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J. Collinge, H.R. Jäger, J.S. Thornton, and H. Hyare

AJNRAMERICAN JOURNAL OF NEURORADIOLOGY
SEPTEMBER 20 13
VOLUME 34
NUMBER 9
WWW.AJNR .ORG

Publication Preview at www.ajnr.org features articles released in advance of print.
Visit www.ajnrblog.org to comment on AJNR content and chat with colleagues
and AJNR’s News Digest at http://ajnrdigest.org to read the stories behind the
latest research in neuroimaging.

Indicates Editor’s
Choices selection

Indicates Fellows’
Journal Club selection

Indicates open access to non-
subscribers at www.ajnr.org

Indicates article with
supplemental on-line table

Indicates article with
supplemental on-line photo

Indicates article with
supplemental on-line video

EBM
1
Indicates Evidence-Based Medicine
Level 1

EBM
2
Indicates Evidence-Based Medicine
Level 2

3D CT showing silicone
cosmetic facial implants.



2013 Main Topic:
Imaging Against Cancer

Posters: 
Illustrate all aspects of patient care.

Interventional Village: 
A unique space that brings together all those who 

want to familiarize themselves with the interventional 
activities.

Research forum: 
A space of expression for exchange and discovery 

for all: juniors, radiologists, laboratories, research 
centers, manufacturers.

Books: 
Imaging against cancer: 

Oncological interventional radiology, criteria for tumor 
response, common cancers (safety precautions, care, 

standardized report).
Post-treatment imaging in oncology: 

This project combines radiologists, radiotherapists, 
oncologists and nuclear medicine physicians. 

It will establish a common language between those 
different specialties.

JFR 2012

18,428 Attendees including
2,999 from 74 different
 countries
140 Exhibitors
145 Focused and Scientific
 Sessions
213 Hours of Conferences
 and Workshops



COMMENTARY

1731 Imaging of the 6-OPRIMutation Prion Disease: An Entity Distinct from
Typical Creutzfeldt-Jakob Disease? A.J. Degnan and L.M. Levy

1733 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

1740 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

1746 Hemodynamic Effects of Developmental Venous Anomalies with and
without Cavernous Malformations A. Sharma, G.J. Zipfel, C. Hildebolt,
and C.P. Derdeyn

1752 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

1758 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

INTERVENTIONAL Published in collaboration with
Interventional Neuroradiology

EBM
1
1764 Coil Embolization versus Clipping for Ruptured Intracranial Aneurysms: A

Meta-Analysis of Prospective Controlled Published Studies G. Lanzino,
M.H. Murad, P.I. d’Urso, and A.A. Rabinstein

EBM
1
1769 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

1774 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

1778 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

1785 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

1792 What Is Meant by “TICI”? J.E. Fugate, A.M. Klunder, and D.F. Kallmes

1798 Tentorial Dural Fistulas: Endovascular Management and Description of the
Medial Dural-Tentorial Branch of the Superior Cerebellar Artery J.V. Byrne
and M. Garcia

1805 Endovascular Treatment of Deep Hemorrhagic Brain Arteriovenous
Malformations with Transvenous Onyx Embolization A. Consoli, L. Renieri,
S. Nappini, N. Limbucci, and S. Mangiafico

HEAD & NECK

1812 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

1818 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





PEDIATRICS
EBM
2
1823 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

1829 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

1836 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

1841 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

SPINE
1846 A Better Characterization of Spinal Cord Damage in Multiple Sclerosis: A

Diffusional Kurtosis Imaging Study E. Raz, M. Bester, E.E. Sigmund, A. Tabesh,
J.S. Babb, H. Jaggi, J. Helpern, R.J. Mitnick, and M. Inglese

1853 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

1857 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

ONLINE FEATURES (www.ajnr.org)

ACUTE STROKE IMAGING RESEARCH ROADMAP II

Available for down load at: http://stroke.ahajournals.org/lookup/doi/
10.1161/STROKEAHA.113.002015

TECHNICAL NOTES
E100 The Kety-Schmidt Technique for Quantitative Perfusion and Oxygen

Metabolism Measurements in the MR Imaging Environment J.J. Lee,
W.J. Powers, C.B. Faulkner, P.J. Boyle, and C.P. Derdeyn

E103 3D Fast Spin-Echo T1 Black-Blood Imaging for the Diagnosis of Cervical
Artery Dissection M. Edjlali, P. Roca, C. Rabrait, O. Naggara, and C. Oppenheim

LETTERS
E107 The “Peeking” Effect in Supervised Feature Selection on Diffusion Tensor

Imaging Data S. Diciotti, S. Ciulli, M. Mascalchi, M. Giannelli, and N. Toschi

E108 Reply S. Haller, K.-O. Lovblad, P. Giannakopoulos, and D. Van De Ville

E110 Parkes Weber Syndrome and Spinal Arteriovenous Malformations
K. Namba and S. Nemoto

BOOK REVIEWS R.M. Quencer, Section Editor
Please visit www.ajnrblog.org to read and comment on Book Reviews.

http://stroke.ahajournals.org/lookup/doi/10.1161/STROKEAHA.113.002015
http://stroke.ahajournals.org/lookup/doi/10.1161/STROKEAHA.113.002015
http://download.journals.elsevierhealth.com/pdfs/journals/1051-0443/PIIS1051044312012304.pdf
http://download.journals.elsevierhealth.com/pdfs/journals/1051-0443/PIIS1051044312012304.pdf
http://download.journals.elsevierhealth.com/pdfs/journals/1051-0443/PIIS1051044312012304.pdf
http://download.journals.elsevierhealth.com/pdfs/journals/1051-0443/PIIS1051044312012304.pdf
http://download.journals.elsevierhealth.com/pdfs/journals/1051-0443/PIIS1051044312012304.pdf
http://download.journals.elsevierhealth.com/pdfs/journals/1051-0443/PIIS1051044312012304.pdf
http://download.journals.elsevierhealth.com/pdfs/journals/1051-0443/PIIS1051044312012304.pdf
http://download.journals.elsevierhealth.com/pdfs/journals/1051-0443/PIIS1051044312012304.pdf
http://download.journals.elsevierhealth.com/pdfs/journals/1051-0443/PIIS1051044312012304.pdf
http://download.journals.elsevierhealth.com/pdfs/journals/1051-0443/PIIS1051044312012304.pdf
http://download.journals.elsevierhealth.com/pdfs/journals/1051-0443/PIIS1051044312012304.pdf
http://download.journals.elsevierhealth.com/pdfs/journals/1051-0443/PIIS1051044312012304.pdf
http://download.journals.elsevierhealth.com/pdfs/journals/1051-0443/PIIS1051044312012304.pdf
http://download.journals.elsevierhealth.com/pdfs/journals/1051-0443/PIIS1051044312012304.pdf
http://download.journals.elsevierhealth.com/pdfs/journals/1051-0443/PIIS1051044312012304.pdf
http://download.journals.elsevierhealth.com/pdfs/journals/1051-0443/PIIS1051044312012304.pdf
http://download.journals.elsevierhealth.com/pdfs/journals/1051-0443/PIIS1051044312012304.pdf
http://download.journals.elsevierhealth.com/pdfs/journals/1051-0443/PIIS1051044312012304.pdf
http://download.journals.elsevierhealth.com/pdfs/journals/1051-0443/PIIS1051044312012304.pdf


AJNR AMERICAN JOURNAL OF NEURORADIOLOGY
Publication Preview at www.ajnr.org features articles released in advance of print.
Visit www.ajnrblog.org to comment on AJNR content and chat with colleagues
and AJNR’s News Digest at http://ajnrdigest.org to read the stories behind the
latest research in neuroimaging.

SEPTEMBER 2013 • VOLUME 34 • NUMBER 9 • WWW.AJNR.ORG

Official Journal:
American Society of Neuroradiology

American Society of Functional Neuroradiology
American Society of Head andNeck Radiology
American Society of Pediatric Neuroradiology

American Society of Spine Radiology

EDITOR-IN-CHIEF

Mauricio Castillo, MD
Professor of Radiology and Chief, Division of
Neuroradiology, University of North Carolina,
School of Medicine, Chapel Hill, North Carolina

SENIOR EDITORS

Harry J. Cloft, MD, PhD
Professor of Radiology and Neurosurgery,

Department of Radiology, Mayo Clinic College of
Medicine, Rochester, Minnesota

Nancy J. Fischbein, MD
Professor of Radiology, Otolaryngology-Head and
Neck Surgery, Neurology, and Neurosurgery and
Chief, Head and Neck Radiology, Department of
Radiology, Stanford University Medical Center,

Stanford, California

Lucien M. Levy, MD, PhD
Professor of Radiology, Chief and Program

Director of Neuroradiology, George Washington
University Medical Center, Washington, DC

Jeffrey S. Ross, MD
Staff Neuroradiologist, Barrow Neurological

Institute, St. Joseph’s Hospital, Phoenix, Arizona

Pamela W. Schaefer, MD
Clinical Director of MRI and Associate Director of
Neuroradiology, Massachusetts General Hospital,
Boston, Massachusetts, and Associate Professor,
Radiology, Harvard Medical School, Cambridge,

Massachusetts

Charles M. Strother, MD
Professor of Radiology, Emeritus, University of

Wisconsin, Madison, Wisconsin

EDITORIAL BOARD
Ashley H. Aiken, Atlanta, Georgia
A. James Barkovich, San Francisco, California
Walter S. Bartynski, Charleston, South Carolina
Barton F. Branstetter IV, Pittsburgh, Pennsylvania
Jonathan L. Brisman, Lake Success, New York
Julie Bykowski, San Diego, California
Donald W. Chakeres, Columbus, Ohio
Alessandro Cianfoni, Lugano, Switzerland
Colin Derdeyn, St. Louis, Missouri
Rahul S. Desikan, San Diego, California
Richard du Mesnil de Rochemont, Frankfurt,
Germany

Clifford J. Eskey, Hanover, New Hampshire
Massimo Filippi,Milan, Italy
David Fiorella, Cleveland, Ohio
Allan J. Fox, Toronto, Ontario, Canada
Christine M. Glastonbury, San Francisco,
California

John L. Go, Los Angeles, California
Wan-Yuo Guo, Taipei, Taiwan
Rakesh K. Gupta, Lucknow, India
Lotfi Hacein-Bey, Sacramento, California
David B. Hackney, Boston, Massachusetts
Christopher P. Hess, San Francisco, California
Andrei Holodny, New York, New York
Benjamin Huang, Chapel Hill, North Carolina
Thierry A.G.M. Huisman, Baltimore, Maryland
George J. Hunter, Boston, Massachusetts
Mahesh V. Jayaraman, Providence, Rhode Island
Valerie Jewells, Chapel Hill, North Carolina
Timothy J. Kaufmann, Rochester, Minnesota
Kennith F. Layton, Dallas, Texas
Ting-Yim Lee, London, Ontario, Canada
Michael M. Lell, Erlangen, Germany
Michael Lev, Boston, Massachusetts
Karl-Olof Lovblad, Geneva, Switzerland
Lisa H. Lowe, Kansas City, Missouri
Franklin A. Marden, Chicago, Illinois
M. Gisele Matheus, Charleston, South Carolina
Joseph C. McGowan,Merion Station,
Pennsylvania

Kevin R. Moore, Salt Lake City, Utah
Christopher J. Moran, St. Louis, Missouri
Takahisa Mori, Kamakura City, Japan

Suresh Mukherji, Ann Arbor, Michigan
Amanda Murphy, Toronto, Ontario, Canada
Alexander J. Nemeth, Chicago, Illinois
Laurent Pierot, Reims, France
Jay J. Pillai, Baltimore, Maryland
Whitney B. Pope, Los Angeles, California
M. Judith Donovan Post,Miami, Florida
Tina Young Poussaint, Boston, Massachusetts
Joana Ramalho, Lisbon, Portugal
Otto Rapalino, Boston, Massachusetts
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PERSPECTIVES

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

Here is the last part of the triptych that started with the “Per-

spectives” 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, investiga-

tions 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 hy-

potheses. 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. “Hy-

pothesis” 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 hypoth-

esis is sometimes called a “working hypothesis,” to avoid this con-

fusion. A working hypothesis needs to be proved or disproved by

investigation. The entire approach employed to validate a hy-

pothesis 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 disci-

plines 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 rep-

licate 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 oth-

ers. 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

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 pub-

lishes 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 West-

ern world, the scientific method was first welcomed by astrono-

mers 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 ex-

periments, at least in medicine, are those that are blinded and

accompanied by control groups (not submitted to the same ex-

periments). 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 sci-

entific method is publication.

Despite its rigid structure, the scientific method still depends

on the most human capabilities: creativity, imagination, and in-

telligence; and without these, it cannot exist. Documentation of

experiments is always flawed because everything cannot be re-

corded. 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 obser-

vations 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 im-

proved understanding of psychological development and related

disorders; most were based just on observations. Many argue that

because the scientific method discards observations extempora-

neous 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 tohttp://dx.doi.org/10.3174/ajnr.A3401
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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 fortu-

itous; while one is trying to test a hypothesis, completely unex-

pected 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 experi-

ment, 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 controver-

sies 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 philos-

ophy. 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 pop-

ularized 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 ac-

cepted 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 phi-

losophy 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 recon-

nects researchers in different disciplines (it is the advances in neu-

rosciences that demand answers to the more abstract questions

that define a human “being”). Philosophy provides psychiatrists

with much-needed generic thinking skills; and because philoso-

phy is more widespread than psychiatry and recognizes its impor-

tance, it provides a more universal and open environment.4 This

is an example of a soft discipline merging with a hard one (med-

icine) for the improvement of us all. However, this is not the case

in other areas.

For about 10 years, the National Science Foundation has spon-

sored the “Empirical Implications of Theoretical Models” initia-

tive in political science.5 A major complaint is that most political

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 academ-

ics 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” sci-

ences.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 ma-

terial 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” re-

spects 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 natu-

ral 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 al-

lows 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 tra-

ditional scientific method.

In a different approach, the National Science Foundation

charged scientists, philosophers, and educators from the Uni-

versity 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 bet-

ter, 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?

REFERENCES
1. Uniform Requirements for Manuscripts Submitted to Biomedical

Journals: Ethical Considerations in the Conduct and Reporting of
Research—Conflicts of Interest. International Committee of Medical
Journal Editors, http://www.icmje.org/ethical_4conflicts.html. Ac-
cessed October 2, 2012

2. Halwes T. The Myth of the Magical Scientific Method. http://dharma-
haven.org/science/myth-of-scientific-method.htm. Accessed Octo-
ber 2, 2012

3. Conn JH. The decline of psychoanalysis: the end of an era, or here
we go again. JAMA 1974;228:711–12

4. Fulford KW, Stanghellini G, Broome M. What can philosophy do for
psychiatry? World Psychiatry 2004;3:130 –35

1670 Editorials Sep 2013 www.ajnr.org



5. EITM. Empirical implications of theoretical models. http://www.
nsf.gov/sbe/ses/polisci/reports/pdf/eitmreport.pdf. Accessed Octo-
ber 2, 2012

6. Clarke KA, Primo DM. Overcoming the ‘physics envy.’ http://
www.nytimes.com/2012/04/01/opinion/sunday/the-social-sciences-
physics-envy.html. Accessed October 2, 2012

7. Windschitl M, Thompson J, Braaten M. Beyond the scientific
method: model-based inquiry as a new paradigm of preference for
school science investigations. Science Education 2008;92:941– 67

8. Musante S. A dynamic alternative to the scientific method: AIBS eye on
education. http://www.aibs.org/eye-on-education/eye_on_education_
2009_01.html. Accessed October 2, 2012

9. Understanding science. How science really works. http://undsci.
berkeley.edu. Accessed October 2, 2012

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

Performing 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 meth-

ods across centers, to encourage the use of advanced imaging in

acute settings, to stimulate closer academic-industry collabora-

tions, and to promote the retrospective and prospective collection

and pooling of imaging data while keeping in mind practical con-

siderations such as clinical feasibility.

This daunting task has been tackled by the Stroke Imaging

Research (STIR) group, a consortium of neuroradiologists, neu-

rologists, 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 recommenda-

tions 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 impor-

tant recommendations in terms of standardization of image ac-

quisition 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 Neurologi-

cal Disorders and Stroke Common Data Elements,2 including a

modified TICI scale to assess reperfusion on cerebral conven-

tional angiography. STIR also introduces the concept of “Treat-

ment-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 pro-

tocols 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 ver-

sus 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 informa-

tion for prognosis, prediction of response to treatment, and/or

selection of patients for reperfusion therapy. These are better an-

swered in well-designed clinical trials or prospective validation

studies.

Finally, STIR recommends the creation of a stroke neuroim-

aging 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

Three recent publications report the neutral results of 3 ran-

domized studies (Synthesis Expansion, Interventional Man-

agement of Stroke [IMS] III, and Mechanical Retrieval and Re-

canalization of Stroke Clots Using Embolectomy [MR-RESCUE])

comparing IV thrombolysis therapy with the endovascular treat-

ment (EVT) of acute ischemic stroke (AIS).1-3 The simultaneous

publication of these 3 reports might lead to the erroneous conclu-

sion that endovascular treatment has no place in the management

of AIS. However, the role of endovascular therapy for the treat-

ment must be more carefully considered, given the tremendous

http://dx.doi.org/10.3174/ajnr.A3698 http://dx.doi.org/10.3174/ajnr.A3654

AJNR Am J Neuroradiol 34:1669–73 Sep 2013 www.ajnr.org 1671

http://stroke.ahajournals.org/lookup/doi/10.1161/STROKEAHA.113.002015
http://stroke.ahajournals.org/lookup/doi/10.1161/STROKEAHA.113.002015
http://stroke.ahajournals.org/lookup/doi/10.1161/STROKEAHA.113.002015
http://www.ninds.nih.gov/research/clinical_research/toolkit/common_data_elements.htm
http://www.ninds.nih.gov/research/clinical_research/toolkit/common_data_elements.htm


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 isch-

emic 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 throm-

bectomy. IA chemical thrombolysis was evaluated in several ran-

domized 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-gener-

ation 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 ap-

proach of IV tPA followed by endovascular treatment with stan-

dard IV tPA treatment. From August 2006 to April 2012, 656

participants in 58 centers underwent random assignment (ap-

proximately 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 �2 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 ini-

tiation of tPA. During the long inclusion period (close to 6 years),

imaging and endovascular treatment modalities underwent a tre-

mendous 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 partici-

pants (46.6%) had preoperative CTA, and it was not used for

inclusion. Clearly, the inclusion of patients without a major arte-

rial 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 recan-

alization, mechanical thrombectomy performed better than IV

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, me-

chanical thrombectomy is associated with good clinical outcome.

