mentioned basal ganglia region cavitations.
consensus.
At prenatal MR imaging, all 5 cases displayed bilateral symmetric
MR-autopsy and neonatal MR imaging studies were performed
cavitations in the GE region, separating the GE itself from the deeper
with the use of a neonatal dedicated head coil and 1.5T scanner;
parenchyma and resembling an inverted open C shape (Fig 1). In 2
2–3-mm-thick T2-weighted FSE sequences (TR/TE 6000/200 ms),
cases (cases 2 and 4), GE appeared to be clearly larger than in healthy
with 0.3 mm2 in-plane resolution, were acquired.
controls at the same GA (On-line Fig 1). In T1-weighted and diffuPathology Methods
sion-weighted imaging (available exclusively in cases 1 and 4), the GE
showed a hyperintensity comparable to that of the periventricularThe autopsy brains from cases 1 and 4 (On-line Table 1) were
germinal matrix area and slightly higher than that of the cortical plate
fixed in 10% formalin, subsequently embedded in paraffin,
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FIG 2. A and B, Sagittal and axial single-shot FSE T2-weighted sections of case 1 (22-week GA),
respectively: black rectangle encompasses GE and relative cavitation. C, Thionin-stained parafﬁn
coronal section shows a hemisphere at the level of GE cavitation (asterisk). D, Higher
magniﬁcation of the black rectangle area in C, illustrating the regular border (epithelium-like
structure) of cavitation (arrows). E, Higher magniﬁcation of the cortex (dotted rectangle in C):
heterotopic cortical plate neurons extending in the marginal zone (arrowheads). Scale bar ⫽ 300
m.

the 23 weeks of GA). One case (case 2)
had bilateral frontal band heterotopias
(Fig 3), confirmed by neonatal MR imaging. No case showed a disproportionate reduction of the pontine bulging.
MR autopsy (case 3, Fig 4), pathology (cases 1 and 4, Figs 2 and 5), and
neonatal MR imaging (case 2, Fig 3)
confirmed the presence of lissencephaly.
Furthermore, in all cases, lesions were
symmetric; they appeared to be lined by
an epithelium-like structure at pathologic examination (cases 1 and 4), and
cavitation margins were regular, without apparent signs of previous or ongoing hemorrhage.
In addition, both cases, in which histology was available (cases 1 and 4) demonstrated a disorganization of the developing cortex. In particular, the cortical
plate surface appeared to be irregular,
with heterotopic cellular extension into
the marginal zone (Figs 2 and 5). None
of the cases presented at autopsy (cases
1, 3, and 4) or at clinical examination
after birth (case 2) had ambiguous genitalia, which could be related to some
type of lissencephaly such as the one Xlinked ARX gene.

DISCUSSION
From our preliminary observation, it
appears that GE cavitations are an aspect
of more complex conditions associated
with severe cerebral structural derangement. The awareness of this rare developmental abnormality involving the
GE region may have implications in better understanding of the complex malformations caused by defective cellular
proliferation and migration, such as lissencephalies. The fact that the lesions
were bilateral and symmetric with an inverted “regular” open C shape, an epiFIG 3. A–C, Single-shot FSE T2-weighted sections from case 2 (29-week GA) prenatal study shows thelium-like lining, regular margins,
GE region cavitations (arrows), which tend to be relatively smaller with respect to the brain size and no apparent signs of hemorrhage
in this older fetus. Arrowheads indicate bilateral bands of heterotopias. Gyration appears to be
poor. D, Coronal FSE T2-weighted and sagittal (E) spin-echo T1-weighted sections show cavita- (including the 2 cases with T1-weighted
tions now relatively smaller and conﬁrming band heterotopias (arrowheads).
images) suggests a malformative rather
than necrotic-clastic origin. Familial recurrence in 2 cases and the presence of
frontal band heterotopias in 1 case further support such a hypothesis.
(On-line Fig 2); however, the associated apparent diffusion coeffiAlthough the data are not extensive enough to conclude a statistical
cient tended to be slightly lower (0.85 SD, 0.09 m2/s) than in GE of
significance, the available ADC values (cases 1 and 4), albeit showing
healthy controls (0.95 SD, 0.13 m2/s, unpublished data).
a slight trend toward mild reduction (0.85 SD, 0.09 m2/s), remained
All 5 cases demonstrated reduction of biometric brain parameters (below the 10th percentile with respect to normal data of
higher than ADC values reported in fetal brain acute ischemia cases
reference7) (On-line Table 1), agenesis or severe hypoplasia of the
(ie, 0.4 m2/s in Righini et al8). Moreover, in the case illustrated in
CC, and defective gyration such as shallow opercula and
On-line Fig 2, GE histology showed a higher cell body/interstitial
absent/reduced parieto-occipital sulcus (normally visible before
space ratio (a possible sign of structural developmental anomaly) but
AJNR Am J Neuroradiol 34:1841– 45
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nature of the observed GE region cavitations. Moreover, the existence of a recent
report,9 which showed basal ganglia vasculopathy in a lissencephaly case, further
warns of the possibility that ischemia may
play a role in cavitation onset.
According to Barkovich et al,10 lissencephalies are primarily caused by abnormal neuronal migration. In such
conditions, abnormal development of
the GE, together with deficiency of other
fetal transient structures such as the germinal matrix, may play a key role. We
may speculate that cavitations associated
with GE might derive from abnormal proliferation of neural precursors in the region and subsequently affect migration of
inhibitory interneurons from GE toward
their final cortical destination. However,
detailed cytologic-immunohistochemical
assessment could not be performed in our
cases because of faulty tissue preservation.
However, the cystic anomaly of the GE
region might contribute to causing
FIG 4. A and C, Single-shot FSE T2-weighted sections from case 3 (23-week GA) prenatal study, lissencephaly even by simply physically
show large symmetric GE region cavitations (arrows). B and D, FSE T2-weighted corresponding MR affecting cell migration, even in the abautopsy sections, which conﬁrm the prenatal ﬁndings (arrows): cavitations appear to have regular
sence of proliferation defect, because, in at
smooth margin, albeit brain was compressed and deformed during delivery.
least 2 of our cases, GE was larger than
in healthy controls of the same GA.
The presence in our 5 cases of opercularization defects, agenesis-severe hypoplasia of CC, abnormal cortical plate
findings at histology, and heterotopic
bands, further supports the hypothesis
that GE cavitation anomalies are part of
complex malformations, which involve
cell migration and possibly a cell differentiation phase.
To the best of our knowledge, GE cavitations have not been described in animal
models of lissencephaly; neither have
they been reported in the existing extensive postnatal neuroimaging literature regarding human lissencephalies.
This could be explained by their size
decrease as the whole brain progressively grows. In postnatal MR studies,
cavitation remnants might have been
FIG 5. A, Coronal single-shot FSE T2-weighted section from case 4 (22-week GA); brain is shown occasionally interpreted in the past
upside-down to better match the corresponding coronal oblique histologic section in B, Thionin- just as enhanced perivascular spaces in the
stained parafﬁn section with black rectangle encompassing part of GE and related cavitation; C,
higher magniﬁcation of the black rectangle in B; D, inside part of the cavitation (asterisks in C and basal ganglia region; cavitations may relaD) lined by epithelium-like structure (arrow); E, detail of the developing cortex shows heterotopic tively decrease in size with respect to the
cortical plate neurons extending in the marginal zone (arrowheads). Scale bar ⫽ 410 m.
progressive growth of the whole brain.
A major limitation of our report is the
not signs of acute cytotoxic edema (such as neuropil swelling).
lack of substantial molecular genetics characterization of our cases.
Banded karyotyping, which turned out to be normal, was available in
Nevertheless, because we do not have detailed histologic data for
3 cases (On-line Table 1); however, karyotyping is usually of limited
all of our cases, we cannot completely rule out the necrotic
1844

Righini

Sep 2013

www.ajnr.org

diagnostic power in lissencephaly. Molecular study of the X-linked
gene ARX, which was not possible, might have been indicated in cases
2 and 3, although the severe phenotype observed in the sister and
parental consanguinity makes it unlikely to be an X-linked inheritance. Converging experimental, neuropathologic, and imaging evidence suggests that mutations in this gene cause an abnormal developmental process primarily affecting GE development. Impaired
proliferation of neuronal elements in the GE and subsequent abnormal proliferation of GABAergic interneurons has been demonstrated
in the ARX knock out model.11 Microcystic changes in the basal
ganglia are observed in the brains of children with X-linked lissencephaly with abnormal genitalia, both at neuropathology12 and by
use of MR imaging scan.13 Multiple small areas of abnormal signal
intensity, possibly representing microcystic changes, are observed in
the basal ganglia of boys with ARX mutations and profound cognitive impairment but no lissencephaly.14
Albeit limited by the rarity of these findings and by the difficulty
of histology studies on fetal human brain before the third trimester of
GA, additional cases investigated by cytologic labeling of GE-originating neuroblasts and cortical interneurons are needed to further
elucidate the meaning of the anomaly we have reported and to definitively rule out the possibility of a lesional etiology.
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A Better Characterization of Spinal Cord Damage in Multiple
Sclerosis: A Diffusional Kurtosis Imaging Study
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ABSTRACT
BACKGROUND AND PURPOSE: The spinal cord is a site of predilection for MS lesions. While diffusion tensor imaging is useful for the
study of anisotropic systems such as WM tracts, it is of more limited utility in tissues with more isotropic microstructures (on the length
scales studied with diffusion MR imaging) such as gray matter. In contrast, diffusional kurtosis imaging, which measures both Gaussian and
non-Gaussian properties of water diffusion, provides more biomarkers of both anisotropic and isotropic structural changes. The aim of this
study was to investigate the cervical spinal cord of patients with MS and to characterize lesional and normal-appearing gray matter and
WM damage by using diffusional kurtosis imaging.
MATERIALS AND METHODS: Nineteen patients (13 women, mean age ⫽ 41.1 ⫾ 10.7 years) and 16 controls (7 women, mean age ⫽ 35.6 ⫾
11.2-years) underwent MR imaging of the cervical spinal cord on a 3T scanner (T2 TSE, T1 magnetization-prepared rapid acquisition of
gradient echo, diffusional kurtosis imaging, T2 fast low-angle shot). Fractional anisotropy, mean diffusivity, and mean kurtosis were
measured on the whole cord and in normal-appearing gray matter and WM.
RESULTS: Spinal cord T2-hyperintense lesions were identiﬁed in 18 patients. Whole spinal cord fractional anisotropy and mean kurtosis (P ⫽
.0009, P ⫽ .003), WM fractional anisotropy (P ⫽ .01), and gray matter mean kurtosis (P ⫽ .006) were signiﬁcantly decreased, and whole spinal cord
mean diffusivity (P ⫽ .009) was increased in patients compared with controls. Mean spinal cord area was signiﬁcantly lower in patients (P ⫽ .04).
CONCLUSIONS: Diffusional kurtosis imaging of the spinal cord can provide a more comprehensive characterization of lesions and
normal-appearing WM and gray matter damage in patients with MS. Diffusional kurtosis imaging can provide additional and complementary information to DTI on spinal cord pathology.
ABBREVIATIONS: DKI ⫽ diffusional kurtosis imaging; EDSS ⫽ Expanded Disability Status Scale; GM ⫽ gray matter; MK ⫽ mean kurtosis; SC ⫽ spinal cord