Another important limitation of the IMS III study is that the mo-

dalities 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 sec-

ond-generation devices. As the SWIFT trial has clearly demon-

strated, the second-generation devices are more efficacious than

first-generation devices in terms of both recanalization and clin-

ical 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 occlu-

sion was not a precondition for inclusion in this trial. From Feb-

ruary 2008 to April 2012, 362 patients underwent random assign-

ment (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 oc-

curred 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. Addi-

tionally, EVT was mostly IA tPA, and second-generation devices

were not commonly used (13.9%). Two other important limita-

tions 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 throm-

bectomy. 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 treat-

ment. Given this, it is not surprising that the Synthesis study recon-

firms the IMS III finding regarding the limited efficacy of endovas-

cular 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 pre-

treatment 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
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embolectomy group and 54 were assigned to the standard care

group. In total, 68 of 118 patients (57.6%) had a favorable pen-

umbral pattern after pretreatment imaging. The 118 patients were

classified into 4 groups: embolectomy/penumbral (34 patients);

standard care/penumbral (34 patients); embolectomy/nonpen-

umbral (30 patients); and standard care/nonpenumbral (20 pa-

tients). Statistical analysis testing to determine whether there was

an interaction between treatment assignment and penumbral pat-

tern 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 (�30 patients), lead-

ing 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. Addition-

ally, 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 im-

portant trials that perfectly illustrate the difficulty of randomiza-

tion for techniques that are in rapid evolution.

The main weaknesses of these trials are:

● Long period of inclusion (all studies): Difficulty in the recruit-

ment 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 tech-

nique 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-genera-

tion, 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 stud-
ies 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 (clin-
ical 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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REVIEWARTICLE

Imaging of Cosmetic Facial Implants and Grafts
C.J. Schatz and D.T. Ginat

ABSTRACT

SUMMARY: Awide variety of implants and grafts have been used for cosmetic facial surgery, including forehead, nose, cheek, lip, and chin
augmentation. Some of the implantmaterials 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.

According to the American Society of Plastic Surgeons, a total

of 243,777 rhinoplasty surgeries, 46,931 forehead lift surger-

ies, 20,680 chin augmentation surgeries, and 11,996 cheek im-

plant surgeries were performed in the United States in 2011.1 On

occasion, patients who have undergone facial augmentation pro-

cedures 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 bal-

anced proportions of facial tissues. The imaging features of com-

monly used material for cosmetic facial implants are reviewed in

the following sections and in the Table.2-5 It is important to rec-

ognize the expected imaging appearances of implants and their

complications to avoid misdiagnosing these as neoplastic pro-

cesses, 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

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 im-

plants 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 im-

plants 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 cus-

tomized intraoperatively. Small holes are sometimes incorpo-

rated into the implant to promote tissue ingrowth. In addition,

the implants can be secured with sutures or screws. Other mate-

rials that have been used for midface augmentation include po-

rous polytetrafluoroethylene (Medpor; Stryker, Allendale, New

Jersey) and expanded polytetrafluoroethylene (Gore-Tex).10,12
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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 nor-

mal functions of the nose. Augmentation rhinoplasty consists of

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.

Facial implant materials
Material Properties and Uses Imaging Appearance

Silicone rubber (Silastic) Rubber elastomer, well-tolerated and easily
customizable, soft pliable consistency;
indications: chin, lateral jaw, cheek, and nose
augmentation

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 T2-
weighted sequences

Expanded polytetrafluoroethylene
(Gore-Tex)

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

CT: higher attenuation relative to soft tissues,
but less dense than bone;
MRI: hypointense to fat on T1- and T2-weighted
sequences

Polytetrafluoroethylene (Teflon) Obsolete Imaging features similar to those of Gore-Tex
Porous polyethylene (Medpor) 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

CT: attenuation between fat and water;
MRI: hypointense to fat on T1- and T2-weighted
sequences; enhancement may occur due to
fibrovascular ingrowth

Hydroxylapatite Inert and biocompatible; blocks of
hydroxylapatite can allow fibrovascular
ingrowth and bony incorporation

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

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

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

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)

CT: soft-tissue density; may form a rim of
calcification or ossification;
MRI: usually low T2 and high T2 signal
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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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adding material to the nose and can be performed by using au-

tograft, such as bone (Fig 4), or alloplastic implants, such as sili-

cone rubber (Fig 5).13,14 Satisfactory results have also been ob-

tained 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, includ-

ing the nasal dorsum, tip, columella, and combinations of these.

Premaxillary augmentation can be performed as an adjunct to

rhinoplasty to treat an excessively deep infranasal sulcus (premax-

illary 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 devel-

opment of perioral rhythides and diminished fullness and ante-

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

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.

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).
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rior projection.22 Lip augmentation can also be performed in re-

sponse 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 com-

missures 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

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 8. Chin augmentationwith cartilage graft. Axial CT image shows a
chunk of soft tissue with a peripheral rim of hyperattenuation (calci-
fication or ossification) anterior to the mentum (arrow).

FIG 9. Chin augmentation with silicone implant. Frontal 3D CT sur-
face 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 augmentationwithMedpor. Axial (A) and sagittal (B) CT images show a low-attenuation implant (arrows) anterior to the body of the
mandible.
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in the sagittal plane.26 Autogenous materials, such as cartilage

grafts, have been used in chin augmentation for more than a cen-

tury (Fig 7). Such grafts can be readily procured during concom-

itant 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 crescent-

shaped and wider centrally than laterally and are positioned ap-

proximately 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

inserted in a subperiosteal pocket anterior to the pogonion and

inferior to the mental foramen.

Relatively stiff submental chin implants (Fig 12) can be in-

serted 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
Essentially all cosmetic facial implants and grafts can incur com-

plications, 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 im-

plants.31,32 Proplast (Vitek, Valencia, California) Teflon (Du-

pont, Wilmington, Delaware), which is an ultraporous composite

material, has fallen out of use due to the relatively high incidence

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

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.

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.

FIG 15. Implant infection. Axial fat-suppressed T1-weightedMR 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.
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of complications, such as infection, which are reported to occur in

16% of cases.33 Implant infections can manifest as cellulitis, ab-

scess, draining sinuses, and/or osteomyelitis. MR imaging is par-

ticularly sensitive for delineating the extent of the infections, es-

pecially early in the course of disease. Fat-suppressed postcontrast

T1-weighted sequences are particularly useful and often show en-

hancement 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 in-

terpretation because the disease involvement can sometimes ex-

tend 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 Med-

por.33,34 On histology, intracytoplasmatic phagocytosis of disin-

tegrated implant material is characteristic. Cross-sectional imag-

ing 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 compli-

cation 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 po-

sitioning of the implants (Fig 15). Although sutures, screws, fi-

brous 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 evalu-

ating 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 rela-

tively 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 im-

plant 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 loca-

tion. 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 eval-

uating heterotopic ossification because some implants can display

signal characteristics that are nearly identical to heterotopic bone

on MR imaging.

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).

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 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.
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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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REVIEWARTICLE

1H-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 andmay provide important clinicalmarkers 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 usingMR spectroscopy in the spinal cord.Main challenges of applyingMR 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 ofMR 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

MR spectroscopy enables the determination of metabolite

concentrations in a predefined region of interest in the hu-

man 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,

1H-MR spectroscopy requires the same hardware as clinical

MR imaging and can thus be integrated into clinical scan pro-

tocols 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, inflamma-

tions, 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 treat-

ment requires a diagnostic approach that enables reliable differ-

ential diagnosis; therapy planning and monitoring, including

planning of biopsies, surgeries, and radiation therapy; and mon-

itoring treatment response to specific cancer, neuroprotective,

anti-inflammatory, or rehabilitative treatments. MR spectros-

copy has been applied for several years in the investigation of

pathologic processes involving the brain and has gained an in-

creased acceptance among the clinicians by its potential in differ-

entiating 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 occasion-

ally predicting outcome.4
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The information obtained by MR spectroscopy may often pre-

vent 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 reor-

ganization following spinal cord injury and monitoring during

rehabilitation or pharmacologic therapies. The response to ther-

apy may be predicted on the basis of specific biomarkers (eg,

N-acetylaspartate, choline, creatine) to enable personalized treat-

ment. MR spectroscopy quantifies multiple metabolite concen-

trations 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 spectros-

copy 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 exam-

ple, 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 be-

cause the maximum transversal displacement in the cervical re-

gion 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 con-

tamination 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 quanti-

fication 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 tech-

niques such as the point-resolved spectroscopic sequence, the sig-

nal 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 metabo-

lites 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-Vol-

ume Suppression”).

All of the above-mentioned technical problems lead to a re-

duction of the spectral quality and thus to a reduction in the

amount of reliably detectable metabolites (eg, Cramér-Rao lower

bounds �20), 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 solu-

tion. However, spinal cord MR spectroscopy at a very high field

strength (�3T) may provide increased SNR but is not readily

available and requires further hardware and sequence develop-

ment 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 pro-

vides 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 place-

ment. 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 diam-

eter,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. How-

ever, the huge excitation volume of 90 � 10 � 12 mm3 might be

difficult to apply in a curved spinal cord.
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For correct voxel placement, high-resolution images (eg, high-

resolution 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 acquisi-

tion 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 over-

come 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 compensa-

tion.9,10,15,20,21,24-26

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
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 car-

diac 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 qual-

ity and the robustness of the acquisition.29

Respiratory triggering and gating were not used for MR spec-

troscopy 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 induc-

tion 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 respira-

tory 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 demon-

strated for breast MR spectroscopy,38 are also promising for spi-

nal 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 rou-

tine. Different B0 shimming techniques like manual B0 shim-

ming,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 distor-

tions. Hock et al18,29 compared different B0 shimming techniques

and demonstrated that ECG-triggered, second order, projection-

based B0 shimming resulted in the best spectral quality (full width

at half maximum of the water peak around 9 Hz at 3T) and repro-

ducibility. The use of a third31 or even higher order or dedicated

local B0 shim coils might further improve these results in the

future.

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 vox-
els from NAA (red voxel) and myo-inositol (green voxel) are shifted
against each other. Applying narrow (approximately 10 mm) sharp-
edged inner-volume saturation bands (blue) with high bandwidths
(�10 kHz) reduces this artifact. The saturation pulses above andbelow
the spectroscopy voxel also facilitate flow compensation.
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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 mod-

ulations.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 ex-

ample, 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 suppres-

sion of metabolites lying in the frequency range of the fat-sup-

pression 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

FIG 2. Effect of patientmotion. Axial T2-weighted imageswith planning of themeasurement 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).

AJNR Am J Neuroradiol 34:1682–89 Sep 2013 www.ajnr.org 1685



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 metab-

olites 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 Hen-

ning 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 un-

suppressed water spectra are frequently added12,17,20,21,23,24,29,30

for phase and eddy current correction with the technique de-

scribed 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-sup-

pressed 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 concentra-

tion ratios.11,13,15,17,19,20,22,23,27-30 However, metabolite quantifi-

cation may be complicated by several technical pitfalls. An over-

view of the quantification challenge can be found in Heinzer-

Schweizer48 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 depend-

able 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.

Currently, spinal cord MR spectroscopy allows the investiga-

tion 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 addi-

tion, information about macromolecules and lipid can be re-

trieved from spectra but may show a dramatic intersubject

variability. A further increase of the SNR may be the key to un-

covering additional metabolites: Hock et al19,30,36 also could de-

tect scyllo-inositol with CRLB below 25% by using non-water-

suppressed 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 fre-

quently; point-resolved spectroscopic sequence localization with

short TEs (�30 ms); an acquisition time of 512 ms; an SNR efficien-

cy-optimized excitation flip angle and TR pair (for an excitation flip

angle of 90°, a TR � 2000 ms should be used); IVS; optimized water-

suppression or non-water-suppressed 1H-MR spectroscopy with fre-

quency 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 [�3T] and dedicated

spine coil arrays) enabling a high SNR (�4).

MR SPECTROSCOPY OF THE HUMAN SPINAL CORD:
CLINICAL STUDIES
Molar metabolite concentrations and concentration ratios mea-

sured with MR spectroscopy in the spinal cord in healthy volun-

teers 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-suppres-

sion techniques used, which influence the spectra baseline. Because

of the absence of a criterion standard for measuring metabolite con-

centrations 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
1H-MR spectroscopy in clinical studies in which different pathol-

ogies 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 stud-

ies published by Marliani et al20 exhibited a proper spectral qual-

ity documented by relatively high SNR, low line width, and sam-

ple 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 signif-

icant decrease of NAA/Cho and an increase in Cho/Cr and myo-

inositol/Cr in patients with MS.
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Four publications investigated tumors in the human spinal

cord. Kim et al3 investigated 14 mass lesions. They reported spe-

cific 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 in-

creased compared with healthy spinal

cord tissue by visual inspection of the

spectrum, but they also did not provide

metabolite concentrations and quality in-

dicators. Henning et al17 reported 2 pa-

tients 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 in-

crease of Cho and myo-inositol was ob-

served. In addition, they reported an in-

creased 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 (On-

line 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

would be beneficial to verify the presence of lactate in this

patient group.

Rapalino et al13 investigated cervical spondylosis in 8 patients

(On-line Table 2) and compared the results with those in 6

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 con-
natural 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.
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healthy volunteers. They noticed a decrease of the NAA/Cr ratio

and an increase of Cho/NAA in patients, without presentingqual-

ity 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 re-

duced in patients with amyotrophic lateral sclerosis, and the re-

duction correlated significantly with clinical parameters. How-

ever, 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 im-

pacted 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 qual-

ity was documented with exemplary spectra, line-width informa-

tion, 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 volun-

teers 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. Espe-

cially, 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 in-

crease 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 acqui-

sition 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 im-

pression 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 tech-

nical progress improving spectral quality and robustness is

helpful. Furthermore, the applicability has to be enhanced (eg,

automation of postprocessing and quantification steps), the total

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 mea-

surements in more caudal regions of the spinal cord (ie, the tho-

racic and lumbar regions). The additional challenges discussed

above have prevented the acquisition of satisfactory MR spectros-

copy 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 re-

search and diagnosis because it can provide additional informa-

tion 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 in-

volving proteins rather than traditional pathogens.1 More accu-

rately, prion disease is a heterogeneous collection of neurodegen-

erative 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 sig-

naling as a membrane protein with cell signal-transduction prop-

erties.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

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) mani-

fests 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 un-

usual form of prion disease associated with cannibalism in a spe-

cific population of Papua New Guinea).8 Thus, variance in CJD

presentations pivots primarily on the nature of the PRNP muta-

tion and then is further modified by polymorphisms within

codon 129 on both the mutated and wild alleles.
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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 dis-

ease 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
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Metabolite Differences in the Lenticular Nucleus in Type 2
DiabetesMellitus Shown by ProtonMR 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

BACKGROUNDANDPURPOSE: Previous studies by using protonMR spectroscopy foundmetabolite 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.

MATERIALSANDMETHODS: Twenty subjectswith T2DMand 22 age-matched control subjects underwent single-voxelMR 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). TheNAA/Cr ratio was negatively correlatedwith 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 differentmetabolic 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

Proton MR spectroscopy can be used to determine the reso-

nance peaks of many kinds of brain metabolites and neu-

rotransmitters but is most often used to monitor NAA, Cho, Cr, and

lactic acid.1 NAA is a marker for neurons and axons, reflecting the

number and functional status of neurons.2 Cho, mainly distributed

in the glial cells, is involved in cell membrane composition and my-

elin 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 sig-

nificant difference in the Cho/Cr ratio between patients and controls

in the bilateral frontal and left parietal lobe white matter.8
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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 pa-

tients with diabetes with lesions in the striatum. MR imaging in-

dicated 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.

MATERIALS AND METHODS
Study Design
Subjects were selected for the study from the Department of Neu-

rology, 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 right-

handed. None of the subjects had coexisting systemic diseases,

head trauma, cognitive dysfunction, thyroid dysfunction, alcohol

dependence, hemichorea, infectious diseases of the central ner-

vous 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 sub-

jects 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, in-

cluding T1- and T2-weighted images, were obtained before spec-

troscopy to rule out any lesions or structural abnormalities. T2-

weighted 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 spectros-

copy sequence (TR/TE, 1000/144 ms) with 128 averages. Due to

the less complex spectra and increased reproducibility of the mea-

surements, the long-TE point-resolved spectroscopy sequence

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 per-

formed to optimize field homogeneity before acquiring the spec-

tra. 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 ven-

dor-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. Metab-

olites ratios were obtained for NAA/Cr and Cho/Cr.

Fasting blood glucose and glycosylated hemoglobin levels

were monitored in all subjects.

Statistical Analysis
Statistical analyses were performed by using the Statistical Pack-

age for the Social Sciences, Version 16.0 for Windows (SPSS, Chi-

cago, Illinois). Data were presented as means and SDs. The Sha-

piro-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 com-

pared by using analysis of variance. Correlations were estimated

by using Spearman rank correlation coefficients. P � .05 was con-

sidered 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 len-

ticular 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 con-

trols was found in the bilateral thalami.

In both patients and controls, metabolite ratios in the left

brain nuclei and thalamus were not statistically significantly dif-

ferent 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 ra-
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tios in the left and right lenticular nuclei of patients in the T2DM

group (Table 2). There was also a positive correlation between the

Cho/Cr ratio and HbA1c and FBG in the T2DM group. Figure 3

shows the significant correlations be-

tween 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 metabo-

lism 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 cor-

related 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 thala-

mus 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 len-

ticular nucleus was affected by diabetes.

This was consistent with previous studies

reporting that diabetes could affect the

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 �1 of the following reasons: First,

long-term high blood glucose levels

could cause blood viscosity to increase

and then disturb the macro- and micro-

vascular function and structure, which

might result in vessel dysfunction and ce-

rebral arteriosclerosis.13,14 The abnormal

vascular function might further contrib-

ute to hypoperfusion, ischemia, and hyp-

oxia. 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 molec-

ular sources predominantly found in cell

membranes.17 Therefore, a second expla-

nation for the increased Cho levels is that

hypoxia resulting from local hypoperfu-

sion may cause a breakdown of myelin

and decomposition or hydrolysis of cell

membranes.9

Finally, increased Cho in T2DM

may be a result of reactive glial proliferation, which may occur

as a secondary response to neuronal dysfunction in the pres-

ence of relative tissue hypoxia.18

FIG 1. A and C, Regions of interest used for 1H-MR spectroscopy in a patient with T2DM (female,
57 years of age) and a control subject (female, 58 years of age). B, Spectrum of the patient with
T2DM obtained from the left lenticular nucleus. D, Spectrum of the control subject obtained
from the left lenticular nucleus.

FIG 2. A and C, Region of interest in the left thalamus used for 1H-MR spectroscopy in the same
patients in Fig 1 with T2DM and control subject. B and D, Spectra of the patient with T2DM is
above and the control subject is below.
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Despite the metabolic changes observed in the lenticular nu-

clei, we were unable to demonstrate any significant differences in

Cho/Cr ratios in the thalamus, suggesting that dysfunction of cel-

lularmembrane metabolites or abnormalities of neuronal energy

metabolites do not occur in this part of the brain.

In the study of Tiehuis et al,19 HbA1c was found to have no

significant effect on the metabolite ratios in the corona radiata.

We did, however, find that the NAA/Cr ratio in the lenticular

nuclei of patients with T2DM was negatively related to FBG and

HbA1c, while Cho/Cr was positively related to these 2 variables.

These findings are partly supported by previously published re-

sults that suggested that neuronal damage was more serious in

patients with diabetes with poor glyce-

mic control than in well-controlled pa-

tients.7 It is thought that chronic high

blood glucose levels alter neuron metab-

olism, protein synthesis, and expression,

as well as the apoptosis of a gene that may

accelerate neuronal degeneration.20 The

positive association between Cho/Cr and

FBG and HbA1c also suggests that the

Cho levels may be increased under con-

ditions of high blood glucose and hyp-

oxia, resulting from the sequence of

events described above.

Our finding that differences of me-

tabolites were observed only in the len-

ticular nucleus but not in the thalamus

suggests that the lenticular nucleus

might be more vulnerable than the

thalamus because of differences in vas-

cular anatomy. The lenticular nuclei

are supplied by the penetrating arteries

called lenticulostriate arteries, which

originate from the middle cerebral ar-

teries. These are penetrating end arter-

ies that lack collaterals. This pattern of

vascular anatomy may make the lentic-

ular nuclei particularly sensitive to the

changes of blood flow and more sus-

ceptible to metabolic change. The thal-

amus is supplied by a more robust ar-

terial network that includes the

posterior perforating arteries (the tu-

berthalamic artery, thalamogeniculate

artery, and anterior choroidal artery)

as well as the medial and lateral poste-

rior choroidal arteries. The collateral

circulation of the thalamus is also

abundant. Blood supply to the thala-

mus is mainly from the posterior cere-

bral cycle. The thalamus is also partly

supplied by the anterior cerebral cycle,

because the anterior choroidal artery,

which is involved in the blood supply

of subthalamus, also arises from the

middle cerebral artery. The specialized

blood supply to the thalamus might make it less sensitive to

changes in blood flow, and consequently, its tolerance to isch-

emia is better than that of the lenticular nucleus.

Lactate resulting from the mismatch between glycolysis and

oxygen supply is a product of anaerobic metabolism, and it is a

hallmark for the detection of cerebral ischemia.21 However, none

of the patients with T2DM in our study had lactic acid detected.

We speculated that this was because ischemia resulting from

T2DM was not enough to cause anaerobic metabolism. However,

this speculation needs to be proved by further study.

Our finding that significant differences in NAA/Cr ratios be-

tween patients and controls were only present in the left lenticular

FIG 3. Significant correlations for the lenticular nucleus (left side) betweenmetabolite ratios and
FBG as well as HbA1c. A and B, Correlations between FBG and NAA/Cr and Cho/Cr. C and D,
Correlations between HbA1c and NAA/Cr and Cho/Cr.

Table 1: NAA/Cr and Cho/Cr ratios (mean� SD) in the lenticular nuclei and thalamus of
control subjects and patients with T2DM

Left Right

Controls (n = 22) T2DM (n = 20) Pa Controls (n = 22) T2DM (n = 20) Pb

Lenticular nuclei
NAA/Cr 1.61� 0.19 1.41� 0.26 .007 1.57� 0.20 1.45� 0.24 .071
Cho/Cr 0.99� 0.19 1.23� 0.24 .001 0.98� 0.16 1.18� 0.20 .001
Thalamus
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

a Comparison of metabolite ratios in the left nuclei between patients and controls.
b Comparison of metabolite ratios in the right nuclei between patients and controls.

Table 2: Spearman rank correlations between lenticular nuclei metabolite ratios and FBG
and HbA1c in patients with T2DM

Left Right

NAA/Cr Cho/Cr NAA/Cr Cho/Cr

r P Value r P Value r P Value r P Value
FBG (mmol/L) �0.573 .008 0.735 .000 �0.564 .010 0.608 .004
HbA1c (%) �0.560 .010 0.838 .000 �0.453 .045 0.619 .004
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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 dom-

inant hemisphere is more likely to be in the state of energy short-

age because its energy requirements might be higher. Under hy-

poxic conditions, this would make this hemisphere more

susceptible to nerve tissue damage, metabolic abnormalities, and

dysfunction.

CONCLUSIONS
1H-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. Differ-

ent 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 perfu-

sion of these 2 areas was different. Further study is needed to

verify the perfusion state of both areas.
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Comparison of 10 TTP and Tmax Estimation Techniques forMR
Perfusion-DiffusionMismatch 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 100mL in individual patients were found between themismatch 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�24% of all cases, depending on the
TTP/Tmax estimation method used.

CONCLUSIONS: High variations of tissue-at-risk volumes have to be expectedwhen 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

Multiparametric MR imaging is currently widely established

for diagnosis of patients with acute stroke,1 whereas diffu-

sion-weighted and time-resolved perfusion-weighted MR imag-

ing 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

ischemic lesion that is unlikely to recover from therapy. PWI al-

lows identifying hypoperfused tissue resulting from a present vas-

cular occlusion. It has been hypothesized that the volumetric dif-

ference between these 2 lesions, the so-called PWI-DWI

mismatch, allows a quantitative definition of potentially salvage-

able brain tissue at risk, which reflects the ischemic penumbra.2-4

It is further assumed that a quantification of this mismatch vol-

ume 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 pen-

umbra 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 hy-

poperfusion in recent stroke thrombolysis trials, no official guide-

lines 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
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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 How-

ever, recent trials mainly focus on the time-to-peak and time-to-

maximum 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 selec-

tion 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-at-

risk 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 occlu-

sion; and MCA branch occlusion.

All MR imaging measurements were performed on a 1.5T So-

nata scanner (Siemens, Erlangen, Germany). The PWI datasets

were acquired after application of contrast agent (approximately

15 mL of gadopentetate dimeglumine [Magnevist; Bayer Health-

Care Pharmaceuticals, Wayne, New Jersey]) by using a TR � 1500

ms, TE � 37 ms, and flip angle � 90°; image in-plane image

resolution � 0.94 mm2; and 24 sections with 5-mm section thick-

ness. 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 ex-

tracted 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 tissue-

concentration curves by using the discrete sample points. How-

ever, there are 2 main drawbacks when extracting the TTP param-

eter 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 over-

come these limitations. These model curves are fitted to the tis-

sue-concentration curves before TTP estimation. After they are

fitted, the adapted model functions can be used for TTP estima-

tion with supposed higher precision.

The following 4 hemodynamic models (Fig 1) have been im-

plemented 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, deconvolution-

based 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�t� reaches its maximum. Practi-

cally, the residue function can be calculated by using the following

relation:

1) CT�t� � CBF � R�t� � Ca�t�,

where CT�t� denotes the tissue concentration curve; Ca�t�, the ar-

terial input function; R�t�, the residue function; CBF, the cerebral

blood flow; and V, the convolution parameter. Several ap-

proaches have been presented in the past that can be used to solve

this equation, whereas the singular-value decomposition ap-

proach23 has been found to achieve good results.

Contrast agent delays among arterial, brain tissue, and venous

structures lead to nonidentical recirculation portions in the mea-

sured 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.
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Image Processing
4D PWI datasets display the passage of the paramagnetic contrast

agent, which results in a shortening of the T2 and T2* relaxation

times and therefore in a reduction of signal intensities. For this

reason, the signal functions S�t� need to be converted to concen-

tration curves C�t� to enable an application of the aforementioned

TTP/Tmax estimation techniques by using the following formula:

2) C�t� � �
k

TE
In�S�t�

S0
� ,

where S0 denotes the baseline MR signal intensity; TE, the echo

time; and k, a proportionality constant.

After conversion, TTP/Tmax perfusion maps were calculated

in a voxel wise manner for each PWI dataset by using the men-

tioned 10 different TTP/Tmax estimation methods (model-inde-

pendent TTP estimation by using the raw curves, GVM,

LDRWM, LNM, and RLCFM as well as model-independent

Tmax estimation by using the raw curves, GVM, LDRWM, LNM,

and RLCFM).

The arterial input function, required

for Tmax estimation, was selected in all

datasets from the contralateral middle

cerebral artery. The deconvolution, re-

quired for Tmax estimation, was per-

formed by using the standard singular

value decomposition and a truncation

threshold of 0.2.

For quantification of the PWI-DWI

mismatch volume, we manually encir-

cled the visible lesions, including a safety

margin at each affected section in the

DWI dataset. A second healthy volume

of interest was then placed in the con-

tralateral unaffected hemisphere in the

corresponding brain tissue, so that the

resulting defined volume represented an

approximation of the mirrored lesion volume. This healthy vol-

ume of interest was then used for calculation of the mean � and

SD � of the DWI signal intensities, which were then applied for a

refinement of the defined coarse DWI lesion volume of interest.

Here, all voxels with a signal intensity I�x� 	 � 
 2� are re-

tained, while all other voxels are rejected from the final lesion

definition.

After this process, the first PWI dataset was registered to the

DWI dataset for each patient by using rigid-transformation, lin-

ear interpolation, and maximization of the mutual information.

The resulting transformation was then used to align the corre-

sponding calculated 10 TTP/Tmax maps of a patient to the DWI

dataset by using a linear interpolation.

After registration, the healthy volume of interest as used for

the DWI lesion was also used for determination of the mean TTP

or Tmax values for each calculated parameter map, which were

used for bolus-delay correction of the TTP and Tmax values. The

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).

FIG 2. Selected section from a DWI dataset with a corresponding DWI lesion (black) and overlaid
tissue-at-risk volumes for delay thresholds between 2 and 12 seconds calculated by using the 10
different TTP/Tmax estimation methods.
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normalization of the Tmax maps was required because the stan-

dard singular value decomposition used in this work is sensitive to

arterial bolus delay.21

These mean values were then applied for automatic PWI le-

sion 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, morpho-

logic opening (erosion followed by a dilation) followed by a larg-

est 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 sub-

traction 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 anal-

yses. Apart from the DWI lesion definition, all mentioned TTP

and Tmax estimation methods are implemented in this tool. Fur-

thermore, the registration of the TTP/Tmax maps to the DWI

dataset and the subsequent method for PWI-DWI mismatch def-

inition are integrated in the software tool.

Statistics
Statistical analysis was performed by using the Pearson correla-

tion 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 pa-

tient 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 correc-

tion 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:

3) VR � exp� A 
 log�VT� � B 
 TT � C�,

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).

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 thresh-

olds 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 corre-

lated because the curve shapes are very similar. Although the gen-

eral 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 meth-

ods 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 correspond-

ing TTP-based quantification by using the same model (Fig 2).

Stratification of the results for occlusion type revealed the larg-

est mean mismatch volumes for carotid-T occlusions, compara-

bly 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 thresh-

old 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. Over-

all, 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

1700 Forkert Sep 2013 www.ajnr.org



inclusion criteria used in the EXTEND trial for each TTP/Tmax

estimation method. More precisely, patients exhibiting a PWI-

DWI mismatch ratio of �20% and a PWI-DWI mismatch vol-

ume of �10 mL at a temporal delay of �6 seconds9 were consid-

ered 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 tech-

nique 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 clas-

sified 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 correla-

tion 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 tech-

niques are comparable to some extent and a correction between

the models is feasible. Quantitatively, the correction formulas al-

lowed an adaptation with a nonlogarithmized mean standard er-

ror 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 de-

rived 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 adap-

tation is beneficial in terms of reduced differences regarding the

definition of patients with a relevant mismatch volume. There-

fore, 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 pa-

tients with a relevant PWI-DWI mismatch by using the model-

independent TTP estimation method, differences of up to 7 pa-

tients were found for the other TTP/Tmax estimation methods

before correction. After correction, maximum differences in pa-

tient 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 differ-

ences of perfusion lesion volumes and calculated perfusion-diffu-

sion mismatch volumes. In this sample of 50 patients with acute

ischemic stroke with different occlusion types, the mean mis-

match volumes differed up to 40 mL among different TTP/Tmax

estimation methods. Moreover, for individual patients, the differ-

ences 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 sev-

eral parameters to different extents, which is beyond the focus of

this study. Among others, these parameters comprise the injec-

tion protocol (injection volume and injection rate), MR imaging

parameters, usage and techniques for preprocessing including de-

convolution, perfusion parameter selection, arterial input func-

tion localization, image registration accuracy, and finally the def-

inition 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 atten-

tion. 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 estima-

tion. 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 con-

clusions of this work that different TTP and Tmax methods lead

to volumetric differences of perfusion lesions when applying in-

appropriate 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 heterogene-

ity of techniques and parameters pose a vital challenge to acute

stroke perfusion image analysis, making direct comparisons be-

tween 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 Road-

map.27 Nevertheless, a recent systematic review still identified

substantial heterogeneity of perfusion image acquisition and

postprocessing as well as considerable under-reporting of meth-

odology 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 pres-

ent, is not eye-catching. This possibility applies especially to clin-

ical 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 �24% 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 in-

stead 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 repre-

sents 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 estima-

tion technique.

This study indicates a way to overcome the problem of heter-

ogeneous TTP/Tmax estimation algorithms used in stroke re-

search by calculating correction formulas to convert results from

one estimation model into another. Although the results of dif-

ferent studies will still not be directly comparable, a rough adjust-

ment appears possible by using the described correction formulas.

However, the correction formulas have only been evaluated ex-

emplarily 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 param-

eters, or localization of the arterial input function. Therefore, fur-

ther 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 con-

siderable 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 reference-

based 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 esti-

mation. Therefore, it may be interesting for further studies to

evaluate more sophisticated deconvolution techniques21 in com-

bination 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

TTP/Tmax estimation techniques. An adaption of different
techniques using correction formulas may enable more com-
parable study results until a standard has been established by
agreement.
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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 withMP (2/5) was significantly
higher than that in patients withoutMP (1/84) (log-rank test; P� .0001). The relative risk conferred byMPwas 83.1 (95% confidence interval,
6.8–1017.4; P� .001). The incidence of ipsilateral ischemic events in patientswith decreasedCBF/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 symp-
tomatic LAICOD.

ABBREVIATIONS: CI � confidence interval; CMRO2 � cerebral metabolic rate of oxygen; LAICOD � large-artery intracranial occlusive disease; MP � misery
perfusion; OEF� oxygen extraction fraction

LAICOD 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 Ag-

gressive medical management is recommended to prevent recur-

rent 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

more conservative approach is recommended. However, there

may be a subgroup of higher risk patients who require aggres-

sive medical management.

Hemodynamic factors may be important in LAICOD progno-

sis.6-9 Patients with LAICOD with hemodynamic symptoms were

reported to be at high risk for subsequent ischemic events.10 Pre-

vious studies of mixed patient populations with symptomatic

large-artery extracranial and intracranial occlusive disease suggest

that chronic hemodynamic compromise, as indicated by in-

creased OEF (also known as MP)11 on 15O-PET12 or severely de-

creased vasodilatory capacity, is a risk factor for subsequent isch-

emic 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 15O-

PET is a predictor of subsequent ischemic events in asymptomatic or

remote (�6 months) symptomatic atherosclerotic intracranial dis-

ease of the ICA or MCA.
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MATERIALS AND METHODS
Patients
We studied 51 consecutive patients with asymptomatic athero-

sclerotic 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 hemo-

dynamic parameter evaluation as part of clinical assessment to

determine the need for extracranial–intracranial bypass. Al-

though 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 consecu-

tive patients with asymptomatic LAICOD coexistent with

symptomatic large-artery disease who met the inclusion crite-

ria 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 large-

artery 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 assess-

ment to determine the need for bypass surgery. The inclusion

criteria for symptomatic large-artery disease were the follow-

ing: 1) occlusion of the extracranial ICA or occlusion or steno-

sis (�50% diameter reduction) of the intracranial ICA or MCA

as documented by conventional or MR angiography,18 2) his-

tory of TIA or stroke involving the relevant ICA or MCA ter-

ritory, 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 dis-

ease was suspected on the basis of the findings of MR angiography

or echo angiography performed during screening for cerebral ar-

terial 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 inver-

sion recovery images and hypointense areas on T1-weighted im-

ages. 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, con-

tralateral 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, isch-

emic 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.