M

ultiple sclerosis is a chronic inflammatory/demyelinating
and neurodegenerative disease of the central nervous system and the most common cause of nontraumatic disability in
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young adults.1 The spinal cord is a site of predilection for MS
lesions,2 and SC damage contributes to the onset of neurologic
deficits and the development of clinical disability.3 At postmortem examination, 86% of patients with MS have spinal cord lesions,2 and MR imaging cord abnormalities are detected in up to
89% of patients with established disease.4 However, previous MR
imaging studies of patients with MS found a poor correlation
between the number and volume of T2-hyperintense SC lesions and disability,5 very likely due to the presence of additional microscopic abnormalities in the so-called normal-appearing white matter, not detectable by conventional MR
imaging techniques.6,7
Several pathologic studies of MS spinal cord samples have
shown that not only SC WM but also GM is affected by demyelination and neuronal loss.8-11 Despite these reports and unlike
findings reported in the brain, only a few in vivo MR imaging
studies to date have investigated the presence and extent of spinal
cord GM damage in patients with MS.12-14

DTI is a clinically important MR imaging method used to
measure the micron scale displacement of water molecules in the
brain and can provide information about tissue structural integrity at a microscopic level.15 Recent DTI studies of the spinal cord
in patients with MS indeed showed a significant decrease in fractional anisotropy, a measure of WM fiber integrity and directionality, compared with healthy controls in both lesions and normalappearing tissue.16-24 The DTI model, however, is based on the
assumption that the displacement probability function of diffusing water molecules follows a Gaussian distribution, which is only
the first approximation to the true behavior in complex tissue.
Therefore, while the anisotropic sensitivity of DTI is useful for the
study of highly organized systems such as WM tracts, it provides
fewer useful biomarkers in tissues such as GM. This is because for
the length scales studied with diffusion MR imaging (ie, a few
microns), the microstructure of GM is characterized as isotropic.
Conversely, non-Gaussian diffusion may be more sensitive to
subtle pathologic changes in GM because diffusional non-Gaussianity is a direct consequence of diffusion barriers and compartments, regardless of the presence of microstructural anisotropy.25
Among the MR imaging techniques that have been developed
to assess non-Gaussian diffusion in spinal cord tissue,13,15 diffusional kurtosis imaging25 represents the minimal extension of
DTI that, in acquisition times compatible with clinical application, enables the quantification of non-Gaussian diffusion
through the estimation of the diffusional kurtosis. A DKI-derived
metric, the mean kurtosis, provides a measure of the deviation of
the diffusion probability distribution from a Gaussian form.25,26
MK has been shown to be sensitive to structural changes in both
anisotropic tissue, such as WM, and isotropic tissue such as GM
and therefore may provide information on tissue microarchitecture complementary to that given by fractional anisotropy and
mean diffusivity.25 Using a moderately expanded diffusion-sampling scheme, MK can be obtained simultaneously with conventional DTI,27,28 and it has already been used to study the brain in
normal aging,27 Alzheimer disease,29 traumatic brain injury,30
brain tumors,31 stroke,32 and the spinal cord in patients with cervical myelopathy.33
The aims of our study were the following: 1) to investigate
global and regional (WM and GM) microstructural abnormalities
in the cervical spinal cord of patients with MS compared with
healthy controls by using MK, mean diffusivity, and fractional
anisotropy; 2) to determine whether cervical cord MK provides
additional information about the underlying structural abnormalities compared with mean diffusivity and fractional anisotropy; 3) to assess the relationship between cervical spinal cord
DKI-derived parameters and measures of cord area and volume;
and 4) to determine the clinical impact of global and regional
cervical spinal cord DKI-derived metrics.

MATERIALS AND METHODS
Patients
The study was approved by the institutional review board of New
York University and complies with the Health Insurance Portability and Accountability Act. Written informed consent was obtained from all participants. For this prospective study, we recruited 21 consecutive patients with clinically definite MS34 who
were referred from the New York University MS Center to our

FIG 1. Sagittal T2 image from a healthy control demonstrating the
coverage of the axial diffusion kurtosis sequence, centered on the
C2–3 intervertebral space.

department for cervical spinal cord MR imaging between August
2009 and March 2010 and who met the following inclusion criteria: 1) had a diagnosis of relapsing-remitting MS, 2) were between
18 and 60 years of age, and 3) had an absence of clinical relapse
and/or steroid treatment in the 3 months before MR imaging. The
exclusion criteria were the presence of other relevant diseases and
contraindications to performing MR imaging. Two patients were
excluded because of claustrophobia.
All subjects underwent a neurologic evaluation. The following
demographic and clinical variables were collected for each patient: age, disease duration from diagnosis, disease duration from
symptom onset, and level of disability assessed by the EDSS. The
19 patients had a mean age of 41.1 ⫾ 10.7 years. There were 13
women (mean age ⫽ 40.1 ⫾ 10.7 years) and 6 men (mean age ⫽
43.1 ⫾ 11.5 years).
Sixteen healthy controls (mean age ⫽ 35.6 ⫾ 11.2 years, 9 men
and 7 women) with no known brain abnormalities and no neurologic symptoms were recruited as controls and given the same
MR imaging examination as described above.

MR Imaging Acquisition
MR imaging was performed by using a 3T scanner (Tim Trio;
Siemens, Erlangen, Germany) with a 4-channel neck phased array
coil, and the following imaging protocol was used in all subjects
during a single MR imaging session:
1) A sagittal T2-weighted TSE sequence with 15 contiguous
sections (TR ⫽ 3500 ms, TE ⫽ 113 ms, FOV ⫽ 240 mm, matrix ⫽
512 ⫻ 512, section thickness ⫽ 3 mm, in-plane resolution ⫽
0.46 ⫻ 0.46 mm2).
2) Sagittal T1-weighted 3D MPRAGE on 24 contiguous sections (TR ⫽ 2300 ms, TE ⫽ 2.98 ms, TI ⫽ 900 ms, FOV ⫽ 240
mm, matrix ⫽ 230 ⫻ 256, isotropic voxel size ⫽ 1 ⫻ 1 ⫻ 1 mm3).
3) An axial DKI sequence, centered on the spinal intervertebral
disk between C2 and C3 (a slab position is visible in Fig 1), by
using a twice-refocused spin-echo diffusion sequence with an
echo-planar imaging readout35 with 30 different diffusion-encoding directions by using an optimized sampling strategy36,37
and 20 contiguous axial sections. For each direction, 6 b-values (0,
500, 1000, 1500, 2000, 2500 s/mm2) were used (TR ⫽ 3100 ms,
AJNR Am J Neuroradiol 34:1846 –52
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FIG 2. Axial T2 image (A) of the cervical spinal cord at C2 shows the location of ROIs placed in the gray matter of the ventral horns (red) and white
matter of the dorsal column (yellow). Corresponding fractional anisotropy (B), mean kurtosis (C), and mean diffusivity (D) maps. The size of the
region of interest is 2 voxels (3.1 mm2). Diffusion and kurtosis tensors were calculated by using in-house software to generate maps of the derived
parameters, fractional anisotropy, mean diffusivity, and MK.

TE ⫽ 110 ms, FOV ⫽ 160 mm, matrix ⫽ 128 ⫻ 128, section
thickness ⫽ 3 mm, number of averages ⫽ 2, in-plane resolution ⫽
1.25 ⫻ 1.25 mm2, acquisition time ⫽ 15 minutes 7 seconds).
4) An axial T2-weighted fast low-angle shot MR imaging sequence, centered on the spinal intervertebral disk between C2 and
C3, with 24 contiguous sections (TR ⫽ 500 ms, TE ⫽ 7.38 ms,
FOV ⫽ 176 mm, matrix ⫽ 192 ⫻ 320, section thickness ⫽ 3 mm,
in-plane resolution ⫽ 0.68 ⫻ 0.68 mm2).
5) Only in the 19 patients, an additional sagittal T2 STIR sequence with 13 contiguous sections was acquired (TR ⫽ 4500 ms,
TE ⫽ 53 ms, TI ⫽ 200 ms, FOV ⫽ 240 mm, matrix ⫽ 480 ⫻ 480,
section thickness ⫽ 3 mm, in-plane resolution ⫽ 0.37 ⫻ 0.37
mm2).

Postprocessing
Image data processing and evaluation were performed by an MR
imaging expert and a neuroradiologist. T2-weighted and STIR images were used to identify and count the lesions in the spinal cord.