Table 1: Baseline patient characteristics

Characteristic

Category

Asymptomatic Coexistent Remote Controls
No. of patients 51 19 19 7
MP (No.) 1 1 3 –
Increased OEF 7 4 6 –
Decreased CBF/CBV 1 3 5 –
Age (mean) (yr) 63� 9 63� 9 65� 8 47� 7
Men/women (No.) 31:20 13:6 13:6 4:3
Cerebral infarction (No.). 20 7 17 –
Asymptomatic bilateral lacunar infarcts (No.) 8 3 3 –
Qualifying artery (No. of occlusions/stenoses) 9/42 5/14 7/12 –
Intracranial ICA (occlusions/stenoses) 26 (3/23) 9 (1/8) 4 (1/3) –
MCA (occlusion/stenosis) 25 (6/19) 10 (4/6) 15 (6/9) –

Other asymptomatic stenoses�50% (No.) 18 – 2 –
Other medical illness (No.)
Hypertension 27 11 15 0
Diabetes mellitus 14 10 5 0
Ischemic heart disease 9 7 4 0
Hypercholesterolemia 10 5 8 0

Smoking habit (current and former) (No.) 11 4 5 0
Antiplatelet agents 33 18 17 0
Bypass surgery (MP) (No.) 2 (1) 0 2 (1) –

Note:—Asymptomatic indicates asymptomatic artery disease; Coexistent, coexistent asymptomatic artery disease; Remote, remote symptomatic artery disease.
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PET Measurements
All patients underwent 15O-PET scans with a whole-body Ad-

vance PET scanner (GE Healthcare, Milwaukee, Wisconsin),

which permits simultaneous acquisition of 35 sections with inter-

section 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 correc-

tion. 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.

The ROIs were placed on the CBF images. Each image was exam-

ined 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 se-

verely diseased ICA or MCA is referred to here as the “affected

hemisphere.” In patients with cerebral cortex infarction, the cir-

cular ROIs that included hypointense areas on T1-weighted MR

images were excluded from analysis by using a method that cor-

related PET images with MR images.16 We did not use coregis-

tered 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 hemi-

spheres was 44.5% � 3.8%. Hemispheric OEF values beyond the

upper 95% limit defined in healthy subjects (above 52.9%) repre-

sented increased OEF. Comparative values for CBF and CBF/CBV in

healthy controls were 44.6 � 4.5 and 11.4 � 1.8, respectively. Hemi-

spheric 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 in-

creased 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 asymp-

tomatic patients without medical treatment or their next of kin by

telephone every 6 months. In patients who experienced subse-

quent 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 ar-

terial disease. The end point was an ipsilateral ischemic event (stroke

or TIA). “Stroke” was defined as the acute onset of a new focal neu-

rologic 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 pre-

sumed cerebrovascular ischemic origin lasting �24 hours.

FIG 1. An example of the ROIs on the CBF image.
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Statistical Analysis
Baseline values of 5 PET variables were compared among 3

LAICOD types and healthy controls by using 1-way analysis of

variance and post hoc Scheffe analysis; significance was estab-

lished at P � .01 (.05/5) by performing a Bonferroni correction.

The incidence of subsequent cerebral ischemic events was com-

pared between groups by using the Fisher exact test or Mantel-

Cox log-rank statistics and Kaplan-Meier survival curves. Survival

analysis began on the day of the 15O-PET examination, which was

considered the date of entry into the study. Analysis was per-

formed with censoring at the time of bypass surgery. Multivariate

analysis by using the Cox proportional hazards model was used to

test the effect of multiple variables on the occurrence of ischemic

events. Age, sex, subgroup (asymptomatic, coexistent asymptom-

atic, or remote symptomatic LAICOD), antiplatelet agent, arterial

occlusion, MCA disease, other asymptomatic major cerebral ar-

terial stenoses, cerebral infarction, bilateral asymptomatic lacu-

nar infarcts, complications (hypertension, diabetes mellitus, prior

ischemic heart disease, or hypercholesterolemia), smoking habits,

and MP were considered covariates. Forward stepwise selection

was performed, and variables demonstrating a significant rela-

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 symp-

tomatic artery, 5 patients (5.6%) had

MP and 84 did not (Table 1). Seventeen

patients had increased OEF, while 9 pa-

tients had decreased CBF/CBV. Baseline

values of PET variables in the 3 groups

are shown in Table 2. No significant dif-

ference 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%), includ-

ing 2 with MP (1 intracranial ICA steno-

sis and 1 intracranial ICA occlusion) and

2 without (2 MCA occlusions), under-

went bypass surgery an average of 2.4

months after PET examinations (range,

0.5– 4.0 months). Three cerebral isch-

emic events occurred in the vascular ter-

ritory ipsilateral to LAICOD. All 3

events occurred in medically treated pa-

tients. One stroke and 1 TIA occurred in

remote symptomatic patients with re-

mote artery disease and MP; 1 patient

with left intracranial ICA stenosis devel-

oped infarction in the posterior limb of

the left internal capsule, resulting in

right hemiparesis; and 1 patient with left

MCA stenosis developed a transient episode of sensory aphasia

(Fig 2). One TIA occurred in an asymptomatic patient without

MP, and a patient with right MCA occlusion developed a transient

weakness of the left upper limb. Four surgically treated patients

had no ischemic events after surgery. All of the asymptomatic or

remote symptomatic patients survived the 2-year follow-up pe-

riod, and 1 patient with coexistent asymptomatic artery disease

and MP died of myocardial infarction after 12 months.

In patients with and without MP, the 2-year incidences of ipsilat-

eral stroke and TIA were 2/5 (40%) and 1/84 (1.2%), respectively

(Fisher exact test; P � .0075). Kaplan-Meier analysis with censoring

at the time of bypass surgery revealed that the incidence of ipsilateral

ischemic events in patients with MP was significantly higher than that

of patients without MP (P � .0001; Fig 3, left). Multivariate analysis

with the Cox proportional hazards model demonstrated that only

MP was a significant independent predictor for ipsilateral ischemic

events. The relative risk conferred by MP was 83.1 (95% confidence

interval, 6.8–1017.4; P � .001).

The ipsilateral ischemic event incidence in patients with de-

creased CBF/CBV (2/9) was significantly higher than that of pa-

FIG 2. Upper row shows examples of PET images for a patient with left (L) remote (41 months)
symptomatic MCA stenosis with MP. MRA shows severe stenosis of the L MCA. PET study shows
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-
curred 14 days after the PET study. Lower row shows a patient with L asymptomaticMCA stenosis
with normal cerebral hemodynamics.

Table 2: Baseline values of PET variables in the hemispheres ipsilateral to intracranial artery
disease and in healthy controlsa

Variable

Category

Asymptomatic Coexistent Remote Controls
CBF (mL/100 g/min) 39.5� 7.3 36.3� 7.8 34.0� 6.6b 44.6� 4.5
CMRO2 (mL/100 g/min) 3.29� 0.50 2.96� 0.44 2.89� 0.42 3.43� 0.33
OEF (%) 48.0� 5.9 50.7� 6.8 50.3� 5.8 44.5� 3.8
CBV (mL/100 g) 3.53� 0.54 3.85� 0.83 3.84� 0.75 3.98� 0.48
CBF/CBV (per min) 11.3� 2.1 9.8� 2.7 9.2� 2.6 11.4� 1.8

Note:—Asymptomatic indicates asymptomatic artery disease; Coexistent, coexistent asymptomatic artery disease;
Remote, remote symptomatic artery disease.
a Values are means.
b P� .001 vs corresponding value in healthy controls (1-way ANOVA and post hoc Scheffe analysis).
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tients without decreased CBF/CBV (1/80) (Fisher exact test; P �

.026) (Fig 4), while no significant difference was found between

that of patients with increased OEF (2/17) and patients without

increased OEF (1/72) (Fisher exact test; P � .092). Kaplan-Meier

analysis with censoring at the time of bypass surgery revealed that

the incidence of ipsilateral ischemic events in patients with in-

creased OEF or decreased CBF/CBV was significantly higher than

that of patients without it (log-rank test; P � .05 and P � .0001,

respectively) (Fig 3, right). When increased OEF or decreased

CBF/CBV was used as a covariate in-

stead of MP, multivariate analysis with

the Cox proportional hazards model

demonstrated that only decreased CBF/

CBV was a significant independent pre-

dictor for ipsilateral ischemic events; in-

creased 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

is a predictor of subsequent ischemic

events in the hemispheres with asymp-

tomatic or remote (�6 months) symp-

tomatic atherosclerotic intracranial dis-

ease 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 hy-

pothesis, though only a few patients in this small sample experi-

enced 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 hemody-

namic 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

is the reciprocal of the expression for vascular MTT, which can be

evaluated by perfusion imaging with MR imaging or CT in rou-

tine clinical practice.29,30 The ability of perfusion MR imaging or

CT methods to predict the risk of future ischemic events should be

studied in a larger patient sample.6 In the future, the combination

of perfusion imaging with oxygen imaging by using MR imaging,

which may detect MP, would allow greater accuracy in identifying

higher risk patients.31,32

In asymptomatic or remote symptomatic LAICOD, cerebral

hemodynamics and metabolism have not been studied specifi-

cally. In this study, the degree of hemodynamic compromise at

baseline was mild. However, cerebral atherosclerosis is a dynamic

FIG 3. Kaplan-Meier cumulative failure curves for ipsilateral ischemic events in patients with and
without misery perfusion (left) or decreased CBF/CBV (right). The number of patients who re-
mained event-free and available for follow-up evaluation during each 6-month interval is shown
at the bottom of the graph.

FIG 4. Relationship between decreased CBF/CBV and ischemic
events. Closed circles (red) indicate patients with ischemic events. A
dashed line (blue) denotes the lower 95% limit defined in healthy
controls. Triangles indicate patients who underwent bypass surgery.
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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 im-

portant. This could be achieved by appropriately managing

atherogenic risk factors. In patients with carotid occlusion,

asymptomatic hemodynamic deterioration has been demon-

strated to cause subsequent hemodynamic stroke during long-

term (�2 years) follow-up.34 Hemodynamic assessment at base-

line may be useful to identify patients who require aggressive

medical management. Furthermore, follow-up evaluation of he-

modynamic status and cerebral atherosclerosis might identify pa-

tients 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 re-

ferred for 15O-PET investigation. Despite the possibility of over-

estimation of ischemic-event risk, asymptomatic or remote symp-

tomatic LAICOD had a low risk of ischemic events and a low

incidence of MP, suggesting that benign prognosis may be asso-

ciated with less hemodynamic impairment in these patients. Be-

cause 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 pa-

tients with intracranial artery stenosis.35 Thus, detection of pa-

tients at high risk for TIA is meaningful for preventing subsequent

stroke. Thirty-six percent of patients were diagnosed by MR an-

giography, which could have overestimated stenosis. The selec-

tion 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
15O-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 hemo-

dynamic 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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ORIGINAL RESEARCH
BRAIN

Perivascular Spaces Are Associated with Atherosclerosis:
An Insight from the NorthernManhattan 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 leptome-
ninges that have been associated with cardiovascular risk factors and dementia, but less is known about their relationship to atheroscle-
rosis. 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 �4. 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 weremore frequently found in older participants, in thosewith 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

Perivascular 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

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 signifi-

cance 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 popula-

tions studied and differing study methods. The importance of

correctly identifying PVS and understanding their pathophysiol-

ogy 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
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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 popula-

tion-based cohort of participants enrolled from the Northern

Manhattan neighborhood between 1993 and 2001 by using ran-

dom 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. Partici-

pants were eligible if they were older than 55 years of age and had

no contraindication to MR imaging. For this analysis, only sub-

jects 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 self-

identified 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. “Hyper-

tension” was defined as a systolic blood pressure of 140 mm Hg or

a diastolic blood pressure of �90 mm Hg, physician diagnosis, or

self-report of a history of hypertension or antihypertensive use.

“Diabetes mellitus” was defined as fasting blood glucose of �126

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 by-

pass grafting. Carotid plaque in any of the carotid artery segments

(the common carotid artery, bifurcation, and internal carotid ar-

tery) was assessed by high-resolution B-mode carotid sonography

(LOGIQ 700; GE Healthcare, Milwaukee, Wisconsin) using a

standardized sonography imaging protocol with excellent inter-

and intrareader reliability, as previously described.14 It was de-

fined 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 im-

aging 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 thick-

ness 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°.

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 involve-

ment per section: 0 � no voids observed in the region, 1 � 1–3 voids,

and 2 � �4 voids. The supratentorial brain was divided into 12

sections: 1 section for the white matter of each lobe (ie, frontal, tem-

poral, 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). Intra-

rater 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 loca-

tion 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) dis-

tribution and binomial distributions for the dichotomized PVS

score to obtain the odds ratios and their 95% confidence intervals.

A P value �.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 intra-

class correlation coefficient or � value, depending on the type of

variable measured. The analysis was performed with SAS soft-

ware, 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 �4 (median � 4; Fig 3, Table 1)., The percentage of
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participants with PVS scores of �4 increased with age. It was 39%

in those between 55 and 64.9 years, 48% in those 65–74.9 years, 55%

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

PVS score of �4 was 55% compared with 40% in those without

carotid plaque. In unadjusted analysis, the PVS score was higher with

older age (��0.01, P�� .001), black race (��0.16, P� .02), HTN

(�� 0.24, P �� .001), and the presence of carotid plaque (�� 0.22,

P � .001). It was lower in participants who reported taking antihy-

pertensive medications (� � �0.19, P � .04), antihyperglycemics

(� � �0.23, P � .008), and cholesterol-lowering drugs (� � �26,

P � .003). Being male was marginally associated with a lower PVS

score (� � �0.11, P � .06).

No associations were noted between the PVS score and systolic

blood pressure, diastolic blood pressure, pulse pressure, dyslipi-

demia, low-attenuation lipoprotein cholesterol levels, diabetes,

current or former smoking, body mass index, or history of cardiac

disease. In multivariable analysis, age (� � 0.01, P � .02), HTN

(� � 0.17, P � .01), and the presence of carotid plaque (� � 0.22,

P � � .001) were significant predictors of a higher PVS score

(Table 2), while taking cholesterol-lowering medications was a

predictor of lower PVS scores (� � �0.23, P � .01). Using the

same variables in a multivariate model

with binomial distribution to predict the

prevalence of PVS (ie, PVS score �5) re-

produced the same independent associ-

ation 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 medi-

cations (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 sub-

cortical white matter or basal ganglia,

only 18% of the sample had infratento-

rial lesions. Using the same multivari-

able model used for the global PVS

scores, we found important differences

in the PVS score by anatomic locations

(Table 2). Perivascular scores in the sub-

cortical white matter were more fre-

quent in women than in men. They were

not associated with HTN or hypercho-

lesterolemia 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.

The infratentorial PVS score was greater

among current smokers and hyperten-

sive participants. The effect estimates for

the association of carotid plaque with

the infratentorial PVS score had the same magnitude as in other

anatomic regions but did not reach statistical significance.

DISCUSSION
Our study demonstrates that PVS were more frequent in older

participants, in the presence of HTN, and in those with carotid

atherosclerotic plaques. Carotid plaque was found to be among

the strongest and most consistent predictors of PVS, suggesting a

biologic link between PVS and atherosclerosis, though we cannot

evaluate causality in this observational study. It seems unlikely

that the development of PVS causes atherosclerosis, but the bio-

physics are poorly understood. For example, it is not known

whether a tendency to form PVS might influence the response of

an arterial tree to variations in blood flow or wall shear stress that

might encourage local atherosclerotic plaque formation. It also

seems unlikely that small, nonstenotic carotid plaques observed in

our study had an impact on cerebral hemodynamics that might

have affected PVS formation because flow is not thought to be

altered until the degree of stenosis reaches �80%.15 Even in the

case of carotid stenosis of �80%, it is unlikely that dampening

of cerebral blood flow underlies the association between PVS

FIG 1. A, Multiple hyperintensities appear in both caudate heads and the corona radiata white
matter tracts, suggestive of perivascular spaces. B, Small voids (hypointensities) can be observed
in the lateral margins of both putamina. C, Example of multiple perivascular spaces high in the
medial frontal convexity. D, A small perivascular space is observed in the pons.
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and HTN.16,17 The association of PVS with carotid plaque may

represent a shared association with atherosclerotic risk factors.

Another explanation may be that PVS are an epiphenomenon

of the presence of atherosclerosis in other vessels. Other pos-

sible mediators in the development of PVS may be arterial

stiffness and pulse-wave reflection, because both increase with

age and atherosclerosis. Increased arterial stiffness in large ar-

teries can be associated with increased

pulsatility to richly vascularized or-

gans, such as the brain.18,19 In turn,

greater pulsatility in brain penetrator

arteries could lead to PVS as a conse-

quence of atherosclerosis and aging.16

This hypothesis requires further

investigation.

Hypertension seems to be one of the

most consistent cardiovascular risk fac-

tors associated with the presence and

number of PVS.10,20,21 In a similar pop-

ulation-based MR imaging study of de-

mentia and stroke-free participants, the

presence and severity of PVS were asso-

ciated with HTN.10 Additionally, the se-

verity of their PVS score was associated

with other markers of small-vessel dis-

ease such as white matter hyperintensi-

ties 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 plau-

sible that an increase in intraluminal

pressure might lead to greater extravasa-

tion of fluid through the small arteries

into these spaces. This hypothesis is sup-

ported by rat experiments in which sus-

tained HTN led to increased permeabil-

ity of endothelial cells and fluid-induced

damage to surrounding brain paren-

chyma.22 Due to the close proximity of

PVS to brain parenchyma, elevated pul-

satility in these areas could lead to en-

largement of perivascular spaces.16 Also,

small penetrating arteries receive their

flow from large arteries, with a large

drop in caliber that might expose the

smaller vessels to greater pulsatility and

mechanical forces. For example, from an

average MCA diameter of 3.0 mm, the

diameter of lenticulostriate arteries

drops to 0.5– 0.9 mm.23,24 Furthermore,

a bifurcation angle between 70 and 110°

is associated with increased wall shear

stress in the branching vessel (the lentic-

ulostriate arteries leave the MCA at an

angle of approximately 90°).25 This

greater angle could partially explain why one of the most common

anatomic locations of PVS is the basal ganglia, at the origin of the

lenticulostriates.10,26-28

However, other factors might be involved. The association of

HTN with PVS has not always been reproduced, and the brain

stem is the least affected region, even though a similar drop in

diameter occurs from the basilar artery to small penetrators.6,27,28

FIG 2. Division used to score perivascular spaces by anatomic regions. R indicates right; L, left; A,
anterior; P, posterior; F, frontal; T, temporal; P, parietal; O, occipital; CE, cerebellum; BS, brain stem.