DKI/DTI Analysis
Diffusion and kurtosis tensors were calculated by using in-house
software (Diffusion and Kurtosis Estimator) in Matlab, Version
7.0 (MathWorks, Natick, Massachusetts); maps of derived parameters, fractional anisotropy, mean diffusivity, and MK, were
generated after first coregistering all diffusion-weighted images
with a 2D rigid-body algorithm.38 After we derived apparent diffusion and kurtosis along each applied gradient direction via a
quadratic fit to the logarithm of the signal intensity, the analysis
algorithm, described in detail in Tabesh et al,38 used a linearly
constrained linear least-squares formulation to solve for both the
diffusion and kurtosis tensors at each voxel. Using region-of-interest analysis, we measured mean fractional anisotropy, mean
diffusivity, and MK values of the entire cross-sectional cord area
between C1 and C4 (5 contiguous sections for each level), generating 20 values for each of the DTI metrics in each subject (altogether 380 SC sections for 19 patients). Of 380 sections, 165 included T2 visible lesions, whereas the remaining 215 were
classified as normal-appearing spine tissue.
The lesions were outlined on the T2-weighted images by using
Medical Image Processing, Analysis, and Visualization (http://
mipav.cit.nih.gov). Then, the outlined regions of interest were
automatically transferred onto the corresponding DKI/DTI
maps, and the mean lesional fractional anisotropy, mean diffusivity, and MK values were measured. In addition, mean fractional
anisotropy, mean diffusivity, and MK values of normal-appearing
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GM and WM were measured by using rectangular ROIs (size: 2
voxels, 3.1 mm2) placed on the T2 images in the left and right
ventral horns and in the dorsal columns over 2 contiguous sections at the C2 level, as described in Freund et al (Fig 2).39 The
regions of interest were then opened on the registered DKI/DTI
maps, and the mean values for GM/WM were calculated by averaging the results obtained in all ROIs (4 ROIs for GM, 2 ROIs for
WM). This regional analysis was performed on patients (14 of 19)
who did not show any lesions at the C2 level.

Cervical Spinal Cord Area and Volume Measurement
Cervical cord area and volume were measured on T1 MPRAGE
images. For each subject, five 3-mm-thick axial sections perpendicular to the spinal cord were reconstructed, centering on the
C2–3 intervertebral disk, and an established semiautomated technique was used to measure the cross-sectional cord area.40 The
volume of the cervical cord section between C2 and C4 was evaluated by using BrainMask software (http://www.nitrc.org/
projects/brainmask)41 by using 3D edge-detection algorithms, allowing volume selection with 3 simultaneous reference planes.
Because the software is suboptimal for the evaluation of a curved
object, the volume between C2 and C4 was selected as representative of the entire cervical cord volume.

Statistical Analysis
Statistical analysis was performed by using SAS (SAS Institute,
Cary, North Carolina). The DKI/DTI values were represented for
each subject as an average over the values recorded for each spine
location. As a result, each subject contributed 1 value of each of
MK, mean diffusivity, and fractional anisotropy for the total SC
(including lesions) and over the normal-appearing SC. Additionally, in patients with MS without visible lesions at the C2 level and in
healthy controls, fractional anisotropy, mean diffusivity, and MK
were measured in normal-appearing spinal cord tissue (GM and
WM). Analysis of covariance was used to compare patients and controls in terms of the total and regional values of MK, mean diffusivity,
and fractional anisotropy, adjusting for age, sex, and disease duration, and to compare the 2 groups of patients stratified according to
the EDSS score (group 1: EDSS score ⱕ 2.5, female/male ratio ⫽ 9:2,
mean age ⫽ 39.0 ⫾ 8.9 years, mean disease duration ⫽ 8.5 ⫾ 6.0
years; group 2: EDSS score ⱖ 3.0, female/male ratio ⫽ 4:4, mean
age ⫽ 44.0 ⫾ 12.0 years, mean disease duration ⫽ 5.7 ⫾ 3.0 years)
adjusting for age, sex, disease duration, number of lesions, and cord
area.

FIG 3. Box-and-whisker plots show the distribution of fractional anisotropy, mean diffusivity, and MK values in patients (white boxes) and in
healthy controls (gray boxes). ANCOVA comparing patients with controls and adjusted for age, sex, and disease duration gave the following P
values: fractional anisotropy, P ⫽ .0009; mean diffusivity, P ⫽ .009; MK, P ⫽ .003.

Cross-sectional mean MK and fractional anisotropy (both unitless) and
mean diffusivity (⫻10⫺3 mm2/s) values
in patients and controls for the whole
cervical spinal cord examined are reported in Fig 3. Compared with conNote:— NAST indicates normal-appearing spine tissue; FA, fractional anisotropy; MD, mean diffusivity.
a
trols, fractional anisotropy and MK were
Only data from subjects with lesions (n ⫽ 18) were included in the computations.
b
P values are from ANCOVA, comparing lesions to normal-appearing spine tissue in terms of the indicated DKI measure
significantly decreased (respectively,
adjusted for age, sex, and disease duration.
P ⫽ .0009 and P ⫽ .003) and mean difc
⫺3
2
FA and MK are unitless. MD is measured in ⫻10 mm /s.
fusivity was increased (P ⫽ .009) in
patients.
Table 2: The mean of DKI measures at the C2–3 level in patients with MS and controls
In patients with MS, when mean difa
Measure
Location
Controls
Patients with MS
P Value
fusivity, MK, and fractional anisotropy
FA
GM
0.81 ⫾ 0.11
0.70 ⫾ 0.19
.4
values of sections with lesions were comWM
0.63 ⫾ 0.07
0.52 ⫾ 0.07
.01
pared with the values in sections of norMD
GM
0.56 ⫾ 0.08
0.72 ⫾ 0.21
.1
WM
0.86 ⫾ 0.14
0.99 ⫾ 0.13
.06
mal-appearing spine tissue, the 3 paMK
GM
1.16 ⫾ 0.13
1.11 ⫾ 0.09
.006
rameters differed significantly (Table 1):
WM
1.15 ⫾ 0.17
1.08 ⫾ 0.12
.08
fractional anisotropy and MK were
Note:—FA indicates fractional anisotropy; MD, mean diffusivity.
lower and mean diffusivity was higher in
a
P values are from ANCOVA, comparing patients with normal-appearing spine tissue at the C2–3 level (n ⫽ 14) with
lesions than in normal-appearing spine
controls in terms of WM and GM DKI measures adjusted for age, sex, and disease duration.
tissue (all P ⬍ .0001).
The error variance was allowed to differ across subject groups
Mean MK, fractional anisotropy, and mean diffusivity values
to remove the unnecessary assumption-of-variance homogeneity.
of GM and WM ROIs were compared at the C2–3 level in healthy
A paired-sample t test was used to compare WM and GM at the
subjects and patients with MS without visible lesions at that level
lesion level with corresponding normal-appearing tissue in terms
(n ⫽ 14); the results are reported in Table 2. In patients, normalof each DKI measure.
appearing WM fractional anisotropy and normal-appearing GM
Pearson correlations were used to characterize the association
MK values were significantly decreased compared with those in
of the DKI measures from the whole cervical spine and from the
healthy controls while mean diffusivity, GM fractional anisotGM and WM, separately, with spinal cord volume and area and
ropy, and WM MK were not significantly different across the 2
EDSS. All P values are reported as 2-sided significance levels withgroups of subjects.
out adjustment for multiple comparisons and were considered
MK and mean diffusivity values were significantly inversely
statistically significant when P ⬍ .05.
correlated to each other in the whole SC, in lesions, and in normal
WM (r ⫽ ⫺0.76, P ⫽ .0006; r ⫽ ⫺0.2, P ⫽ .01; and r ⫽ ⫺0.69, P ⫽
.001, respectively) but not in the gray matter (P ⫽ .9).
RESULTS
The mean cervical cord cross-sectional area measured at C2–3
Nineteen patients had a median EDSS score of 2.5 (range ⫽ 1– 6.5).
was 0.93 ⫾ 0.06 cm2 in the patient group, significantly lower than
Mean disease duration from the diagnosis was 7.3 ⫾ 5.2 years, while
that in the control group (0.94 ⫾ 0.08 cm2, P ⫽ .04). Mean C2– 4
mean disease duration from symptom onset was 10.1 ⫾ 7.8 years.
volume of the cervical spinal cord was 2.70 ⫾ 0.34 cm3 in patients
Fifty-nine T2 hyperintense lesions were identified in 18 of 19 paand 2.96 ⫾ 0.36 cm3 in controls (P ⫽ .7).
tients, with a median of 3 lesions per patient (range ⫽ 0 – 8).
Table 1: The mean of DKI/DTI measures of the whole spinal cord over sections with lesions
(n ⴝ 145) and over sections of normal-appearing spine tissue (n ⴝ 215) in patients with MSa
Measurec
Lesions
NAST
P Valueb
FA
0.42 ⫾ 0.02
0.52 ⫾ 0.04
⬍.0001
MD
1.17 ⫾ 0.08
0.92 ⫾ 0.05
⬍.0001
MK
0.91 ⫾ 0.03
1.08 ⫾ 0.08
⬍.0001
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Table 3: The mean of DKI measures for the 2 groups, based on the median EDSS scorea
Measure
Location
Group 1 (n = 11)
Group 2 (n = 8)
P Valueb
FA
WC
0.54 ⫾ 0.04
0.49 ⫾ 0.06
.002
GM
0.74 ⫾ 0.19
0.65 ⫾ 0.22
.01
WM
0.53 ⫾ 0.09
0.50 ⫾ 0.09
.1
MD
WC
0.92 ⫾ 0.09
0.95 ⫾ 0.09
.001
GM
0.70 ⫾ 0.21
0.75 ⫾ 0.23
.001
WM
0.96 ⫾ 0.15
1.03 ⫾ 0.14
.5
MK
WC
1.07 ⫾ 0.11
1.06 ⫾ 0.10
.01
GM
1.13 ⫾ 0.13
1.10 ⫾ 0.09
⬍.0001
WM
1.09 ⫾ 0.15
1.08 ⫾ 0.14
.3