Table 1: Characteristics of the studied sample compared with the NOMAS MRI subsample
NOMAS MRI Study
Included Sample
(n = 706)

NOMAS MRI Study
Excluded Sample
(n = 585) P Valuea

Age (yr) 71.6� 8.0 69.4� 9.9 �.01
Female sex (%) 60.4 60.5 .95
Ethnicity (%)
Non-Hispanic white 15.9 13.5 �.01
Non-Hispanic black 20.3 13.7
Hispanic 61.1 71.1

Hypertension (%) 68.5 64.6 .15
Diabetes (%) 18.9 20.0 .61
Hypercholesterolemia (%) 56.6 63.2 .02
Current smoking (%) 15.9 16.2 .86
Previous cardiac disease (%) 16.3 16.9 .77
Carotid plaque (%) 55.0 55.5 .85
Perivascular spaces score
Mean 5.0 Not applicable Not applicable
Median 4.0
25th percentile 2.0
50th percentile 4.0
75th percentile 7.0

Note:—NOMAS indicates the Northern Manhattan Study.
a Two-tailed t test was used to obtain P values for age differences, while the �2 test was used for all other
comparisons.
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An alternate explanation for the predisposition of the basal ganglia

to develop PVS might be the existence of the more complex, dou-

bled-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 behav-

ioral 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 individ-

uals 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 lipo-

protein 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 control-

ling 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 consis-

tent findings across all locations for most of the included variables

except smoking. Current smoking was associated with greater in-

fratentorial PVS scores. Rather than suggesting a biologic rela-

tionship 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 prev-

alence of PVS in this region.

This study has noteworthy limitations. Our study included a

stroke-free, unselected population with a high prevalence of car-

diovascular 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 ori-

ented voids of �3 mm, but the use of FLAIR to look for evidence

of gliotic changes suggestive of infarction minimizes misclassifi-

cation. The lack of prospective data hampers inferences about the

FIG 3. Distribution of PVS scores in the studied sample.

Table 2: Adjusted � coefficientsa of predictors of the overall perivascular space scores and by anatomic regions

Overall Score

Perivascular Space Score by Anatomic Region

Subcortical White
Matter Basal Ganglia Infratentorial

� Coefficient P Value � Coefficient P Value � Coefficient P Value � Coefficient P Value
Age 0.01 .02 0.008 .15 0.01 .02 0.02 .19
Male sex �0.11 .12 �0.21 .01 0.05 .52 �0.35 .08
Race
White Ref Ref Ref Ref
Black 0.004 .96 0.11 .37 �0.07 .51 �0.47 .12
Hispanic �0.11 .17 �0.06 .57 �0.15 .10 �0.20 .40

Body mass index �0.004 .53 �0.004 .61 �0.003 .64 �0.008 .63
Smoking
Never Ref Ref Ref Ref
Former 0.02 .35 0.05 .55 �0.05 .52 0.35 .07
Current 0.08 .78 0.14 .20 �0.04 .61 0.76 .001
Hypertension 0.17 .01 0.11 .20 0.20 .02 0.59 .008
Antihypertensive medications �0.11 .09 �0.13 .13 �0.09 .24 �0.28 .24

Diabetes 0.03 .71 0.06 .51 �0.003 .96 �0.04 .88
Hypoglycemic medications �0.18 .19 �0.19 .10 �0.03 .79 �0.31 .40

Hypercholesterolemia �0.12 .21 0.01 .93 �0.14 .02 �0.16 .38
Cholesterol-lowering
medications

�0.24 .02 �0.22 .08 �0.22 .08 �0.76 .04

History of cardiac disease 0.07 .32 �0.02 .81 0.15 .05 0.26 .23
Carotid plaque 0.22 �.001 0.29 �.001 0.16 0.02 0.22 .21

Note:—Ref indicates reference group.
a Coefficients were adjusted for all other demographic variables plus medications to treat hypertension, diabetes, and hypercholesterolemia.

AJNR Am J Neuroradiol 34:1711–16 Sep 2013 www.ajnr.org 1715



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 differ-

ent 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.

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 imag-

ing findings in relation to cardiovascular risk, dementia, and

other clinical outcomes.

Disclosures: Jose Gutierrez—UNRELATED: Grants/Grants Pending: American Heart
Association. Tatjana Rundek—UNRELATED: Grant: National Institutes of Health
(NIH)/National Institute of Neurological Disorders and Stroke (NINDS),*Comments:
R01 and K24. Mitchell S.V. Elkind—RELATED: Grant: Bristol-Myers Squibb (BMS)-
Sanofi Partnership,* diaDexus Inc,* Comments: research on stroke biomarkers, Con-
sulting Fee or Honorarium: BMS-Pfizer Partnership, Comments: use of anticoagu-
lants for stroke prevention, Fees for Participation in Review Activities such as Data
Monitoring Boards, Statistical Analysis, Endpoint Committees, and the Like: Jarvik
Heart, Comments: Clinical Event Committee for an artificial heart trial, Other: Or-
ganon, Boehringer-Ingelheim, Comments: NuvaRing and stroke; Pradaxa and hemor-
rhage, UNRELATED: Board Membership: American Heart Association, American
Stroke Association, Comments: board membership, New York City and Founders
Affiliate, Expert Testimony: Organon, Boehringer-Ingelheim, Comments: Nuvaring
and stroke, PRADAXA and hemorrhage, Payment for Development of Education
Presentations: QuantiaMD, Comments: cholesterol and stroke prevention, Other:
American Academy of Neurology, Comments: Associate Editor of society journal,
Neurology. Ralph L. Sacco—RELATED: Grant: NIH,* Comments: Northern Manhat-
tan Study NINDS grants (NINDS R37 NS029993). Clinton B. Wright—RELATED: NIH,*
Comments: grants (K02NS 059729; R01 HL108623),UNRELATED:Consultancy: Merck,
Comments: stroke adjudication for clinical trial,Grants/Grants Pending: NIH, Amer-
ican Heart Association, Royalties: UpToDate, Comments: author of 2 chapters on
vascular dementia. *Money paid to the institution.

REFERENCES
1. Durand-Fardel M. Traite Clinique et Pratique des Maladies des Vieil-

lards. Paris, France: Germer Bailliere; 1854
2. Poirier J, Derouesne C. The concept of cerebral lacunae from 1838 to

the present [in French]. Rev Neurol (Paris) 1985;141:3–17
3. Greenfield JG, Blackwood W, Corsellis JA. Greenfield’s Neuropathol-

ogy. 3rd ed. London: E. Arnold; 1976:239
4. Bradbury MW, Cserr HF, Westrop RJ. Drainage of cerebral intersti-

tial fluid into deep cervical lymph of the rabbit. Am J Physiol
1981;240:F329 –36

5. Millen JW, Woollam DH. The reticular perivascular tissue of the cen-
tral nervous system. J Neurol Neurosurg Psychiatry 1954;17:286 –94

6. Pullicino PM, Miller LL, Alexandrov AV, et al. Infraputaminal
‘lacunes’: clinical and pathological correlations. Stroke
1995;26:1598 – 602

7. Wuerfel J, Haertle M, Waiczies H, et al. Perivascular spaces–MRI
marker of inflammatory activity in the brain? Brain 2008;131:2332–40

8. Cumurciuc R, Guichard JP, Reizine D, et al. Dilation of Virchow-
Robin spaces in CADASIL. Eur J Neurol 2006;13:187–90

9. Rollins NK, Deline C, Morriss MC. Prevalence and clinical signifi-
cance of dilated Virchow-Robin spaces in childhood. Radiology
1993;189:53–57

10. Zhu YC, Tzourio C, Soumare A, et al. Severity of dilated Virchow-
Robin spaces is associated with age, blood pressure, and MRI mark-

ers of small vessel disease: a population-based study. Stroke
2010;41:2483–90

11. Maclullich AM, Wardlaw JM, Ferguson KJ, et al. Enlarged perivas-
cular spaces are associated with cognitive function in healthy el-
derly men. J Neurol Neurosurg Psychiatry 2004;75:1519 –23

12. Sacco RL, Boden-Albala B, Gan R, et al. Stroke incidence among white,
black, and Hispanic residents of an urban community: the Northern
Manhattan Stroke Study. Am J Epidemiol 1998;147:259–68

13. Boden-Albala B, Cammack S, Chong J, et al. Diabetes, fasting glu-
cose levels, and risk of ischemic stroke and vascular events: findings
from the Northern Manhattan Study (NOMAS). Diabetes Care
2008;31:1132–37

14. Rundek T, Arif H, Boden-Albala B, et al. Carotid plaque, a subclini-
cal precursor of vascular events: the Northern Manhattan Study.
Neurology 2008;70:1200 – 07

15. Hartmann A, Mast H, Thompson JL, et al. Transcranial Doppler
waveform blunting in severe extracranial carotid artery stenosis.
Cerebrovasc Dis 2000;10:33–38

16. Hughes W. Hypothesis. Lancet 1965;286:19 –21
17. Hughes W, Dodgson MC, Maclennan DC. Chronic cerebral hyper-

tensive disease. Lancet 1954;267:770 –74
18. Mitchell GF, Parise H, Benjamin EJ, et al. Changes in arterial stiffness

and wave reflection with advancing age in healthy men and women:
the Framingham Heart Study. Hypertension 2004;43:1239–45

19. Mitchell GF. Arterial stiffness and wave reflection: biomarkers of
cardiovascular risk. Artery Res 2009;3:56 – 64

20. Awad IA, Johnson PC, Spetzler RF, et al. Incidental subcortical le-
sions identified on magnetic resonance imaging in the elderly. II.
Postmortem pathological correlations. Stroke 1986;17:1090 –97

21. Cole FM, Yates PO. Comparative incidence of cerebrovascular le-
sions in normotensive and hypertensive patients. Neurology
1968;18:255–59

22. Suzuki K, Masawa N, Takatama M. Pathogenesis of état criblé in exper-
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Morphologic Characteristics of Atherosclerotic Middle
Cerebral Arteries on 3T High-ResolutionMRI

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.

MATERIALSANDMETHODS: Eighty-sevenconsecutivepatientswith symptomatic atherosclerotic stenoses at theM1 segmentof theMCAon
DSA (50%–99%) were enrolled. The remodeling index was calculated as the Vessel Area atMaximal LumenNarrowing/Reference Vessel Area. A
remodeling index� 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-resolutionMR 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

Previous 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-

modeling).1 Pre-existing remodeling was important in the immedi-

ate 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 coro-

nary stent placement.4 In light of the disappointing results5 of the

Stenting versus Aggressive Medical Management for Preventing Re-

current 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 periproce-

dural 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 How-

ever, 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 pat-

terns and plaque distribution in patients with symptomatic MCA

stenosis with 3T high-resolution MR imaging.

Received July 9, 2012; accepted after revision October 29.

From the Department of Neurology (X.Z., B.Z., C.W.), Beijing Tiantan Hospital, Capi-
tal Medical University, Beijing, China; New Era Stroke Care and Research Institute
(B.D., M.J., W.-J.J.), The Second Artillery General Hospital People’s Liberation Army,
Beijing, China; Department of Radiology (X.L., L.M.), Chinese People’s Liberation
Army General Hospital, Beijing, China; and Cerebrovascular Center (F.K.H.), Cleve-
land Clinic Foundation, Cleveland, Ohio.

All the images were assessed and measured by X.Z. (reader 1) and B.Z. (reader 2).

Wei-Jian Jiang is supported by grants from the National Basic Research Program
(program 973) of China (2013CB733805) and the National Natural Science Founda-
tion of China (30670731, 81070925). Chunxue Wang is supported by grants from the
National Science Foundation (81071115). Xin Lou is supported by grants from the
National Natural Science Foundation of China (81101034).

Please address correspondence toWei-Jian Jiang, MD, New Era Stroke Care and Re-
search Institute, The Second Artillery General Hospital PLA; 16 Xinjiekouwai Ave, Beijing
100088, China; e-mail cjr.jiangweijian@vip.163.com; or ChunxueWang, MD, Department
of Neurology, Beijing Tiantan Hospital, Capital Medical University, 6 Tiantan Xili,
Dongcheng District, Beijing 100050; China; e-mail chunxue.sen@gmail.com

Indicates open access to non-subscribers at www.ajnr.org

http://dx.doi.org/10.3174/ajnr.A3573

AJNR Am J Neuroradiol 34:1717–22 Sep 2013 www.ajnr.org 1717



MATERIALS AND METHODS
Patients
This observational cross-sectional study was approved by our in-

stitutional 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) �2 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 neu-

rologic 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 consecu-

tive 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 imag-

ing scanner (Signa, TwinSpeed 3T; GE Healthcare, Milwaukee,

Wisconsin) and an 8-channel phased ar-

ray 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, thick-

ness � 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 ac-

quired with an FSE sequence. The parame-

ters 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 echo-

train length � 10. The cross-sectional voxel

size was 0.6 � 0.6 mm on time-of-flight im-

ages and 0.4 � 0.6 mm on proton attenu-

ation–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.

Morphologic Measurement and
Calculation of the MCAWall
Two trained readers with �1 year of ex-

perience in reading intracranial MR im-

ages, 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 �2 by using FuncTool II software

(GE Healthcare) from a Sun ADW4.3 workstation (GE Health-

care). The images were zoomed to 400%. The window width and

level were adjusted to optimize the conspicuity of the vessel con-

tour. In the MCA cross-sectional images, the contour of the outer

wall and lumen at the maximal lumen narrowing site and refer-

ence site was traced manually to measure the vessel area and lu-

minal 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 cor-

rect 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

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.
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was calculated as follows: (1 � Luminal Area at the MLN Site/Refer-

ence 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 � 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 � Mini-

mal 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 variabil-

ity, the 2 readers independently remeasured the vessel area, lumi-

nal area, maximal wall thickness, and

minimal wall thickness at MLN sites of

the initial 10 consecutive patients 2

months later. Subjects, included 2 pa-

tients (score 2), 6 patients (score 3), and 2

patients (score 4).

Statistical Analysis
The intraclass correlation coefficient was

used to find the intraobserver or interob-

server reproducibility for the measure-

ments of vessel area, luminal area, maxi-

mal wall thickness, and minimal wall

thickness. Continuous variables were de-

scribed as means � SD or as an interquar-

tile range (if not normally distributed).

The continuous variable between the 2

groups was compared by using the Stu-

dent 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, Chi-

cago, Illinois) was used as the statistical

analysis software. All reported P values

were 2-sided, and a P value � .05 was con-

sidered 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, �2)

to depict the MCA wall. In the final anal-

ysis, 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 clin-

ical 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
MCAWall
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,

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 straightM1 segment of theMCA. 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 themagnified 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%.
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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 remod-

eling index was 1.1 � 0.3. At the MLN sites, the maximal wall

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 le-

sions 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 per-

centage of plaque burden (P � .0001). At

the same time, lesions with NR had a sig-

nificantly 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 thick-

ness than PR lesions, with a trend toward

significance; however, there was no signif-

icant 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 remodel-

ing 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 ref-

erence vessel area. Using only proximal or distal segments as a

reference site in previous studies may have resulted in underesti-

mation or overestimation of the remodeling index due to the nat-

ural tapering of the MCA.11 In contrast, we used the average of

reference site areas distal and proximal to the stenosis for remod-

eling calculation to help overcome the obstacle of natural ta-

pering 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, lead-

ing to the overestimation of the true vessel area and wall thick-

ness. To minimize errors, we excluded 35 patients because

cross-sectional images perpendicular to the long axis of the

MCA were unavailable.

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 theMLN 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). Thewall area is 12.3mm2 at the proximal, 22.3mm2 at theMLN, and 12.3mm2 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

Characteristics

Included
Patients
(n = 44)

Excluded
Patients
(n = 43)

P
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 ormore 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
(median) (interquartile range)

0.0 (0.0–1.0) 0.0 (0.0–1.0) .916

Time from qualifying event to
high-resolution MRI, days
(mean) (SD)

33.8 (19.0) 33.3 (21.2) .905
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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 conse-

quence 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 stan-

dard management of vascular risk factors. Intracranial PTAS

emerged as a valuable tool for patients refractory to medical ther-

apy.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, siz-

ing 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 coro-

nary intervention have shown that patients with PR had the

highest rate of major adverse cardiac events; in contrast, pa-

tients with NR may face high rates of in-hospital complica-

tions, including postinterventional dissection.2,3 The conse-

quences of SAMMPRIS suggest that the remodeling pattern may

also be a prominent factor that influences the rate of periproce-

dural 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 eccen-

tric plaque location on the superior and dorsal walls of the MCA,

where most of perforators arise, may increase the risk of perfora-

tor occlusion. In this study, 34.1% of the lesions mainly involved

the superior and dorsal MCA walls. These findings are meaning-

ful. Patients with perforator syndromes were also included in

SAMMPRIS. This feature may help explain the high risk of peri-

operative stroke. Patients with plaques near penetrating artery

orifices may face a higher risk of perforator stroke. For those pa-

tients, 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 lumi-

nal 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 remod-

eling in clinical practice. Approaches to arterial wall imaging in-

volving 3D acquisitions with short time durations are promis-

ing.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

Table 2: Intraobserver and interobserver variability
Intraclass Correlation Coefficient

(95% CI)

Intraobserver Interobserver
Vessel area 0.917 (0.666–0.979) 0.906 (0.620–0.977)
Luminal area 0.833 (0.329–0.959) 0.898 (0.589–0.975)
Maximal wall thickness 0.962 (0.847–0.991) 0.916 (0.663–0.979)
Minimal wall thickness 0.876 (0.501–0.969) 0.851 (0.399–0.963)

Table 3: Clinical characteristics between the NR and PR groups

Characteristics
NR Group
(n = 19)

PR Group
(n = 25)

P
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 ormore 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,
median (interquartile range)

0.0 (0.0–2.0) 0.0 (0.0–0.5) .419

Time from qualifying event to
high-resolution MRI (days)
(mean) (SD)

33.8 (17.4) 33.8 (20.5) 1.000

Table 4: Wall characteristics of symptomatic atherosclerotic
MCA stenosis

Variablesa
NR Group
(n = 19)

PR Group
(n = 25)

P
Value

At reference site
Vessel area (mm2) 15.5 (3.3) 14.3 (3.2) .228
Luminal area (mm2) 5.5 (1.6) 5.2 (1.9) .516
Wall area (mm2) 10.0 (1.8) 9.1 (1.6) .103
Maximal wall thickness (mm) 1.0 (0.1) 0.9 (0.1) .058
At MLN site
Vessel area (mm2) 12.4 (3.3) 17.8 (4.5) �.0001
Luminal area (mm2) 0.8 (0.6) 0.8 (0.5) 0.804
Wall area (mm2) 11.6 (3.3) 16.9 (4.3) �.0001
Plaque size (mm2) 1.6 (2.3) 7.8 (3.8) �.0001
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.
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arise from lower in-plane and through-plane spatial resolution.