study showed a significant decrease of
MK in the SC normal-appearing GM of
patients compared with controls. Although we can only speculate about the
pathologic nature of the GM MK
change, it is likely to reflect both the
presence of GM lesions below the resolution of conventional T2-weighted
scans and the degeneration of GM neurons secondary to axonal transactions in
Note:—FA indicates fractional anisotropy; MD, mean diffusivity; WC, whole cord.
the WM. Although we did not find a siga
Group 1: EDSS score ⱕ 2.5; group 2: EDSS score ⱖ 3.0.
b
nificant association between SC lesion
P values are from ANCOVA, comparing groups 1 and 2 in terms of the indicated DKI measure adjusted for age, sex, and
disease duration.
count and GM MK (r ⫽ 0.3, P ⫽ .1),
Finally, we did not find any significant correlation of SC, MK,
there was a trend toward a significant positive association between
fractional anisotropy, and mean diffusivity values with either
the decrease of WM MK and that of GM MK (r ⫽ 0.44, P ⫽ .06),
spine volume or spine area, except for the WM MK and cervical
suggesting a possible interplay between injury in WM and GM.
spine volume (r ⫽ 0.58 and P ⫽ .0089).
While in WM, fractional anisotropy was sensitive to diseaseLikewise, no significant correlations were found among any
related tissue damage and there was a trend toward significance
MK, fractional anisotropy, and mean diffusivity values and EDSS.
for mean diffusivity and MK, in GM, only MK was significantly
However, when the patients were stratified into 2 groups on the
different between patients and controls, suggesting that it could
basis of the median EDSS score, more disabled patients (group 2)
be a more sensitive metric for evaluating the GM than mean difshowed significantly lower fractional anisotropy and MK and
fusivity and fractional anisotropy. While standard DTI metrics
higher mean diffusivity of the total cervical SC after correcting for
can characterize the diffusion of water molecules in 3D space, they
age, sex, disease duration, and number of lesions. Most interestare not able to provide more specific information about its miing, the locally sampled GM region showed lower MK and fraccroenvironment. For example, mean diffusivity can indicate that
tional anisotropy and higher mean diffusivity in the more disthe average water diffusion distance is small, but it cannot differabled class, while the locally sampled WM did not show
entiate whether the small diffusion distance is due to a more vissignificant differences between the EDSS groups. Total and recous environment or the presence of more barriers, such as cell
gional SC MK, fractional anisotropy, and mean diffusivity values
membranes.25 A decrease in MK more clearly represents a reducfrom the 2 groups of patients are compiled in Table 3.
tion in diffusional heterogeneity; in the case of spinal cord tissue,
this is very likely associated with degenerative changes and neuDISCUSSION
ronal shrinkage.25,26,29,47 Hence, MK is a more natural indicator
The spinal cord is frequently involved in MS, and it is a clinically
of tissue microstructural properties because diffusional noneloquent site of damage with a relevant contribution to the accu42
Gaussianity is a direct consequence of the presence of barriers and
mulation of irreversible physical disability. There is growing
compartments.
evidence indicating that MS tissue damage in both the brain and
13
The lack of correlation between average mean diffusivity and
SC is not limited to WM but also involves the GM. Our DKI
MK
in the GM of our patients and the poor correlation between
study in patients with MS showed extensive cervical spinal cord
the
2
metrics in lesional SC further supports the notion that MK of
damage and particularly more severely at the lesional level than in
the GM can provide information about the underlying tissue minormal-appearing tissue. This is in agreement with previous DTI
croarchitecture that is different and complementary to that obstudies that found decreased fractional anisotropy values and intained with conventional DTI.
creased mean diffusivity values in the cervical SC of patients with
We did not find a significant correlation between any of the
MS in comparison with healthy controls.16,20 The pathologic subDKI-derived metrics in the global and regional cervical SC and the
strate underlying the changes in DTI metrics is represented by
EDSS score. This result may be influenced by the small sample size
demyelination and axonal loss occurring in spinal cord T2-visible
and the narrow range of EDSS scores for most patients. However,
lesions and in normal-appearing tissue.43,44 Both demyelination
when the patients were stratified on the basis of the median EDSS
and axonal loss lead to an increase of the extracellular volume,8
score into 2 groups with high and low disability, more disabled
which is reflected by reduced fractional anisotropy and increased
patients showed significant differences in total SC and GM DKI
mean diffusivity. In addition, intracellular abnormalities that demetrics compared with less disabled patients. This finding sugtermine the formation of new barriers, such as cell debris, inflamgests that the severity of SC GM damage might have a role in the
matory changes, and gliosis, restrict water isotropically and can
development of irreversible disability and is consistent with the
cause reductions in fractional anisotropy.8
results of previous MR imaging studies of SC GM by using magMore recently, several pathologic studies8-11,45 demonstrated
netization-transfer imaging.12,14
that extensive demyelination and neuronal loss occur in the SC
This study has some limitations. The number of patients enGM. Although neuronal loss appears to be predominantly related
rolled allowed us to investigate the potential of a new MR imaging
to local GM plaques, interneuron atrophy occurs in both myelinated and demyelinated areas.46 In line with these findings, our
technique such as DKI, but it is relatively low, and our results will
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need to be confirmed in a larger sample including patients with
different disease courses.
The small size of the SC and the moderate resolution of DWI
sequences make it difficult to avoid partial volume effects especially in relation to GM and WM assessment; however, the group
level changes in the DKI metrics are robust and consistent with
expectations. We acknowledge that even though patients and
controls were not exactly sex-matched, all our statistical analyses
were corrected for age and sex, thus limiting the possibility of lack
of sex-matching being a confounding factor. In addition, although we found a moderate correlation between WM injury and
cord volume as already reported in the literature,9 we found no
association between any of the GM DKI metrics and cord volume
or area, suggesting that the difference between patients and controls is not entirely attributable to partial volume effects. Furthermore, because the spatial resolution of our DKI images did not
allow a more detailed identification of the ventral and lateral
white matter columns, we limited our laminar assessment to the
dorsal columns and the central GM region. Finally, a better interpretation of MK changes in the GM of the MS spinal cord will be
available when the pathologic substrates are identified by postmortem high-resolution MR imaging and/or quantitative histopathologic studies.

CONCLUSIONS
DKI of the cervical spinal cord in patients with MS can be useful
for a better characterization of lesions and normal-appearing
white and gray matter damage, with acquisition times compatible
with clinical applications. With DKI, MK can be obtained simultaneously with conventional DTI-derived parameters; because its
structural sensitivity is not limited to spatially oriented tissue
structures, it can provide additional information complementary
to that provided by DTI. Although our SC DKI findings are preliminary, our study supports the results of previous studies on
DTI of the SC and suggests that gray matter damage may play a
key role in accrual of disability in MS.
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Is Severe Pain Immediately after Spinal Augmentation a
Predictor of Long-Term Outcomes?
Y.W. Cho, J.S. McDonald, A.E. Rad, J.J. Ocel, and D.F. Kallmes

ABSTRACT
BACKGROUND AND PURPOSE: Severe, immediate postprocedural pain and the need for analgesics after vertebroplasty can be a
discouraging experience for patients and caregivers. The goal of this study was to investigate whether the presence of severe pain
immediately after vertebroplasty predicts short- and long-term pain relief.
MATERIALS AND METHODS: A chart review was performed to categorize patients regarding pain severity and analgesic usage immediately after vertebroplasty (⬍ 4 h). “Severe” pain was deﬁned as at least 8 of 10 with the 10-point VAS. Outcomes were pain severity and pain
medication score and usage at 1 month and 1 year after vertebroplasty. Outcomes and clinical characteristics were compared between
groups by using the Wilcoxon signed-rank test and the Fisher exact test.
RESULTS: Of the 429 vertebroplasty procedures identiﬁed, 69 (16%) were associated with severe pain, and 133 (31%) were associated with
analgesic administration immediately after the procedure. The group experiencing severe pain had higher preprocedure median VAS rest
pain scores (5 [IQR, 2–7]) and activity pain scores (10 [IQR, 8 –10]) compared with patients who did not experience severe pain (3 [IQR, 1– 6];
P ⫽ .0208, and 8 [IQR, 7–10]; P ⫽ .0263, respectively). At 1 month postprocedure, VAS rest and activity pain scores were similar between the
severe pain group and the nonsevere pain group (P ⫽ .16 and P ⫽ .25, respectively) and between the group receiving pain medication and
the group not receiving pain medication (P ⫽ .25 and P ⫽ .67, respectively). This similarity continued for 1 year after the procedure.
Analgesic usage was similar among all groups at 1 year postprocedure.
CONCLUSIONS: Patients with severe pain immediately after vertebroplasty have similar long-term outcomes compared with patients
without severe pain.
ABBREVIATIONS: IQR ⫽ interquartile range; VAS ⫽ visual analog scale

S

pinal augmentation procedures, including vertebroplasty and
kyphoplasty, have been used widely for palliation of painrelated osteoporotic and pathologic compression fractures of the
spine. The literature abounds with both prospective and retrospective studies attempting to characterize many different aspects
of the spinal augmentation procedures such as procedure efficacy,
characteristics of fractures in success of augmentation, sequelae of
spinal augmentation procedures, and a variety of other topics.1-4
However, there is a paucity of research investigating clinical signs
or symptoms directly related to the procedure as predictors of
outcome after spinal augmentation.
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Severe, immediate postprocedural pain; pain before hospital
discharge; and the need for analgesics after vertebroplasty can be a
discouraging experience for patients and caregivers. Despite the
literature establishing vertebroplasty as a technique for management of painful compression fractures, the short- and long-term
outcomes in patients with severe, immediate postprocedural
pain, to our knowledge, have not been investigated previously.
The goal of our current study is to investigate whether the presence of severe pain immediately after spinal augmentation procedures or the need for immediate postprocedure analgesics predicts short- and long-term pain relief. In addition, our study will
attempt to determine whether characteristics of the patient or the
procedure can predict which patients will experience severe pain
immediately after the procedure.