This would lead to partial volume effects, resulting in an overes-

timation 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 dis-

tal 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 remodel-

ing 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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MultiparameterMR 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

BACKGROUNDAND 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-OPRImutation. 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

Human 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-

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 muta-

tions having a phenotype similar to sporadic Creutzfeldt-Jakob dis-

ease (eg, E200K), whereas others can mimic hereditary ataxias (eg,

P102L) or Alzheimer disease (eg, some cases of 4-OPRI).7 The find-

ings on conventional MR imaging are similarly variable.

In the United Kingdom, large kindreds presenting with 6 ad-

ditional 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 pa-
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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 demonstrat-

ing early parietal atrophy10 and a recent demonstration of parietal

and occipital cortical thinning in patients with the 6-OPRI muta-

tion.9 Quantitative MR imaging techniques such as MTR and MD

mapping have revealed significant regional and whole-brain dif-

ferences between patients with symptomatic prion disease and

control participants.11-14 However, these studies used region-of-

interest or histogram analyses, possibly missing or diluting re-

gionally 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 hy-

pothesized 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
Patients

Patients attended the National Prion Clinic at the National Hos-

pital for Neurology and Neurosurgery, London, United King-

dom, and were recruited into the UK MRC PRION-1 trial.19 Eth-

ical approval was granted by the Eastern Multicentre Research

Ethics Committee, Cambridge, United Kingdom.

Full neurologic, Mini-Mental State Examination,20 and Clin-

ical Dementia Rating Scale sum of boxes�821 were recorded.

Where several individual patient MR imaging datasets were avail-

able, 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 Mini-

Mental State Examination, 19 [range 11–27]; all codon

129MM). Sixteen healthy volunteers with no history of neuro-

logic 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. Se-

quences included the following:

1) Structural T1-weighted imaging (3D inversion recovery-

spoiled 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:

MD1k,3k � ln(S0/S1k,3k)/b1k,3k
22

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).

3) MTR imaging (interleaved 2D, gradient-echo sequence, simi-

lar 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]). Magnetiza-

tion transfer presaturation was achieved with a Gaussian pulse

of duration 12.8 ms and peak amplitude 23.2 �T giving a nom-

inal 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; num-

ber 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 inde-

pendently (in an unblinded fashion) by 2 consultant neuroradi-

ologists 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

Table 1: Patient demographics and clinical data
Control Group 6-OPRI Group P Value

N 16 (8 M) 9 (4 M) �
Age (y) 37.1� 10.7 38.1� 3.6 ns
MMSE 30 (30–30) 19 (11–27) �.001
CDR � 8 (2–14) .002a

Note:—CDR indicates Clinical Dementia Rating Scale; M, male; N, number; MMSE,
Mini-Mental State Examination; ns, not significant (P�0.1); 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.
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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 per-

formed 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 In-

stitute 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. Lo-

cal 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 indi-

vidual 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 be-

tween 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 subse-

quent statistical analysis on gray matter and WM segments sepa-

rately; the resulting masks were combined for MTR and MD data

analysis. For each dataset, the analysis involved an analysis of co-

variance 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-com-

parison 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 trans-

formation between the DARTEL space (in which the SPM results

were computed) and Montreal Neurological Institute space. Us-

ing 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 Neuro-

logical 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 com-

parisons 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 Examina-

tion and Clinical Dementia Rating Scale (Table 1). The total in-

tracranial 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 signifi-

cantly different.

Qualitative Analysis
On initial assessment, both raters agreed that there was no patho-

logic 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 find-

ings were artifactual and that there was no evidence of pathologic

signal change.

Quantitative Analysis

VBM. Within the supratentorial cortex, extensive bilateral sym-

metric gray matter volume reduction was seen in the perisylvian

cortex: central opercular, insular cortex, middle and superior

temporal gyri; parietal cortex: angular, supramarginal, and post-

central 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 in-
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Table 2: Significant clusters for WM VBM (Controls> 6-OPRI)

k
Peak P Value
(FWE corr) Peak T Peak Z x y z Description

175 �.001 10.59 6.16 �34 �4 �31 L temporal fusiform and parahippocampal gyri
176 .003 7.61 5.22 �52 �43 �3 L middle temporal gyrus

.005 7.37 5.12 �56 �42 �12 L middle temporal gyrus
7 .017 6.66 4.83 �54 �29 �8 L middle temporal gyrus
6 .019 6.61 4.81 �39 �57 30 L angular gyrus
46 .006 7.25 5.08 �25 �31 �13 L hippocampus
45 .007 7.16 5.04 �26 �29 �8 L hippocampus and L parahippocampal gyrus

.03 6.35 4.69 �20 �34 6 L thalamus
18 .035 6.27 4.66 �13 6 �3 L pallidum
97 .001 8.25 5.45 57 �35 �13 R middle temporal gyrus

.017 6.67 4.83 49 �39 �9 R inferior temporal gyrus

.018 6.66 4.83 47 �48 �11 R inferior temporal gyrus
148 .002 7.82 5.29 37 �12 �22 R temporal fusiform gyrus

.003 7.72 5.26 37 �29 �13 R temporal fusiform gyrus
57 .009 7.01 4.98 26 �31 �6 R hippocampus
60 .012 6.86 4.92 13 8 �3 R pallidum
27 .004 7.58 5.21 2 �22 19 Midline-body of corpus callosum
3 .034 6.29 4.66 �5 �19 30 L body of corpus callosum
10 .022 6.54 4.78 5 �17 30 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� .05 of size k� 2 are shown. For the largest clusters, the table shows up to 3 localmaximamore than 8mmapart. The x, y, and z coordinates
are in the MNI space. Peak-t and Peak-z values are within each cluster.

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-OPRImutation (n� 9) and healthy control participants (n� 16) for family-wise error P� .05. A, gray
matter: controls�6-OPRI, t� 6.60. B, WM: controls�6-OPRI, t� 6.07. C, MTR: controls�6-OPRI, t� 6.86. D, MD (b� 1000 s/mm2): controls
�6-OPRI, t� 7.03. E, MD (b� 3000 s/mm2): controls�6-OPRI, t� 6.96. The color bar represents the t value range.
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volved the anterior temporal lobes, the body of the corpus callo-

sum, and hippocampus bilaterally (Fig 1B). A complete list of the

coordinates and corresponding anatomic locations of the signifi-

cant 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, lin-

gual gyrus, and cuneus.

MTR. Significant MTR reductions in the 6-OPRI group were to-

pographically 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 signifi-

cant 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 signif-

icant MD (b � 1000 s/mm2) increases were seen in the gray mat-

ter and subcortical WM of the perisylvian, parietal, and occipital

lobes (Fig 1D) and in the posteromedial thalamus bilaterally. Re-

garding the number of suprathreshold voxels, changes were more

anatomically extensive on MD-VBA than on VBM, similar to MTR-

VBA. No significant differences were seen in the cerebellar hemi-

spheres (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 signif-

icance were generally smaller (Fig 1D,E).

Reduced significance could arise from

either reduced effect size (group differ-

ence) or increased variability. We inves-

tigated 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 sig-

nificance 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 qual-

itative 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 quan-

tification. 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 muta-

tion, significant cortical thinning was seen in the precuneus, infe-

rior 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, precu-

neus, and lingual gyrus and without significant involvement of

the mesial temporal lobe structures.

These cortical changes relate well to clinical symptoms docu-

mented in patients with the 6-OPRI mutation. Apraxia is an im-

portant 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 sen-

sitive to right parietal damage are also common in this patient

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.
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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 per-

centage 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 execu-

tive deficits seen in patients with 6-OPRI mutations could be ex-

plained 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 posterome-

dial thalamus (not detected by VBM), cortical gray matter ar-

eas 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.

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 symp-

tomatic prion disease, correlating with

disease severity.13 An association be-

tween decreased postmortem gray mat-

ter MTR and increased spongiosis was

also seen in that study. One possible ex-

planation for the differences in regional

distribution of changes shown by MTR-

VBA and VBM here is the potential of

MTR to reflect microstructural patho-

logic changes (such as spongiosis), oc-

curring before or independent of mac-

roscopic 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 spongi-

form change. A relationship between macroscopic atrophy and

microscopic changes reflected in increased MD may be ex-

pected; 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, caus-

ing an expansion of the extracellular space where water diffu-

sivity is fastest.40 Also, in prion diseases, this increase in diffu-

sivity 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 dif-

fusing tissue water components,41 provided greater pathologic

sensitivity for spongiform change than conventional b-value

DWI in a previous study of sporadic Creutzfeldt-Jakob dis-

ease11 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 histopatho-

logic features of gliosis. It is likely that in the context of gliosis and

neuronal loss, fast diffusion components dominate the mean dif-

fusivity so that high b-value DWI is less sensitive, as was observed

in our study.

Table 3: Mean values for tissue segment volumes, MTR, MD (b� 1000 s/mm2), and MD
(b� 3000 s/mm2) in selected ROIs

Brain Region
Control
Group

6-OPRI
Group P Valueb

Right thalamus
WM (tv)a 0.66� 0.07 0.57� 0.05 .002
MTR (%) 40.6� 1.2 38.9� 1.1 .002
MD1K (�10�3mm2/s) 0.81� 0.03 0.88� 0.05 �.001
MD3K (� 10�3mm2/s) 0.63� 0.01 0.67� 0.03 �.001
Right caudate
GM (tv) 0.74� 0.07 0.50� 0.08 �.001
MTR (%) 37.6� 1.1 33.8� 2.2 �.001
MD1K (� 10�3mm2/s) 0.79� 0.03 0.88� 0.10 .001
MD3K (� 10�3mm2/s) 0.63� 0.02 0.64� 0.03 NS

Right putamen
GM (tv) 0.92� 0.12 0.60� 0.12 �.001
MTR (%) 38.6� 1.0 36.8� 1.1 .001
MD1k (� 10�3mm2/s) 0.78� 0.02 0.83� 0.07 .008
MD3k (� 10�3mm2/s) 0.65� 0.01 0.63� 0.03 .04

Note:—GM indicates gray matter; MD1k, mean diffusivity (b�1000 s/mm2); MD3k, mean diffusivity (b�3000 s/mm2);
NS, not significant (p�0.1); tv, modulated tissue segment fractional volume. Values are mean� SD over subject group
of the individual ROI means.
aWM 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.
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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 anal-

yses may not provide a complete substitute but, rather, a comple-

ment to ROI analysis, the latter potentially avoiding smoothing

across interregional or tissue boundaries. Cross-boundary smooth-

ing in VBA complicates interpretation and can either reduce or in-

crease statistical power, depending on whether the greatest underly-

ing 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 sensi-

tively 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 sub-

group 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 com-

parison 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 pro-

vide robust conclusion on differences and similarities among mu-

tations. Future trials enrolling larger patient numbers will be nec-

essary 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 observa-

tion 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 proto-

cols (eg, determined by specific sequence parameters, includ-

ing 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 pro-

tocols with matched signal-to-noise ratios.

Although the voxel-based analyses were performed on nor-

malized 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 MTR-

VBA 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 ce-

rebral atrophy and microstructural changes in the 6-OPRI IPD

mutation by using quantitative MR imaging. With VBM, we dem-

onstrated regionally specific volume loss corresponding anatom-

ically 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 distri-

bution of histopathologic change driven by varying pathophysio-

logic processes. Combining regional measures from different but

complementary MR imaging modalities can identify brain re-

gions preferentially involved in the pathophysiology of prion dis-

ease and may provide markers of value in monitoring future ther-

apies. 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-OPRIMutation Prion Disease: An Entity
Distinct from Typical Creutzfeldt-Jakob Disease?

In the article “Multi-parameter MR Imaging in the 6-OPRI Vari-

ant 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 inher-

ited 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, magne-

tization 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 cog-

nitive and neurodevelopmental-pattern deficits in this specific

mutation, which make it different from other familial prion dis-

eases? CJD and other associated prion diseases related to the ab-

normal conformation of a normal protein found in the brain,

though uncommon, feature prominently in the differential diag-

nosis in patients with presenile dementia. Sporadic, familial, iat-

rogenic, and variant (or new variant) forms of CJD exist. An ex-

tensive 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 mu-

tations, and constitute a substantial minority of cases. The pres-

ence of autosomal dominant inherited mutations in cohorts of

families with CJD offers the unique opportunity to model pro-

gression of imaging changes before symptoms.

Previous imaging evidence of this particular mutation demon-

strated cortical thinning within predominantly the posterior

frontal and parietal lobes.5 This present study extended the find-

ings of this previous work in using voxel-based analysis of ad-

vanced MR imaging in several patients with 6-OPRI mutations.

The authors discovered volume reductions, decreases in magne-

tization transfer ratio, and diffusivity increases within subcortical

gray matter structures as well as some cortical structures includ-

ing 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 morpho-

logic imaging findings. This study notably differs from the imag-

ing findings seen in other reported forms of familial CJD, includ-

ing 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 muta-

tion 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 col-

league, Isak Prohovnik, who, before his passing, assisted greatly in

critiquing and amending the work of De Vita et al.1 Dr Pro-

hovnik’s own research, particularly in establishing an extensive

prospective imaging cohort of patients with the E200K mutation,

AJNR Am J Neuroradiol 34:1731–32 Sep 2013 www.ajnr.org 1731



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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Sensorimotor Cortex Gamma-Aminobutyric Acid
Concentration Correlates with Impaired Performance in

Patients withMS
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 GABAmay 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

Spectroscopic 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 concen-

tration [GABA] have been associated with several neuropsychiat-

ric disorders,1 and recent reports have suggested that GABA may

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 neurodegen-

erative 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 pa-

tients with focal dystonia.6 Reduction of [GABA] in the sensori-

motor cortex induced by acute deafferentation has also been re-

ported.7 A recent study reported a positive correlation between

the decrease in primary motor cortex (M1) [GABA] and the de-

gree 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 af-

fected patients. Damage to both GM and WM components of the

motor system has been reported in patients with MS.10,11 Func-

tional imaging studies have suggested that adaptive and/or com-

pensatory 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 func-

tional cortical activation in patients with MS versus controls dur-

ing 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 hypothe-

sized that identifying a change in [GABA] within the sensorimo-

tor cortex of patients with MS would provide us with additional

information about the ongoing disease process and these com-

pensatory 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 fin-

ger-tapping task.

MATERIALS AND METHODS
Nineteen healthy controls and 30 patients with relapsing-remit-

ting MS participated in this study. The patients had their last doses

of steroids at least 8 weeks before the MR imaging and were clin-

ically 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 Func-

tional 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 proce-

dures, and all patients and controls provided informed consent.

Behavioral Study
The behavioral study consisted of MS Functional Composite test-

ing with 3 components: 1) the T25FW test, a measure of ambula-

tion 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

with a series of 60 numbers spaced 2 seconds apart and asked to

add the 2 most recent numbers and the number of correct re-

sponses is recorded.20 The z score for each component and the

total MS Functional Composite score for each subject were calcu-

lated with the methods outlined by the National Multiple Sclero-

sis 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 se-

quence 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 nav-

igator pulses,17 a methodology that has been identified as an ef-

fective way to discard only the portion of data from a scan that is

motion-corrupted and to therefore reduce possible misinterpre-

tation 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 de-

tecting 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 mea-

sured GABA concentration. This was verified by scanning phan-

toms containing GABA of a known concentration. Three percent

or more change in water signal is indicative of unacceptable mo-

tion 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 per-

formed self-paced bilateral finger tapping (index finger simulta-

neously 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 hemi-

sphere was selected for the spectroscopy scans from pixels with

t � 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;
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number of excitations � 96; flip angle � 90°; unsuppressed water-

excitation flip angle � 20°; edit pulse frequency � 1.90 ppm (the

other 180° pulse was placed at 1.50 ppm to minimize macromol-

ecule contamination25); edit pulse width � 44 Hz (duration � 20

ms); and scanning time � 8 minutes 39 seconds The navigator-

based sequence was replaced with MEGA-PRESS in weak water-

suppression 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 shot-

to-shot B0 variation.26

7) A PRESS scan with TR � 2700 ms and number of excita-

tions � 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 soft-

ware 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 magneti-

zation and identifying and discarding motion-corrupted data on

the basis of fluctuation of the unsuppressed navigator water/re-

sidual water signal; 2) performing zero-order phase correction; 3)

performing frequency-shift correction of the individual subspec-

tra by using residual water as a reference; 4) summing the phase-

and frequency-corrected subspectra; 5) performing residual

water suppression with a Hankel-Lanczos singular-value decom-

position 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 mag-

netization-prepared rapid acquisition of gradient echo scan was

used as the base image, and a mask was applied at the voxel loca-

tion. 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 pro-

cess 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]

[Cr]
�

(G* � M)

ICr � EE
,

where G* is the area under the 3.01-ppm peak in the edited spec-

trum, 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 phan-

tom 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 oc-

cipital lobe by Mlynárik et al31at 3T. Assuming the T2 of Cr res-

onances 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 reso-

nance 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

#HCr
� H2O,

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 re-

spectively. 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 reso-

nance; #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 re-

sults 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 spa-

tially filtered by using a 64-point radially symmetric 2D Hamming

filter in the Fourier domain and were then retrospectively motion-

corrected 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-se-

ries 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 Hu-

man 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 Ta-

lairach 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 be-

tween 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 men-

tioned 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 vox-

els in the controls (124 � 92) was not significantly different from

that in patients with MS (176 � 63). The trend of our data sug-

gests 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 activa-

tion 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 per-

formance 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.

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

Voxel Composition
[GABA]/
[Cr] [Cr] (mM)

[GABA]
(mM)% GM %WM % CSF

Controls
(n� 10)

37� 7 52� 12 11� 8 0.15� 0.05 9.22� 0.85 1.43� 0.48

Patients
(n� 13)

34� 7 49� 10 16� 5 0.19� 0.06 9.43� 1.43 1.71� 0.42

a Values are means.
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Recent histopathologic observations have suggested that

GABA receptor levels may be reduced in the motor cortex of pa-

tients 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 differ-

ences 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 func-

tion of the underlying parenchyma rather than reflecting a gener-

alized effect of global disease progression.

While several investigators have studied the relationship be-

tween 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 ob-

servation 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] modu-

lation during unlearnable nonrepetitive tasks.5 Cortical reorgani-

zation 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 re-

gions 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 func-

tional change has also been shown to be correlated with the extent

of brain injury in patients with nondisabling MS.14 The underly-

ing mechanism responsible for this cortical reorganization or ad-

aptation 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 sug-

gests that GABA plays a role in this cortical adaptation process.

Although the inclusion criteria for datasets in our study re-

duced the final sample size, the increased reliability of GABA mea-

surements 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 in-

dividuals 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 hav-

ing 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 sensori-

motor GABA measurement. However, function-specific correla-

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

GABA MSFC GABA/Cr MSFC GABA 9HPT GABA/Cr 9HPT GABA T25FW
GABA/Cr
T25FW GABA PASAT

GABA/Cr
PASAT

Controls
(n� 10)

�0.2233, P� .54 �0.1728, P� .63 0.1035, P� .78 0.1824, P� .61 �0.1680, P� .64 �0.0133, P� .97 �0.3341, P� .35 �0.3124, P� .38

Patients
(n� 13)

�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 con-
centration 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 concentra-
tion and fMRI activation volume in patients with multiple sclerosis. A
fixed error bar of 30% is used for [GABA] in the plot.
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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 poten-

tially 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 hypoth-

esis 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 ad-

dresses 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 cor-

related with [GABA]. On application of a strict multiple-compar-

ison correction, the volume correlation loses significance. How-

ever, 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 cor-

relation 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 pa-

tients with MS.
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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 ofmeasurementswith�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) andMCA�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

Excessive arterial pulsatility has been linked to poorer cognitive

performance and brain atrophy among the elderly.1 There-

fore, evaluation of this association is important for understanding

pathophysiological processes related to cerebral aging and de-

mentia. The pulsatility index, the resistive index, or a volume

corresponding to vessel distention can be used to describe arterial

pulsatility.

Whereas the indexes describe a mixture of vascular imped-

ance, resistance, and compliance,2,3 the volume of arterial pulsa-

tility 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 up-

stream arterial compliance and cardiac stroke volume and thus

provides a mechanically relevant alternative for analyzing vascu-

lar 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 interpreta-

tion because flow is collected over a large volume and subse-

quently analyzed off-line.7

Heavily accelerated 4D PCMRI makes it possible to assess ar-

terial flow in the entire intracranial space while maintaining an

acceptable scan time.8,9 This approach significantly eases the
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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 ob-

tained from all participants.

MR Imaging
All scans were performed by use of a clinical 3T scanner (Discov-

ery MR 750; GE Healthcare, Milwaukee, Wisconsin) with a 32-

channel head coil. The imaging protocol started with a 3D time-

of-flight acquisition, reconstructed in axial, sagittal, and coronal

directions to provide vessel localization for the successive 2D PC-

MRI 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; ac-

quisition 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 Carte-

sian 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 seg-

ment 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 investi-

gate the internal consistency of the 4D PCMRI measurements.

This consistency check was implemented by performing an addi-

tional segmentation, upstream and strictly separated (ie, no over-

lap) from the first segmentation, at carotid level C2-C3, in all

ICAs. The separation distance between the 2 sections was approx-

imately 1.5–2 cm, in the direction along the ICA.

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 im-

age. A region-growing algorithm included neighboring con-

nected pixels fulfilling 2 conditions: 1) a pixel value of �18% 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:

�r� i � v� 0�
�v� 0�

�
l

2

where r�i 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 precalibra-

tion series indicated that this value provided complete vessel cov-

erage 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 cal-

culated by use of the spatial average velocity (calculated from the

average velocity vector within the segment) of the section multi-

plied by the area of the vessel, estimated from dividing the seg-

ment volume by l. Area overestimations originating from mis-

alignment 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 di-

rection of final segmentation). Interpolated velocity images, per-

pendicular to the vessel direction, were produced to ensure that

no branching occurred within the section of interest. To investi-

gate 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.

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�18%. 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.
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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 delin-

eated 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 varia-

tion 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 cor-

responds 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 � �
systole

�q�t� � q� �dt

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-sam-

ples t test was used to test systematic differences between the

methods. To investigate the influence of physiologic variations,

we also performed all analyses on a subset of measurements in

which the difference in heart rate between the 4D and 2D acqui-

sition (�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 differ-

ence of 2 bpm. The reproducibility of the 4D segmentation pro-

cedure 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, re-

spectively, 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 PC-

MRI-derived �V or net flow when considering the entire ensem-

ble 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 dif-

ferences in heart rate had greater influence on the limits of agree-

ments for pulsatility than for net flow.

FIG 2. Maximum intensity projection image. Colored sections show
segmentations produced for comparison with the 2D PCMRI data.

FIG 3. Arterial hemodynamics provided from a 4D PCMRI quantifica-
tion. 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.
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Table 1 and Table 2 show mean values and differences

for �V and net flow, respectively. Significant differences ap-

peared for the ICA and MCA when all measurements were

taken into account in the analysis. These differences were at-

tenuated when considering the stratified subset with �HR

�5%.

The coefficient of variation of the 4D segmentation procedure

was 5% and 3% for �V and net flow

measurements, respectively. The inter-

nal 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, re-

spectively. These differences were not

statistically significant (P � .83 and P �

.10, respectively, n � 20). The correla-

tion between the distal and proximal

measurements were r � 0.94 and r �

0.94 for ICA �V and net flow, respec-

tively. The typical time required for all

2D PCMRI sequences, including the

time-of-flight sequence for vessel local-

ization, 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 PC-

MRI for assessing pulsatile flow in

large cerebral arteries. The combina-

tion of the PC-VIPR sequence and the

proposed segmentation algorithm

produced estimations of the volume of

arterial pulsatility and net flow consis-

tent with results obtained from 2D

PCMRI. These results support the

concept of the use of a single 4D PC-

VIPR acquisition to effectively assess

pulsatility in many intracranial arter-

ies, despite the disadvantage of the use

of a single velocity sensitivity setting

for all vessels instead of individually

optimized sensitivity, as in the 2D PC-

MRI 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 investiga-

tions, a dual velocity encoding16 optimi-

zation may be warranted. Furthermore,

future studies should evaluate 4D PC-

VIPR performance in more distal

branches, for example, smaller arteries,

as such measurements would be of great

value when characterizing the cerebral

collateral circulation.

There were no obvious qualitative

differences between the 4D and 2D PC-

MRI images influencing the interpretation of the data. The 4D

vessel segmentation algorithm was highly reproducible and did

not require demanding calculations, for example, the waveforms

appeared instantly as the user selected a reference pixel in the

maximum intensity projection (Fig 2).

PC-VIPR net flow quantifications have previously been vali-

dated. Phantom measurements have demonstrated high accuracy

FIG 4. Correlation between 4D and 2D PCMRI quantifications of pulsatility and net flow. A, �V
quantifications for all vessels. B, �V quantifications, excluding measurements with large differ-
ences in heart rate. C,Net flow quantifications for all vessels.D,Net flow quantifications, exclud-
ing measurements with large differences in heart rate.

FIG 5. Agreement between 4D and 2D PCMRI quantifications of pulsatility and net flow. Solid lines
represent averagedifference; dashed lines represent95% limitsof agreements. The relativedifference
was calculated as (2D� 4D)/([2D
 4D]/2).A,�V quantifications for all vessels. B,�V quantifications,
excludingmeasurementswith largedifferences in heart rate.C,Netflowquantifications for all vessels.
D,Net flow quantifications, excluding measurements with large differences in heart rate.
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of the PC-VIPR sequence,8 and results agree with net flow and

average velocity measurements by 2D PCMRI8,11 and transcranial

Doppler.11 For peak systolic and diastolic velocities, previous in-

vestigations have displayed a 10% underestimation and a 9%

overestimation, respectively, compared with 2D PCMRI.11 Prob-

ably, this is an effect from different temporal resolutions. Given

the agreement between 4D and 2D PCMRI found in the present

study, we hypothesize that �V calculations are less influenced by

differences in temporal resolution.

In the present study, arterial pulsatility measurements

appeared more challenging (ie, wider limits of agreement) com-

pared with net flow measurements. However, the limits of agree-

ment for arterial pulsatility were narrowed by approximately one-

third when calculated from measurements with a small difference

in recorded heart rate. These data indicate that a large part of the

variation between the 2 measurements was a result of physiologic

variations, in agreement with previous data.5

The standard deviation of the difference between 2D and 4D

PCMRI for ICA �V and net flow was 0.06 mL and 0.40 mL/s,

respectively. A previous study conducted with the use of repeated

2D PCMRI acquisitions showed intrasubject standard deviations

of 0.067– 0.070 mL and 0.32– 0.33 mL for ICA �V and net flow,

respectively.5 This indicated that 2D and 4D PCMRI were associ-

ated with the same level of measurement variability, supporting

that at least for the ICA, 4D PCMRI can replace 2D PCMRI with-

out compromising measurement performance.

The 4D PCMRI ICA internal consis-

tency analyses demonstrated an internal

variance (squared standard deviation of

the difference between the 2 measure-

ments) explaining approximately one-

third of the variance of differences

found between 4D and 2D PCMRI ac-

quisitions, both for �V and net flow.

The remaining two-thirds of variance

found between 2D and 4D PCMRI for

the ICA measurements probably repre-

sented a mixture of 2D PCMRI internal

variance and physiologic fluctuations

caused by the separation in time be-

tween the 2 acquisitions.

There are several factors that poten-

tially generate differences between 4D

and 2D PCMRI measurements. First,

the 4D PCMRI acquisitions were signif-

icantly longer than a single 2D scan. If

the time of peak flow and flow ampli-

tude are unstable between heartbeats,

this could generate a more pronounced

temporal smoothing in the 4D scan be-

cause the reconstructed cardiac cycle

represents an average of all acquired

heartbeats. Additionally, the resolution

differs between the 2 methods. Poten-

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

differences between 4D and 2D PCMRI for ICA and MCA flows

disappeared when eliminating measurements with large differ-

ences in heart rate, but a tendency of 4D PCMRI to underestimate

ICA and overestimate MCA flows persisted. However, even if this

represented actual offsets, the magnitudes were smaller than 10%,

whereby for most applications this will not constitute a limiting

factor.

It should be noted that the flow calculation method of the 4D

data assumes that the vessel is straight and not curved within the

measurement section. This mimics requirements associated with

2D PCMRI acquisitions. In this study, we ensured that flow was

captured in straight vessel sections, without branches. Future

studies focusing on flow in more complex-shaped arteries may

benefit from more sophisticated procedures to characterize flow

in the 4D data.

CONCLUSIONS
4D PCMRI provided a practical methodology to estimate pulsa-

tility of large cerebral arteries. The results were consistent with 2D

PCMRI estimations. The simple workflow requires minimal pro-

spective planning, and the output allows comprehensive analysis

of pulsatile intracranial hemodynamics. Therefore, 4D PCMRI is

an important tool for future investigations regarding altered in-

tracranial vascular pulsatility.

Table 1: 4D and 2D PCMRI-based estimation of arterial pulsatility

Vessel Type n
�V 4D

Mean� SD (mL)
�V 2D

Mean� SD (mL)
Difference

Mean� SD (mL) P Value
All BA 10 0.20� 0.08 0.21� 0.08 0.01� 0.05 .504

ICA 20 0.35� 0.10 0.36� 0.10 0.01� 0.06 .656
ICAa 20 0.35� 0.10
MCA 20 0.23� 0.05 0.20� 0.05 �0.03� 0.04 .006
ACA 19 0.14� 0.08 0.12� 0.08 �0.02� 0.05 .102

�HR BA 4 0.16� 0.07 0.17� 0.07 0.01� 0.01 .268
�5% ICA 8 0.33� 0.05 0.33� 0.05 �0.01� 0.03 .668

MCA 8 0.21� 0.04 0.20� 0.04 �0.02� 0.03 .116
ACA 11 0.14� 0.06 0.13� 0.06 �0.02� 0.03 .074

Note:—BA indicates basilar artery; ICA, internal carotid artery; MCA, middle cerebral artery; ACA, anterior cerebral
artery; �HR, difference in heart rate; �V, volume of arterial pulsatility.
a Indicates proximal ICA measurement for internal consistency analyses.

Table 2: 4D and 2D PCMRI-based estimations on arterial net flow

Vessel Type n

Net Flow 4D
Mean� SD
(mL/s)

Net Flow 2D
Mean� SD
(mL/s)

Difference
Mean� SD
(mL/s) P Value

All BA 10 2.15� 0.58 2.18� 0.49 0.03� 0.34 .787
ICA 20 3.72� 0.70 4.02� 0.62 0.29� 0.40 .004
ICAa 20 3.81� 0.71
MCA 20 2.54� 0.36 2.26� 0.34 �0.28� 0.29 �.001
ACA 19 1.47� 0.52 1.44� 0.49 �0.02� 0.21 .627

�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

MCA 8 2.58� 0.27 2.46� 0.42 �0.12� 0.23 .173
ACA 11 1.55� 0.61 1.49� 0.61 �0.06� 0.26 .427

Note:—BA indicates basilar artery; ICA, internal carotid artery; MCA, middle cerebral artery; ACA, anterior cerebral
artery; �HR, difference in heart rate; �V, volume of arterial pulsatility.
a Indicates proximal ICA measurement for internal consistency analyses.
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ORIGINAL RESEARCH
BRAIN

Hemodynamic Effects of Developmental Venous Anomalies
with and without CavernousMalformations

A. Sharma, G.J. Zipfel, C. Hildebolt, and C.P. Derdeyn

ABSTRACT

BACKGROUNDAND 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.

MATERIALSANDMETHODS: In this prospective study approved by the institutional reviewboard, PWIwas performed in 24 patientswith
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 regionswith normal venous
drainage, also in reference to contralateral mirror image locations. Perfusion parameters for DVAs and control regions were tested for
differences between groupswith the t test for independent or paired samples (or the nonparametric equivalents). Similar testingwas 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 (me-
dian� 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)

Developmental venous anomalies are considered develop-

mental variations in the venous drainage pathway for a por-

tion 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-

ation reflects a causal relationship. There is a clear association

between DVAs and cavernous malformations, and perhaps hem-

orrhage, 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 associ-

ated with symptoms or to develop CMs are not fully understood.

Various mechanisms have been proposed for clinical manifesta-

tions 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 arte-

rialization of the DVA, stenosis of the draining vein, or the tortu-

osity of the venous tributaries.2,9 While �1 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
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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 intraparen-

chymal course of the venous tributaries of the DVA; 2) midline

location of the DVA that precluded a comparison with the con-

tralateral normal brain tissue; 3) claustrophobia, contrast reac-

tion, 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 in-

vited to participate in the study. A patient who agreed to partici-

pate 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 head-

aches in 7 DVAs, and seizures in 1. Seven DVAs without CMs were

discovered incidentally. For DVAs with CM, 4 were incidentally dis-

covered, 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 in-

jection of 0.1 mmol/kg of gadoversetamide (OptiMARK; Tyco-

Healthcare/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 fis-

sure 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 se-

quences 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 calcu-

lated 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 per-

fusion values for the brain with normal venous drainage (ipsilat-

eral 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 cere-

bellar hemisphere, unless one of these regions could not be in-

cluded 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 val-

ues for DVAs with CMs. Normal curves were fitted to data distri-

butions, 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 me-

dians and ranges were calculated for non-normally distributed

data. Equality of variances was tested with the O’Brien, Brown-

Forsythe, Levene, and Bartlett tests. Differences between indepen-

dent group means for normally distributed data with equal vari-

ances were tested with the Student t test. For non-normally

distributed data with equal variances, the nonparametric Wil-

coxon 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 differ-

ences were normally distributed, the paired t test was used; if the

differences were non-normally distributed, the Wilcoxon rank
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sum was used. For categoric data comparisons, the exact P

value for the Fisher exact test was calculated through data per-

mutation. � was set at .05, and 2-tailed tests were used. Statis-

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, Cam-

bridge, Massachusetts).

RESULTS
Perfusion Parameters
For the perfusion parameters studied, Ta-

ble 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% con-

fidence interval, 1.32–1.59). The differ-

ences between rCBV and cCBV (median

difference � 1.99, range � 0.34 –5.56)

were non-normally distributed (Shapiro-

Wilk 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 differ-

ence � 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 Wil-

coxon 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

plots of the values for perfusion parame-

ters and Table 2 contains descriptive sta-

tistics and the results of testing data-dis-

tribution normality with the Shapiro-

Wilk W-test. Data distributions for CBV

in DVAs with and without CMs were nor-

mally distributed (Shapiro-Wilk W-test,

P � .16) and variances were equal

(O’Brien, Brown-Forsythe, Levene, and

Bartlett tests, P � .36). The mean for

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

interval, 2.45– 4.20), with no difference between these mean val-

ues (Student t test, P � .82). The means for cCBV for DVAs with

FIG 1. Axial contrast-enhanced T1-weighted (A) and susceptibility-weighted (B) images demon-
strate a small developmental venous anomaly (arrows) in the right basal gangliawith a cavernous
malformation in the right caudate head (B). Corresponding cerebral blood volumemap 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).

Table 1: Descriptive statistics for relative perfusion parameters for brain parenchyma
drained by DVAs and for control regions with normal venous drainage
Perfusion Parametera Mean 95% CI Median Minimum Maximum P Valueb

rCBV 3.26 2.61–3.91 2.98 1.39 6.61 .04
rCBF 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
cCBV 1.00 0.98–1.02 0.99 0.89 1.06 .15
cCBF 1.01 0.98–1.04 1.00 0.94 1.27 �.01
cMTT 1.00 0.98–1.02 1.00 0.91 1.15 .11
a rCBV, rCBF, and rMTT represent relative cerebral blood volume, relative cerebral blood flow, and relative mean
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).
b P value for Shapiro-WilkW-test for data distribution normality. A value� .05 indicates a non-normal distribution.
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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 � .07) except

for cCBF in DVAs without CMs (Shapiro-Wilk W-test, P � .01).