MATERIALS AND METHODS
Study Population and Data Retrieval
Institutional review board approval was obtained before this retrospective study. A vertebroplasty patient data base maintained at
AJNR Am J Neuroradiol 34:1853–56
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Table 1: Vertebroplasty patient and procedure characteristics
Type of Pain
All
429

No. patients
Patient characteristics
Age (median, IQR)
75 (65–82)
Female (%)
257 (40)
No. with chronic, untreated fractures (%)
142 (33)
No. with fractures because of malignancy (%) 74 (18)
Median VAS rest pain score (IQR)
4 (1–6)
Median VAS activity pain score (IQR)
9 (7–10)
Median pain duration (months, IQR)
2 (1–4)
No. receiving pain medication (%)
401 (99)
Median pain medication score (IQR)
3 (3–3)
Vertebroplasty procedure characteristics
Median cement volume (mL) (IQR)
3.5 (2.0–5.0)
Unilateral needle placement (%)
306 (77)
Median no. levels treated (IQR)
1 (1–2)
3⫹ levels treated (%)
48 (11)
Complications (%)
95 (23)
Cement embolus (%)
19 (4)
Extravertebral leakage (%)
75 (17)

Nonsevere
360

P Value

Given
133

Not Given
296

P Value

75 (65–82)
41 (59)
27 (39)
15 (24)
5 (2–7)
10 (8–10)
2 (1–3)
60 (98)
3 (3–3)

75 (65–83)
216 (60)
115 (32)
59 (17)
3 (1–6)
8 (7–10)
2 (1–4)
341 (99)
3 (3–3)

.99
.99
.27
.21
.0208
.0263
.76
.56
.85

75 (65–83)
88 (66)
59 (44)
25 (20)
3 (1–6)
10 (8–10)
1 (1–3)
126 (99)
3 (3–3)

75 (65–82)
169 (57)
83 (28)
49 (18)
4 (1–6)
9 (7–10)
2 (1–4)
275 (99)
3 (3–3)

.66
.09
.0012
.49
.54
.0022
.0317
.99
.0058

3.5 (2.0–5.0)
46 (74)
1 (1–2)
11 (16)
17 (25)
4 (6)
12 (18)

3.2 (2.0–4.6)
260 (78)
1 (1–2)
37 (10)
78 (22)
15 (4)
63 (18)

.88
.51
.84
.21
.75
.53
.87

3.7 (2.0–5.0)
89 (75)
1 (1–2)
22 (17)
30 (23)
7 (5)
22 (17)

3.0 (2.0–4.5)
217 (78)
1 (1–2)
26 (9)
65 (22)
12 (4)
53 (18)

.15
.51
.28
.0205
.99
.62
.89

our institution was the source of data for this study. Patients in
this data base have previously been included in other published
studies that have not specifically examined patients with immediate postprocedure severe pain.1,4-14 Patients who underwent a
vertebroplasty procedure at our institution from 2005–2011
were included in the study. Patients were excluded if they did
not have immediate postprocedure pain data within 3 hours
after the vertebroplasty or at either 1 month or 1 year
postprocedure.
Retrospective medical chart review was performed to confirm
data base records and retrieve additional clinical information.
Data recorded included preprocedure descriptors (demographics; pain severity; prescribed analgesics; number, level, and acuity
of each fracture; number of chronic fractures that were not treated
because they were not amenable to vertebroplasty; and benign or
malignant nature of the fracture), procedural descriptors (unilateral vs bilateral transpedicular approach, number of augmentations performed, distribution of cement, and complications), and
postprocedural descriptors (pain severity and medications administered within 3 hours after the procedure and at 1-month and
1-year follow-ups). Pain severity was measured at both rest and
activity by using the 10-point VAS.15 Medication scores were recorded as follows: 0 ⫽ no medications, 1 ⫽ over-the-counter
analgesics, 2⫽ non-narcotic prescription medication as needed,
3 ⫽ oral narcotic analgesic as needed, 4 ⫽ scheduled oral narcotic
or analgesic patches, and 5 ⫽ intravenous narcotics.
Patients were categorized by pain and analgesic requirements
within 3 hours of vertebroplasty. Patients were divided into 2
groups: those with immediate postprocedure pain scores ⱖ8 (“severe pain group”) and those whose pain scores were ⬍ 8 (“nonsevere pain group”) in the 3 hours after the vertebroplasty procedure. “Immediate postprocedure pain” was defined as that
recorded before discharge from the hospital on the day of the
procedure, typically 2– 4 hours after vertebroplasty. Patients were
also divided into whether they received pain medication in the 3
hours immediately after the procedure.
1854
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Pain Medication

Severe
69

Statistical Analysis
We performed statistical analyses by using JMP (version 9; SAS
Institute, Cary, North Carolina). Continuous variables were presented as median and IQR, and categoric variables were presented
as percentages. Preprocedural, procedural, and postprocedural
characteristics and outcomes were compared between groups by
using the Wilcoxon signed-rank test and the Fisher exact test.
Statistical significance was defined as P ⬍ .05.

RESULTS
All vertebroplasty procedures performed from 2005–2011 by 8
independent operators were identified. Of 877 total procedures
performed during this timeframe, 448 (51%) procedures were
excluded because they lacked 3-hour postprocedure pain data or
lacked either 1-month or 1-year follow-up information on pain
and medication, leaving 429 included procedures. Of these 429
procedures, 69 (16%) were associated with severe pain in the 3
hours after the vertebroplasty procedure. A total of 133 (31%) of
429 procedures were associated with administration of some pain
medications in the 3 hours after the vertebroplasty procedure.
Overall characteristics were very similar between the severe
pain/pain medication groups and their respective control groups
(Table 1). The severe pain group had significantly higher preprocedure median VAS rest pain scores (5 [IQR, 2–7]) compared
with the nonsevere pain group (3 [IQR, 1– 6]) (P ⫽ .0208). Median VAS activity pain scores were also significantly higher in the
severe pain group (10 [IQR, 8 –10]) compared with the nonsevere
pain group (8 [IQR 7–10]) (P ⫽ .0263). The patient group that
received pain medication immediately after the procedure also
had higher median VAS activity pain scores (10 [IQR, 8 –10])
compared with the group that did not receive pain medication (9
[(IQR, 7–10]) (P ⫽ .0022). There was a higher percentage of patients in the pain medication group with chronic fractures who
were not treated because they were not amenable to vertebroplasty compared with the control group (59 [44%] of 133 vs 83
[28%] of 296; P ⫽ .0013). Patients in the pain medication group

Table 2: Postvertebroplasty pain and medication usage at 1-month and 1-year follow-ups
Type of Pain

One-month follow-up
No. patients (% lost to follow-up)
No. patients with pain scores
Median VAS rest pain score (IQR)
Median VAS activity pain score (IQR)
No. patients with pain medication scores
Median pain medication score (IQR)
Change in pain medication score from
prevertebroplasty
Unchanged (%)
Improved (%)
Worsened (%)
One-year follow-up
No. patients (% lost to follow-up)
No. patients with pain scores
Median VAS rest pain score (IQR)
Median VAS activity pain score (IQR)
No. patients with pain medication scores
Median pain medication score (IQR)
Change in pain medication score from
prevertebroplasty
Unchanged (%)
Improved (%)
Worsened (%)

All

Severe

Nonsevere

399 (7)
369
0 (0–3)
4 (0–6)
383
3 (0–4)

68 (1)
61
2 (0–3)
3 (0–5)
60
3 (0–4)

331 (8)
308
0 (0–3)
4 (0–6)
323
3 (1–4)

99 (26)
167 (43)
117 (31)

12 (20)
21 (35)
27 (45)

87 (27)
146 (45)
90 (28)

307 (28)
288
0 (0–2)
3 (0–6)
176
3 (1–4)

46 (33)
44
0 (0–3)
4 (0–6)
29
3 (1–4)

63 (36)
63 (36)
50 (28)

9 (31)
9 (31)
11 (38)

also had a shorter median duration of pain before the procedure
compared with the control group (1 month [IQR 1–3] vs 2
months [IQR 1– 4]; P ⫽ .0378). There was no difference in the
percentage of patients who had 3 or more levels treated between
the severe pain group and the nonsevere pain group (P ⫽ .21).
However, there was a higher percentage of these patients in the
pain medication group compared with the control group (22
[17%] of 133 vs 26 [9%] of 296; P ⫽ .0205). All other clinical and
procedural characteristics were similar between the severe pain
group and the nonsevere pain group and between the pain medication group and the no-pain-medication group.
Rates of loss to follow-up were similar between the severe pain
group and the nonsevere pain group and between the pain medication group and the no-pain-medication group at 1 month and
1 year after the procedure (Table 2). At 1 month postprocedure,
VAS rest and activity pain scores were similar between the severe
pain group and the nonsevere pain group (P ⫽ .16 and P ⫽ .25,
respectively) and between the pain medication group and the nopain-medication group (P ⫽ .25 and P ⫽ .67, respectively). However, a significantly higher percentage of patients had worsened
medication scores (ie, from a score of 1 for over-the-counter narcotics to a score of 3 for prescription narcotics) in the severe pain
group at 1 month compared with the nonsevere pain group (27
[45%] of 60 vs 90 [28%] of 323; P ⫽ .0097). At 1 year postprocedure, VAS rest and activity pain scores were similar between the
severe pain group and the nonsevere pain group and between the
pain medication group and the no-pain-medication group. Medication scores at 1 year were statistically similar between all
groups, though the severe pain group still demonstrated a higher
percentage of patients with worsened medication scores compared with the nonsevere pain group (11 [38%] of 29 vs 39 [27%]
of 147; P ⫽ .26).

Pain Medication
P
Value

P
Value

Given

Not Given

.17

123 (8)
113
0 (0–2)
3 (0–6)
119
3 (1–4)

276 (7)
256
0 (0–3)
4 (0–6)
264
3 (0–4)

.33

.34
.16
.0097

31 (26)
52 (43)
36 (31)

68 (26)
115 (44)
81 (31)

.99
.99
.99

261 (28)
244
0 (0–2)
3 (0–6)
147
3 (1–4)

.0247
.17

207 (30)
195
0 (0–2)
3 (0–6)
117
3 (1–4)

.43
.78

.30

100 (25)
93
0 (0–3)
3 (0–6)
59
3 (1–4)

54 (37)
54 (37)
39 (27)

.67
.67
.26

25 (42)
23 (39)
11 (19)

38 (32)
40 (34)
39 (33)

.16
.25

.25
.67

.65

.24
.62
.0514

DISCUSSION
This study demonstrated that severe, postprocedure pain after
spine augmentation did not predict greater pain severity at either
1 or 12 months after the procedure compared with patients not
experiencing severe, postprocedure pain. This equivalence in pain
outcomes was present, though the patients with severe, immediate postprocedure pain presented with greater baseline pain compared with the control group. We did observe that patients with
severe pain were more likely to have a worsened medication score,
indicating a need for stronger analgesics, at 1 month and 1 year
postprocedure compared with patients who did not have severe
pain. This finding may explain why patients with severe pain reported similar levels of pain at 1 month and 1 year postprocedure
compared with patients without severe pain; however, we could
not confirm if or how frequently patients were taking these analgesics. Taken together, these findings are highly relevant to spinal
augmentation practitioners, as they can reassure patients that severe, postprocedure pain does not mean that their medium-term
and long-term pain outcomes will be suboptimal.
In addition to providing prognostic clarity, our study can also
be used to identify which factors, if any, will predict the occurrence of severe, immediate postprocedure pain. The only factor
noted to correlate with such pain was the severity of baseline pain,
but that parameter alone likely will not provide substantial guidance. Among the numerous factors that logically might predict
immediate pain severity—including numbers of treated levels,
unipedicular or bipedicular approaches, cement leakage, or
chronic fractures that were untreated because they were not amenable to vertebroplasty—none correlated with severe, immediate
pain. Patients who had 3 or more levels treated were more likely to
receive pain medication immediately after the procedure compared with patients who had fewer levels treated; however, the
AJNR Am J Neuroradiol 34:1853–56
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incidence of reported severe pain was similar between these 2
groups.
Previous studies have evaluated the predictive value of early
pain severity after spine augmentations. In a study of 181 vertebroplasty procedures, Hodler et al16 described that immediate
postprocedural pain relief was the best predictor of midterm outcome of vertebroplasty. Weill et al17 showed that pain reduction
achieved initially remained stable in 73% of their patients after 6
months. Heini et al18 also found stable results after 1 year. Our
current study expands on this prior literature by offering larger
patient cohorts and detailed analysis of potential factors that
might influence long-term outcomes.
Our study had several limitations. First, a large number of
patients were excluded from the study on the basis of incomplete
records at 3 hours postprocedure or at 1 month or 1 year postprocedure. It is unclear how this may have affected the findings of the
study. Second, although pain is the most common complaint and
can be debilitating, the use of the subjective pain scoring (0 –10)
was likely a suboptimal evaluation tool of the effectiveness of vertebroplasty.19-22 In some cases in our study, pain at the puncture
site continued for a few days after the procedure; therefore, VAS
scores may have improved further if they had been evaluated
later.20 Better functional assessment of patient response to vertebroplasty is likely necessary, as subjective assessment of pain scales
is subject to substantial interobserver and intraobserver variability. Third, as with most studies on vertebroplasty, there was a
potential for bias when patients are evaluated at follow-up. It is
possible that the nurse or physician administering the follow-up
questions could have influenced the responses of the patients.
Furthermore, it is possible that responses to the follow-up questions were occasionally provided by family members or health
care providers who interacted with the patients on a daily basis,
particularly with cases in which the patient was unable to give
responses because of disability or dementia.1 Fourth, although we
could identify new prescriptions for analgesics after the procedure, we could not confirm if and how frequently patients were
actually taking this medication. Finally, new fractures during the
follow-up interval may have confounded pain outcomes. A number of patients who had immediate postprocedure relief had recurrent pain symptoms at the short- or long-term follow-up secondary to factors such as new metastatic lesions or development
of new compression fractures.

CONCLUSIONS
Patients with severe pain after vertebroplasty have similar
long-term outcomes and improvements compared with patients with no severe pain. Patient and procedural characteristics did not predispose patients to having immediate severe
pain after vertebroplasty.
Disclosures: Jennifer McDonald—UNRELATED: Grants/Grants Pending: GE Healthcare. David Kallmes—UNRELATED: Consultancy: ev3,* Codman,* Medtronic;*
Grants/Grants Pending: MicroVention,* Micrus,* ev3,* Benvenue,* Sequent;* Royalties: UVA Patent Foundation; Payment for Development of Educational Presentations: ev3,* CareFusion;* Travel/Accommodations/Meeting Expenses Unrelated
to Activities Listed: MicroVention.* (*Money paid to institution.)
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SPINE

Physiology-Based MR Imaging Assessment of CSF Flow at the
Foramen Magnum with a Valsalva Maneuver
R.A. Bhadelia, N. Madan, Y. Zhao, M.E. Wagshul, C. Heilman, J.P. Butler, and S. Patz

ABSTRACT
BACKGROUND AND PURPOSE: MR imaging is currently not used to evaluate CSF ﬂow changes due to short-lasting physiological
maneuvers. The purpose of this study was to evaluate the ability of MR imaging to assess the CSF ﬂow response to a Valsalva maneuver in
healthy participants.
MATERIALS AND METHODS: A cardiac-gated fast cine-PC sequence with ⱕ15-second acquisition time was used to assess CSF ﬂow in 8
healthy participants at the foramen magnum at rest, during, and immediately after a controlled Valsalva maneuver. CSF mean displacement
volume V CSF during the cardiac cycle and CSF ﬂow waveform App were determined. A work-in-progress real-time pencil-beam imaging
method with temporal resolution ⱕ56 ms was used to scan 2 participants for 90 seconds during which resting, Valsalva, and post-Valsalva
CSF ﬂow, respiration, and HR were continuously recorded. Results were qualitatively compared with invasive craniospinal differential
pressure measurements from the literature.
RESULTS: Both methods showed 1) a decrease from baseline in V CSF and App during Valsalva and 2) an increase in V CSF and App immediately
after Valsalva compared with values measured both at rest and during Valsalva. Whereas fast cine-PC produced a single CSF ﬂow waveform
that is an average over many cardiac cycles, pencil-beam imaging depicted waveforms for each heartbeat and was able to capture many
dynamic features of CSF ﬂow, including transients synchronized with the Valsalva maneuver.
CONCLUSIONS: Both fast cine-PC and pencil-beam imaging demonstrated expected changes in CSF ﬂow with Valsalva maneuver in
healthy participants. The real-time capability of pencil-beam imaging may be necessary to detect Valsalva-related transient CSF ﬂow
obstruction in patients with pathologic conditions such as Chiari I malformation.
ABBREVIATIONS: App ⫽ CSF ﬂow waveform peak-to-peak amplitude; cine-PC ⫽ cine phase-contrast; HR ⫽ heart rate; PBI ⫽ pencil-beam imaging; V CSF ⫽ CSF
mean displacement volume

I

nvasive pressure studies have shown that physiologic challenges
such as the Valsalva maneuver or coughing produce transient
changes in intracranial and intraspinal pressures.1 Although such
transients are rarely of significance in healthy participants, for

Received November 7, 2012; accepted after revision December 18.
From the Department of Radiology (R.A.B.), Beth Israel Deaconess Medical Center,
Boston, Massachusetts; Departments of Radiology (N.M.) and Neurosurgery (C.H.),
Tufts Medical Center, Boston, Massachusetts; Phillips Medical Systems (Y.Z.),
Boston, Massachusetts; Gruss MR Research Center and Department of Radiology
and Biophysics (M.E.W.), Albert Einstein College of Medicine, Bronx, New York;
Department of Environmental Health (J.P.B.), Harvard School of Public Health and
Department of Medicine, Harvard Medical School, Boston, Massachusetts;
and Department of Radiology (S.P.), Brigham and Women’s Hospital, Boston,
Massachusetts.
This study was supported by a grant from the Conquer Chiari Foundation.
Please address correspondence to Rafeeque A. Bhadelia, MD, Department of Radiology, Beth Israel Deaconess Medical Center, WCB90, 330 Brookline Ave, Boston,
MA 02115; e-mail: rbhadeli@bidmc.harvard.edu
indicates article with supplemental on-line ﬁgure.
http://dx.doi.org/10.3174/ajnr.A3509

patients with foramen magnum obstruction such as Chiari I malformation, these physiologic alterations may be responsible for
producing headache and syringomyelia.2-5 In the past, attempts
were made to use CSF pressure measurements with physiologic
challenges as a clinical test.4,6 However, these methods have not
gained widespread acceptance because they are invasive. Although noninvasive assessment of CSF flow pulsations by MR
imaging that measure bidirectional CSF flow from pressure
changes between the head and spine during a cardiac cycle7,8 can
be used as a surrogate, all but one of the prior implementations of
cine-PC MR imaging for CSF flow assessment required approximately 100 heartbeats, making it too long to use with a transient
physiologic challenge. As a result, most cine-PC studies of CSF
flow have only been used during quiet breathing, both in healthy
participants and in patients with suspected CSF circulation abnormalities.7-14 The 1 exception is a 2006 abstract by Wentland et
al15 reporting CSF flow during rest and Valsalva by using an undersampled projection reconstruction method with data acquisiAJNR Am J Neuroradiol 34:1857– 62
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CSF Flow-Imaging Sequences
CSF flow pulsations were assessed with 2
different techniques. The first flow-imaging technique was a fast cine-PC sequence that was achieved by use of a
combination of parallel imaging (sensitivity encoding factor ⫽ 2.1), half Fourier acquisition (half-Fourier factor ⫽
0.6), and multiple-phase encodes per
cardiac phase (turbo field-echo factor ⫽
3). Other imaging parameters were TR,
11 ms; TE, 7.3 ms; field of view, 15 ⫻ 15
cm; and voxel size, 1 ⫻ 1 ⫻ 5 mm. The
velocity encoding was performed at 5
cm/s in all participants. This was reFIG 1. Schematic of Valsalva device used for experiments. Participants were directed to exhale into
the plastic tubing with sufﬁcient force to hold the end of the bellows at the 40-cm H2O mark on the peated at 7 cm/s in a single patient because of aliasing. The sequence was retclear plastic cylinder. This provided a consistent and reproducible Valsalva-generated pressure.
rospectively gated to the heartbeat via
electrocardiographic leads.
tion times of as little as 16 heartbeats. For healthy participants,
The second flow-imaging technique was PBI. This pulse sequence
however, only minimal differences in flow were seen.
excites a narrow cylinder or “pencil” region and has been described in
Our purpose was to evaluate the ability of MR imaging to
detail previously.16,17 Because this sequence is not available for rouassess the CSF flow response to a Valsalva maneuver. To detertine clinical use, a research version was used. The sequence consisted
mine this, we studied healthy participants and compared the asof a nominal 20-mm diameter cylindrical excitation by using a 2D
sessed CSF flow response with that which can be inferred from
spatially localized radio-frequency pulse with 8-turn spiral gradients,
known invasive craniospinal differential pressure measurements
followed by a bipolar velocity-encoding gradient and a readout grain healthy participants.1
dient applied along the axis of the cylinder (pencil beam). PBI thus
At first, we used a standard 2D cine-PC method with phase
provides spatial resolution only along the axis of the cylinder. The
encoding and with a combination of undersampling and accelerpencil beam was 64 mm in length, with a velocity encoding of 5 cm/s
ation techniques to produce CSF flow images in approximately 15
along the superior to inferior direction. Other imaging parameters
seconds. We used this fast 2D cine-PC method to measure CSF
were TR, 25–28 ms; TE, 3.8 ms; and flip angle, 10°. The bipolar phaseflow before, during, and after a Valsalva maneuver. Even with
encoding gradient was alternated on sequential TRs, making the efthese improvements in speed, the resultant images of CSF flow as
fective temporal resolution 2 ⫻ TR (ie, 50 –56 ms). No gating was
a function of heart phase are nonetheless weighted averages of the
used, but HR (from the electrocardiogram) and respiration (from
phasic behavior over all of the cardiac cycles during the roughly
the respiratory bellows) were continuously monitored by using the
15-second data acquisition. Thus, the cine-PC method does not
scanner’s physiologic recording system.
capture heartbeat-to-heartbeat transient behavior during the Valsalva maneuver, as demonstrated in the invasive pressure meaConﬁrmation of Bipolar Phase-Encoding Gradient
surements of Williams.1 Therefore, we also investigated a second
Velocity Encoding
method, that is, a work-in-progress real-time 1D PBI method
Using a MR imaging compatible flow pump (Compuflow 1000;
with a temporal resolution of ⱕ56 ms. Cine-PC has superior spaShelly Medical Technologies, Ontario, Canada), we performed a
tial resolution compared with PBI but with a trade-off of longer
phantom study. The pump was programmed to provide waveforms
data acquisition time than PBI. Because these 2 methods are quite
with various shapes, flow rates, and amplitudes (in the physiologic
different, they do not lend themselves to direct comparison.
range of CSF flow rates and amplitudes). The MR-measured flow in
Therefore, we report here on the strengths and weaknesses of each
the phantom experiments was in excellent agreement (⫾ 5%) with
in the evaluation of Valsalva-related changes in CSF flow at the
the actual flow programmed in the pump.
foramen magnum.

Valsalva Maneuver

MATERIALS AND METHODS
Nine healthy participants (mean age, 34.0 ⫾ 11.1 years; 4 women)
underwent MR imaging on a 3T scanner (Achieva; Philips Healthcare, Best, the Netherlands). Institutional review board approval
was obtained for this Health Insurance Portability and Accountability Act– compliant prospective study, and each participant
signed an informed consent. None of the participants had a history of cardiovascular or neurologic disorders.
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A nonmagnetic mechanical bellows device was designed and built to
perform a controlled Valsalva maneuver in the MR imaging environment (Fig 1). It consists of flexible plastic bellows tubing closed at 1
end, and with the extension of the closed end calibrated for pressures
ranging from 20 – 40 cm H2O. To perform a Valsalva maneuver, a
participant was asked to blow into the tube until the pressure reached
a target pressure, typically 40 cm H2O, indicated by the bellows extension to a mark on the cylinder. The participant was asked to

Image Analysis

FIG 2. Sagittal and coronal T2-weighted images show PBI excitation
cylinder extending from above the level of the foramen magnum to
the C2–3 disk level.

continue to hold the bellows extension (and hence the pressure) in
the tube for the duration of the Valsalva maneuver, typically 15–20
seconds. The Valsalva device was placed on the patient bed between
the participant’s legs, allowing the participant (via a mirror) and the
operator to observe the airway pressure.

MR Imaging
Sagittal T1- or T2-weighted images were obtained to provide anatomic details. A total of 9 participants underwent scanning,
along with use of the Valsalva maneuver. Before the availability of
PBI, 7 participants were studied by use of fast cine-PC. The eighth
participant underwent scanning with both fast cine-PC and PBI,
and the ninth participant underwent scanning with PBI alone.
Fast cine-PC scans were performed in the axial plane at the
level of the posterior arch of the first cervical vertebra (to avoid
including the vertebral arteries in the imaging plane). Initially, the
participant was asked to breathe quietly, and a resting scan was
performed. The participant was then asked to blow into the tube
and maintain a target pressure. Within a few seconds of the start of
the Valsalva maneuver, a second cine-PC scan was obtained. A
post-Valsalva cine-PC scan was then obtained approximately 5
seconds after the participant returned to quiet breathing. The
resting, Valsalva, and post-Valsalva scans were repeated 3 times.
The scans were also repeated if scanning stopped during acquisition because of interruption in gating from sudden and large
changes in HR during the Valsalva maneuver. Mean HR during
each scan was calculated and saved in the image header.
For PBI, the pencil beam was positioned along the cervical
spinal canal extending from just above the level of the foramen
magnum to the C2–3 disk level (Fig 2). Serial PBI scans were
continuously acquired for approximately 90 seconds in duration.
For each set of scans, the participant was asked 1) to breathe
quietly for the first 15–20 seconds (by counting from 1–20), 2) to
then start blowing into the tube to perform the Valsalva maneuver
for a similar duration, and 3) to breathe quietly again after the end
of Valsalva. Each set of PBI scans was repeated 3 times.

QFLOW software (Phillips) was used to analyze the cine-PC data.
Analysis of resting, Valsalva, and post-Valsalva images was performed by drawing a region of interest around the thecal sac.
Output measures were flow rate (average velocity in the region of
interest times its cross-sectional area), mean CSF displacement
volume V CSF during the cardiac cycle (defined as the average of
the absolute values of systolic and diastolic displacement volumes), and oscillatory App (sum of the absolute value of the maximal systolic and diastolic flow rates).
PBI data were analyzed by custom software written in Matlab
(MathWorks, Natick, Massachusetts). CSF flow waveforms of average velocity (ie, averaged over the cross-section of the pencil
beam) at each position along the PBI cylinder were plotted as a
function of time, along with synchronously acquired HR and respiration data. To determine V CSF from PBI, average velocity was
multiplied by the cross-sectional area of the thecal sac, which was
determined by using an independent anatomic scan.

Data Analysis

For each participant studied with cine-PC, values of V CSF, App, and
HR from 3 experiments were averaged. Using a paired t test, all 3
parameters were compared between resting vs Valsalva, Valsalva vs
post-Valsalva, and resting vs post-Valsalva periods. All statistical
analyses were performed with SPSS software (SPSS, Chicago, Illinois), with P ⬍ .05 considered significant. Because only 2 participants underwent scanning with PBI, statistical analyses were not performed. For these participants, the measured real-time CSF flow,
HR, and respiration for the entire 90-second data acquisition that
comprised the 3 periods are reported. To interpret these results, we
evaluated them in qualitative comparison with craniospinal differential pressure measurements from the literature.1

RESULTS
Fast Cine-PC
All participants were able to undergo scanning without difficulty.
Measured values of V CSF, App, and HR during the 3 different physiologic states are given in Table 1. CSF flow from 1 participant is
shown in Fig 3. A decrease in both CSF flow parameters and an
increase in HR were observed during Valsalva compared with the
resting values. An increase in both CSF flow parameters and a
decrease in HR were seen in post-Valsalva compared with during
Valsalva. Finally, when comparing values in the post-Valsalva period with resting conditions, both V CSF and App were significantly
higher, indicating a post-Valsalva rebound effect, but changes in
HR were not statistically significant (Table 1).

Pencil-Beam Imaging
The On-line figure shows PBI results in the 2 participants studied.
Although PBI can display flow at various positions along the 6.4cm-long excitation cylinder, we focused on measurements restricted to the level of the C1 vertebra for this preliminary study.
Although in both participants, changes in bidirectional CSF flow
during the resting, Valsalva, and post-Valsalva periods were similar to those observed with fast cine-PC, simultaneous real-time
display of respiration made it straightforward to observe the preAJNR Am J Neuroradiol 34:1857– 62
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Table 1: CSF ﬂow displacement volume per cardiac cycle, peak-to-peak amplitude, and heart rate at rest, during, and post-Valsalva
maneuver, from fast cine-PC measurements
Comparison (P Value)
Mean CSF V CSF (mL) per cardiac cycle
App (mL/s)
Heart rate (beats/min)

R
0.57 ⫾ 0.24
4.51 ⫾ 1.61
67.1 ⫾ 10.4

VAL
0.37 ⫾ 0.17
3.52 ⫾ 1.59
78.5 ⫾ 9.9

P-VAL
0.68 ⫾ 0.19
5.28 ⫾ 1.49
64.22 ⫾ 6.6

R vs VAL
⬍.001
⬍.007
⬍.002

VAL vs P-VAL
⬍.001
⬍.001
⬍.001

R vs P-VAL
⬍.05
ⱕ.01
NS

NS indicates not signiﬁcant; P-VAL, post-Valsalva; R, resting; VAL, Valsalva.
Note:— All values are expressed as mean ⫾ SD.

ments of CSF pressure in the head and
spine. Table 2 shows the expected respiratory and cardiovascular changes as well as
expected changes in intracranial and spinal pressure and CSF flow in 4 phases of
the Valsalva maneuver.1,18 During performance of the Valsalva maneuver (phases
I–II), spinal CSF pressure increases because of transmission of high intrathoracic pressure and consequent distension
of the epidural veins.1 The intracranial
pressure also increases, but this increase is
much less because of the associated decrease in cardiac output and reduced systolic arterial inflow to the head.1,18 The
higher spinal pressure relative to intracranial pressure reduces CSF flow across the
foramen magnum. Immediately after
normal breathing resumes (phases III–
IV), spinal pressure decreases because of
reduction in intrathoracic pressure and
FIG 3. Cardiac cycle– dependent CSF ﬂow before, during, and after a Valsalva maneuver in 1 collapse of the epidural veins. However,
participant by using fast cine-PC imaging. Flow in milliliters per second is shown as a function of increased cardiac output and cranial artetime, normalized to the cardiac cycle. During Valsalva, V CSF and App decreased compared with
resting. After Valsalva, both V CSF and App increased compared with during the maneuver, re- rial inflow momentarily increase intracranial pressure above resting value, resultbounding to values larger than resting.
ing in the post-Valsalva rebound.1 The
cise timing of the Valsalva as well as the coincident heartbeat-tohigher intracranial pressure relative to spinal pressure increases
heartbeat variations in both V CSF and App.
CSF flow across the foramen magnum.
Although fast cine-PC was able to show changes in CSF flow
Qualitative Comparison with Previous Invasive Pressure
averaged during its 15-second acquisition time, PBI captured
Measurements
many dynamic features of CSF flow, including transients synBoth flow-imaging methods showed a CSF flow response to Valchronized with the beginning and end of the Valsalva. In addition,
salva consistent with invasive craniospinal differential pressure
our PBI results show that it is possible to noninvasively demonmeasurements by Williams,1 (Fig 4, trace 4). The advantage of
strate heartbeat-to-heartbeat changes in CSF flow induced by
measuring CSF flow in real-time with PBI compared with fast
differences in craniospinal pressure during Valsalva.1 This
cine-PC can be most appreciated by comparing the On-line figure
finding is evident by comparing CSF flow changes seen in the
with Fig 4. Here, similarities between transient changes in CSF
On-line Figure to invasive pressure measurements of Wilflow waveforms during the resting, Valsalva, and post-Valsalva
liams1 shown in Fig 4 (trace 4). Specifically, the gradual deperiods and the craniospinal differential pressure tracing (trace 4)
crease in pressure during the Valsalva followed by the sharp
are most apparent.
rebound in pressure fluctuation amplitude on its termination
is mirrored in the flow behavior revealed by the PBI approach.
DISCUSSION
This is consistent with flow, especially in its transient behavior,
The results show that both fast cine-PC and PBI can be used to
being driven by corresponding fluctuations in pressure in the
assess changes in CSF flow in response to a physiologic challenge,
spinal column coincident with the heartbeat. It is important to
and lead to objective analysis of differences in response. CSF flow
note that these transient flow changes associated with the onset
between the head and the spine decreases during Valsalva and
and termination of the Valsalva maneuver are seen with PBI
increases past the resting flow rate in the post-Valsalva period.
and not with cine-PC. Finally, unlike fast cine-PC, PBI can
These findings are consistent with previous experiments performed by Williams1 by using simultaneous invasive measuresimultaneously assess changes both above and below the level
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FIG 4. Figure shows invasive pressure measurements vs time. Trace 4
shows heartbeat-by-heartbeat changes in lumbar minus ventricular
pressure (craniospinal pressure differential) with Valsalva. Note the
similarities between trace 4 and CSF ﬂow waveforms (panel 2) in the
On-line ﬁgure. Note further that PBI captured many dynamic CSF
ﬂow features including transients precisely synchronized with timing
of Valsalva similar to that seen here. Reproduced from Williams B.
Simultaneous cerebral and spinal ﬂuid pressure recordings. I. Technique, physiology, and normal results. Acta Neurochir (Wein) 1981;
58:167– 85 with kind permission from Springer Science and Business
Media.

of the foramen magnum, along the length of the excitation
cylinder, and it does not require cardiac gating. This eliminates
the possibility of gating interruption because of sudden
changes in HR during the Valsalva maneuver (as described in
the Results section). We believe that the real-time capability of
PBI may be necessary to detect pathologically altered Valsalvainduced transient CSF flow changes in patients with pathologic
conditions such as Chiari I malformation. PBI may also prove
useful in evaluating a differential CSF flow response between
pathology and health for other physiologic challenges such as
cough, the Mueller maneuver, or neck flexion. Also, future
work can include a Fourier analysis of the CSF flow waveform
to determine changes synchronous with respiration during
free breathing.
Although the physiology-based challenge approach we describe here to study alterations in CSF flow by MR imaging is not

a novel idea,15,17,19,20 its potential has not been fully explored. The
justification for this approach comes from numerous previous
experimental studies on CSF pressure in humans that used a physiologic challenge to assess the CSF pressure dynamics.1,2,4,6,21 Because CSF flow estimation by MR imaging is currently done in
resting conditions, limited clinical usefulness has been found for
quantitative CSF flow imaging in patient populations.12,22 This is
likely because of a high variability in CSF flow pulsation amplitudes among patients because of differences in cerebral arterial
and venous flow amplitudes, intracranial compliance, and the
anatomy of CSF pathways.7,23,24 The major benefit of our approach is that by comparing cardiac cycle–related CSF flow for a
participant at rest with that during and after a Valsalva maneuver,
compensatory CSF flow changes can be assessed on an individualized basis, eliminating the need to compare CSF flow across
participants.
Although physiology-based assessment of CSF flow may
have a variety of clinical applications, we believe that the most
immediate and obvious application is in the assessment of CSF
flow in patients with Chiari I malformation. It is generally
agreed that many of the symptoms and signs associated with
Chiari I malformation are attributed to abnormal CSF circulation between the head and the spine secondary to obstruction
of the foramen magnum.3,6,9-11,13,25,26 Williams and others1,4-6 have previously demonstrated this in patients with
Chiari I malformation. On the basis of these results, we hypothesize that in patients with Chiari I malformation with a
significant foramen magnum obstruction, the immediate postValsalva rebound in CSF flow shown here will be either absent
or significantly reduced. We further expect that PBI will be able
to observe this altered CSF flow transient and be of diagnostic
value. We plan to address this hypothesis in future work.
Although we believe that PBI is superior to fast cine-PC in
studying transient alterations in CSF flow in response to a physiologic challenge, it is still an emerging technology for quantitative
estimation of CSF flow. As such, there are several limitations.
First, the MR phase signal is not completely determined by flow
within the spinal cord, as the nominal boundaries of the pencil
beam may extend outside of the cord, allowing contributions
from other flow sources such as the epidural veins. The shape and
size of the pencil beam need to be selected so that non-CSF flow is
minimally included in the PBI cross-section. Second, quantitative
estimates of volume displacement similar to that obtained with
cine-PC require determination of the size of the CSF pathway
being assessed, which may also change during the Valsalva maneuver. This will also be the subject of future work. Finally, PBI at
present is available only as a research sequence that limits its wide-

Table 2: Effects of Valsalva maneuver on intrathoracic pressure, cardiovascular system, intracranial and spinal pressures, and CSF ﬂow
Mechanical Effect
Phase I
Phase II
Phase III
Phase IV
Intrathoracic pressure
Venous return
Left ventricular stroke volume
Blood pressure
Pulse rate
Intracranial pressure
Intraspinal pressure
CSF ﬂow across foramen magnum
AJNR Am J Neuroradiol 34:1857– 62
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spread use. However, we believe that research may stimulate MR
imaging vendors to make this sequence more readily available for
routine clinical use.

CONCLUSIONS
Both fast cine-PC and PBI demonstrate a CSF flow response to
Valsalva, consistent with previous invasive pressure measurements. Because cine-PC is a 2D technique, one can determine
the CSF cross-sectional area allowing computation of absolute
CSF flow. PBI must rely on a separate anatomic scan to translate measured average velocity over the pencil beam cross-section to flow. On the contrary, PBI captures transient changes in
flow that cine-PC cannot. We believe that the real-time capability of PBI may be necessary to detect transient CSF flow
changes in a pathologically altered Valsalva response in a patient population.
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Although the successful candidate will be part of a four member neurointerventional service (consisting of two interventional neuroradiologists and two
endovascular neurosurgeons), a significant portion of clinical time will be spent in diagnostic neuroradiology. Clinical experience and research background in
advanced MR techniques and head and neck imaging are preferred.
All candidates must hold an MD degree (or equivalent), have completed Fellowship training in Diagnostic and Interventional Neuroradiology, and be eligible
for licensure in the Province of British Columbia. All applicants must also be currently certified by, or eligible for certification by, the Royal College of Physicians
and Surgeons of Canada. The successful applicant will be located at Vancouver General Hospital, and will be part of a team of five fellowship-trained Neuroradiologists (www.neuroradiology.ca).
As this is a clinical academic appointment, teaching activities include Undergraduate instruction and supervision of Residents in Diagnostic Radiology and
affiliated specialties. The Neuroradiology Fellowship Program is also based at Vancouver General Hospital, and currently accepts four Clinical Fellows annually.
In addition to teaching responsibilities, there are many research opportunities available throughout the UBC Neurosciences specialties as Vancouver General
Hospital serves as the main site for Residency/Fellowship training in disciplines such as Neurology (including Stroke Neurology), Neurosurgery, Spine Surgery,
Psychiatry, Ophthalmology, and Otolaryngology. The Neuroradiology Division is currently involved in multiple areas of research, including multiple stroke
studies, diffusion tensor projects, as well as advanced MRI assessment of spine and psychiatric conditions. The successful applicant will be expected to contribute
to the Division’s academic mandate.
The city of Vancouver is the largest city in Western Canada, and has been consistently ranked among the world’s most livable cities. Remuneration and vacation
arrangements are competitive for the geographic region. Following a successful probation period, the candidate will have the opportunity to join this collaborative
practice. University appointment at the University of British Columbia will be granted in the clinical stream commensurate with previous rank/experience.
VCH and UBC hire on the basis of merit and are committed to employment equity. All qualified persons are encouraged to apply. UBC is strongly committed
to diversity within its community and especially welcomes applications from visible minority group members, women, Aboriginal persons, persons with disabilities, persons of any sexual orientation or gender identity, and others who may contribute to the further diversification of ideas. However, Canadian and permanent
residents of Canada will be given priority.
All applications must be received by September 30, 2013. Interested candidates are asked to submit their letter of intent, curriculum vitae, and names of three
referees to:
Hugue Ouellette, MD, FRCPC
John Mayo, MD, FRCPC
CEO, Vancouver Radiology Inc.
Head and Medical Director
Department of Radiology
Department of Medical Imaging, Vancouver Acute Services
Vancouver General Hospital
(VGH, UBC Hospital, GF Strong)
th
899 West 12 Avenue
899 West 12th Avenue
Vancouver, BC Canada V5Z 1M9
Vancouver, BC Canada V5Z 1M9
hugueouellette@gmail.com
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