Variances were equal (O’Brien, Brown-Forsythe, Levene, and

Bartlett tests, P � .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 (Stu-

dent 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 � .35), and variances were

equal (O’Brien, Brown-Forsythe, Levene, and Bartlett tests, P �

.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 inter-

val, 1.19 –1.40). Variances were not equal (O’Brien and Levene

tests, P � .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
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 hemody-

namics in the involved brain parenchyma. While supporting pre-

vious 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 in-

vestigators 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 other-

wise 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 nor-

mal venous drainage. Similar prolongation of MTT on PWI has

been seen in the setting of other conditions affecting venous out-

flow, such as dural venous thrombosis or patients with Sturge-

Weber syndrome.15-17 This increase in the MTT for DVAs, how-

ever, 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 engorge-

ment–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

FIG 2. Ninety-five percentmean diamond plots for rCBV (A), rCBF (B),
and rMTT (C) for patients with andwithout cavernousmalformations.
The horizontal line is the grand mean. The heights of the diamonds
represent the 95% confidence intervals, and the widths of the dia-
monds are proportional to the sample sizes. If the overlap line of one
diamond is closer to themean of another diamond than is the overlap
line of that diamond, there is no difference between the groups.
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reports, the increase in rMTT was seen in the setting of increased

rCBV and a less pronounced increase in the rCBF. While the in-

creased rCBV is easy to explain, elevation of rCBF around many

DVAs is more difficult to explain solely on the basis of alterations

in the venous development. Modest reac-

tive vasodilation in arterioles has been

demonstrated in response to venous dila-

tion in animal studies.19 However, it is

unlikely that such a reactive change is able

to more than overcome the restrictive ef-

fects of the outflow restriction in the pres-

ence of venous outflow obstruction. The

exact explanation for increased rCBF

around DVAs remains unclear. However,

it is possible that the developmental na-

ture of the venous anomalies (as opposed

to the acquired nature of venous obstruc-

tion in experimental models/pathologic

venous obstruction) is somehow unique

in that the etiologic factors responsible for

formation of DVAs are also able to induce

developmental changes in the arterial inflow that try to minimize

stasis of blood in the affected brain by increasing the CBF in the

face of increased CBV. A control cerebral blood flow indicator of

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 pa-

rameters of DVAs with and without CMs.

A greater prolongation of MTT and a

trend toward a lesser increase (or even de-

crease in individual cases) of rCBF in the

CM group may be related to greater re-

strictive effects of DVAs in this group. Sig-

nificant quantifiable differences in the

perfusion parameters around develop-

mental venous anomalies with and with-

out associated cavernous malformations

may reflect the role of hemodynamic fac-

tors in the development of these malfor-

mations. We hypothesize that in a large

number of DVAs, the diminished venous

capacity still has enough reserves to ac-

commodate the physiologic needs, and

such DVAs may remain completely

asymptomatic. In other DVAs however,

the restrictive effects on the venous drain-

age may be enough to cause local venous

hypertension and thereby the propensity

of these vessels to bleed and result in lo-

calized hemorrhage and subsequent CM

formation. Given that the medullary veins

composing the tributaries of the DVA are

also known to have thinner walls, such

veins may be more prone to bleed with

this local venous hypertension.20

DVAs generally fill later in the venous

phase on catheter angiography. Our find-

FIG 3. Axial contrast-enhanced T1-weighted image (A) demonstrates tributaries of the DVA in
the right lentiform nucleus, seen as punctate enhancing foci. Corresponding rCBV (B), rCBF (C),
and rMTT (D) maps demonstrate a zone of perfusion alteration around these tributaries incor-
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.

Table 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

Note:—�, present;�, absent.
a rCBV, rCBF, and rMTT represent relative cerebral blood volume, relative cerebral blood flow, and relative mean
transit time respectively, asmeasured in brain tissue around theDVA. cCBV, cCBF, and cMTT represent corresponding
control values as measured in brain tissue with normal venous drainage (ipsilateral to the DVA).
b P value for Shapiro-WilkW-test for data distribution normality. A value� .05 indicates a non-normal distribution.
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ings of prolonged rMTT are consistent with this observation be-

cause it has been previously demonstrated that the angiographic

circulation time is proportional to the mean transit time.21 Previ-

ously, authors have also reported some complex DVAs demon-

strating early venous drainage, attributing it to microshunts

within the DVAs or possibly concomitant DVAs and arterio-

venous 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 rela-

tively 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 val-

ues (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 surround-

ing brain parenchyma. While we cannot be certain of these addi-

tional 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 di-

rectly on visible enhancing venous structures. Indeed, the corre-

lation 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 paren-

chyma in between the venous tributaries as well (Figs 1 and 3).

However, it is possible that the elevated blood pool in the sur-

rounding brain parenchyma could itself make the quantifica-

tion 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 hemor-

rhage 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 hemo-

dynamic 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 lon-

gitudinal studies will be needed to test this hypothesis.

Disclosures: Aseem Sharma—RELATED: Grant: Foundation for Barnes-Jewish Hospi-
tal.* Gregory Zipfel—UNRELATED: Grants/Grants Pending: National Institutes of
Health,* McDonnell Center for Systems Neuroscience,* Washington University
Institute of Clinical and Translational Sciences,* Washington University
Center for Investigation of Membrane Excitability Diseases.* Colin Derdeyn—
UNRELATED: Board Membership: WL Gore and Associates, Comments: medical de-
vice company developing products for ischemic stroke, Stock/Stock Options:
nFocus, Pulse Therapeutics, Comments: medical device companies for brain aneu-
rysms and stroke, respectively. *Money paid to the institution.

REFERENCES
1. Jimenez JL, Lasjaunias P, Terbrugge K, et al. The trans-cerebral

veins: normal and non-pathologic angiographic aspects. Surg Ra-
diol Anat 1989;11:63–72

2. Pereira VM, Geibprasert S, Krings T, et al. Pathomechanisms of symp-
tomatic developmental venous anomalies. Stroke 2008;39:3201–15

3. Huber G, Piepgras U, Henkes H, et al. Venous anomalies of the
brain: the clinical significance of the so-called venous angioma [in
German]. Radiologe 1991;31:274 – 82

4. Lasjaunias P, Terbrugge K, Rodesch G, et al. True and false cerebral
venous malformations: venous pseudo-angiomas and cavernous
hemangiomas [in French]. Neurochirurgie 1989;35:132–39

5. Truwit CL. Venous angioma of the brain: history, significance, and
imaging findings. AJR Am J Roentgenol 1992;159:1299 –307

6. Campeau NG, Lane JI. De novo development of a lesion with the
appearance of a cavernous malformation adjacent to an existing
developmental venous anomaly. AJNR Am J Neuroradiol 2005;26:
156 –59

7. Garner TB, Del Curling O Jr, Kelly DL Jr, et al. The natural history of
intracranial venous angiomas. J Neurosurg 1991;75:715–22

8. Ostertun B, Solymosi L. Magnetic resonance angiography of cere-
bral developmental venous anomalies: its role in differential diag-
nosis. Neuroradiology 1993;35:97–104

9. Hong YJ, Chung TS, Suh SH, et al. The angioarchitectural factors of
the cerebral developmental venous anomaly; can they be the causes
of concurrent sporadic cavernous malformation? Neuroradiology
2010;52:883–91

10. Camacho DL, Smith JK, Grimme JD, et al. Atypical MR imaging
perfusion in developmental venous anomalies. AJNR Am J Neuro-
radiol 2004;25:1549 –52

11. Kroll H, Soares BP, Saloner D, et al. Perfusion-CT of developmental
venous anomalies: typical and atypical hemodynamic patterns.
J Neuroradiol 2010;37:239 – 42

12. Matsuda H, Terada T, Katoh M, et al. Brain perfusion SPECT in a
patient with a subtle venous angioma. Clin Nucl Med 1994;19:
785– 88

13. Okudera T, Ohta T, Huang YP, et al. Developmental and radiologi-
cal anatomy of the superficial cerebral convexity vessels in the hu-
man fetus. J Neuroradiol 1988;15:205–24

14. Saito Y, Kobayashi N. Cerebral venous angiomas: clinical evaluation
and possible etiology. Radiology 1981;139:87–94

15. Doege CA, Tavakolian R, Kerskens CM, et al. Perfusion and diffu-
sion magnetic resonance imaging in human cerebral venous
thrombosis. J Neurol 2001;248:564 –71

16. Lin DD, Barker PB, Hatfield LA, et al. Dynamic MR perfusion and
proton MR spectroscopic imaging in Sturge-Weber syndrome: cor-
relation with neurological symptoms. J Magn Reson Imaging
2006;24:274 – 81

17. Lin DD, Barker PB, Kraut MA, et al. Early characteristics of Sturge-
Weber syndrome shown by perfusion MR imaging and proton MR
spectroscopic imaging. AJNR Am J Neuroradiol 2003;24:1912–15

18. Zierler K. Indicator dilution methods for measuring blood flow,
volume, and other properties of biological systems: a brief history
and memoir. Ann Biomed Eng 2000;28:836 – 48

19. Wei EP, Kontos HA. Responses of cerebral arterioles to increased
venous pressure. Am J Physiol 1982;243:H442– 47

20. Abe M, Hagihara N, Tabuchi K, et al. Histologically classified venous
angiomas of the brain: a controversy. Neurol Med Chir (Tokyo) 2003;
43:1–10, discussion 11

21. Gado MH, Phelps ME, Hoffman EJ, et al. Changes in cerebral blood
volume and vascular mean transit time during induced cerebral
seizures. Radiology 1976;121:105– 09

22. Awad IA, Robinson JR Jr, Mohanty S, et al. Mixed vascular malfor-
mations of the brain: clinical and pathogenetic considerations.
Neurosurgery 1993;33:179 – 88, discussion 188

23. Komiyama M, Mori T, Nakajima H, et al. Cerebral venous angioma
with parenchymal high intensity on T 2-weighted images [in Japa-
nese]. No To Shinkei 2001;53:88 – 89

AJNR Am J Neuroradiol 34:1746–51 Sep 2013 www.ajnr.org 1751



ORIGINAL RESEARCH
BRAIN

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 hyperinten-
sity 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 bevaci-
zumab-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 hyperin-
tensity 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

Current radiographic criteria for monitoring patients with

high-grade glioma are heavily dependent on changes in con-

trast enhancement and FLAIR signal on standard MR images.1

However, with greater use of antiangiogenic treatments such as

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 high-

grade glioma treated with bevacizumab often exhibit a sharp decrease

in contrast enhancement and edema without a corresponding clini-

cal 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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dress this issue of pseudoresponse.5-8 Regions of increased cellu-

larity, 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 tu-

mor.11,12 This offset may result in diminished conspicuity of tu-

mor 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 wa-

ter 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 pro-

vide a more sensitive and robust biomarker of cellularity com-

pared with conventional DWI and ADC in the context of antian-

giogenic treatments that result in significant decreases in edema.

In this study, we evaluated the ability of RSI to improve con-

spicuity within regions of RD compared with standard ADC in

patients with recurrent high-grade glioma treated with bevaci-

zumab. 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 approxi-

mate 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 sensitiv-

ity 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 standard-

ized 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 fol-

low-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 (Ta-

ble). 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-re-

called 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 T2-

weighted FLAIR sequence (TE/TR � 126/6000 ms, TI � 1863 ms,

FOV � 24 cm, matrix � 0.93 �.093 � 1.2 mm). For RSI, a single-

shot 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).

Demographic and treatment-related characteristics of the patient sample

Patient
Age (yr)/
Sex Pathology Initial Therapy

Surgery Prior to
Bevacizumab
Scan (mo)a

Pre and Post-
Bevacizumab
Scans (day)b

Post-Bevacizumab
Pathologyc

1 58/F GBMWHO IV XRT� TMZ; TMZ 5/28 GTR, 1 �31,�29 –
2 43/M AGN/WHO III/IV XRT� TMZ; TMZ 3/14 GTR, 12 �22,�16 AA/WHO III/IV
3 62/F GBM / WHO IV XRT� TMZ; TMZ 3/14 STR, 1� �3,�112 GBM/WHO IV
4 49/M GBM/WHO IV XRT� TMZ; TMZ 3/14 STR, 1 �10,�22 –
5 57/F GBM/WHO IV XRT� TMZ; TMZ 5/28,

TMZ 3/14
STR, 6� �13,�49 GBM/WHO IV

6 63/F GBM/WHO IV XRT� TMZ; TMZ 5/28 STR, 1 �28,�46 GBM/WHO IV�
radiation effect

7 66/M GBM/WHO IV XRT� TMZ; TMZ 5/28 STR, 5 �2,�34 GBM/WHO IV�
radiation necrosis

8 56/M AOA/WHO III XRT� TMZ; TMZ 5/28 RXN, 4� �15 days,�15 –
9 67/M GBM/WHO IV XRT� TMZ; TMZ 5/28 GTR, 7 �7,�29 days –
10 27/F AA/WHO III XRT� TMZ Bx, 2� �8,�16 –
11 40/M GBM/WHO IV XRT� TMZ; TMZ 5/28 STR, 5� �37,�35 –
12 56/M GBM/WHO IV XRT� TMZ; TMZ 5/28 STR, 7 �49,�27 –

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.
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Preprocessing, ADC Calculation, and RSI Analysis
Before analysis, raw RSI data were corrected for geometric distor-

tions due to susceptibility, gradient nonlinearities, and eddy cur-

rents.17 This was followed by correction of patient motion by

using in-house software. ADC values were calculated from a ten-

sor 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 com-

partments with spheric and cylindric geometries. For this arti-

cle, 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

Longitudinal Registration
For longitudinal measurement of RSI-CMs and ADC in defined re-

gions 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-bevaci-

zumab) 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 con-

tralateral 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 contrast-

enhancing region.19 Of note, this RD region of interest was gen-

erated 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 inclu-

sive of the total area of RD.

Determination of relevant ADC and RSI-CM values was per-

formed 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 de-

termination 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.

Statistical Analysis
Intensity values within the RSI-CMs and ADC maps were trans-

formed 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 Con-

tralateral 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 proce-

dure 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 mea-

sure and was defined as follows: Mean z Score Change in

FLAIR-HI / Mean z Score in the Region of RD.

RESULTS
In all 12 patients who met the inclusion criteria, a visible decrease

in both contrast enhancement and FLAIR-HI was observed fol-

lowing initiation of bevacizumab therapy. Eight patients showed a

decrease of �50% in T1 contrast enhancement, whereas the re-

maining 4 patients showed a decrease of 25%–50%. Similarly, 2 of

the patients showed a corresponding decrease of �50% in

FLAIR-HI surrounding the enhancing region, whereas all 12 pa-

tients 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 sim-

ilar 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 de-

creases in FLAIR hyperintensity (Fig 1K, -L).

Figure 2 shows the normalized values (ie, z scores) for RSI-

CMs and ADC in regions of RD and FLAIR-HI before and on

treatment with bevacizumab averaged across patients. The re-

peated 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 approxi-

mately 8 times greater than those in NAWM before and on treat-

ment, 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 in-

teraction [F (1,11) � 61.1, P � .001], which revealed that de-

creases in FLAIR-HI that occurred on treatment with bevaci-
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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 dif-

fusion, 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 necro-

sis increase ADC values, thereby directly opposing the reduction in

ADC associated with tumor. As a result, it can be difficult to discrim-

inate 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

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 initiationofbevacizumab, the regionofRD increases andbecomesmore confluent; this change suggestsworsening residual/recurrent tumor.
Moreover, this increase in the regionof RD ismuchmore conspicuousonRSI-CMs comparedwith theADC. Thebottom rowdepicts these changeson
“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.
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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 iden-

tify residual or recurrent tumor following antiangiogenic therapy,

the results are conflicting. Whereas some studies have shown reduced

perfusion following antiangiogenic therapy purportedly due to di-

minished formation of new blood vessels,25,26 other studies have

shown elevated perfusion possibly due to vascular normalization.3,27

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 antiangio-

genic 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 neces-

sary 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 pa-

tients. 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 measur-

ing brain changes with time.31 In addition, our study is limited by a

small sample size, heterogeneity of our patient sample, a lack of clin-

ical follow-up, and lack of pathologic confirmation of recurrent tu-

mor 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 follow-

ing treatment with bevacizumab that do not appear to reflect aggres-

sive 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 bevacizumab-

induced hypoxia and radiation necrosis from those that reflect in-

creased cellularity due to recurrent tumor.26

In our study, pathology reports from 5 patients after initiation

of bevacizumab therapy revealed that regions of diffusion restric-

tion detected on RSI-CMs and ADC were indeed positive for re-

current 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 ad-

vanced 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 non-

linear algorithm, as described above, become paramount. Apply-

ing 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 re-

sponse to therapy in patients with high-grade gliomas, new imag-

ing techniques will need to be developed that increase the

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 re-
flect 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.
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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 re-

search is needed by using multispectral imaging and targeted bi-

opsies 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 byMRI:
Applications to Chiari Malformation Type I

A.M. Bagci, S.H. Lee, N. Nagornaya, B.A. Green, and N. Alperin

ABSTRACT

BACKGROUNDAND 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 ANDMETHODS: 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 betweenmanual and automated segmentation of
5 different CMI datasets was verified bymeans 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 landmarkswas determined bymeans of Pearson correlation.

RESULTS: PCF volumesmeasured by use of the automatedmethod andwithmanual delineationwere similar, 196.2� 8.7mL versus 196.9� 11.0
mL, respectively. Themean relative differenceof�0.3� 1.9%was not statistically significant. Lowmeasurement variability,with amean 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

The current radiologic definition of CMI is based on the degree of

tonsillar herniation below the foramen magnum. However, im-

aging 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 measure-

ments 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

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 demon-

strated 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-
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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 time-

consuming 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 influ-

enced 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 diagnos-

tic potential of PCF measurement, there is a need for a robust

automated method for reliable segmentation of the PCF. More-

over, because MR imaging is the primary technique used for di-

agnosis of CMI, it is important that such a method is available for

MR imaging data.

A new approach for automated PCF parcellation is pre-

sented. The proposed parcellation uses atlas-guided segmenta-

tion, 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. Addition-

ally, the degree of association between PCF volumes and linear

landmarks is assessed.

MATERIALS AND METHODS
Subjects
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 addi-

tional 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 sub-

jects provided written informed consent, and the study was ap-

proved by the institutional review board.

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

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 fol-

lows: 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.

Manual Segmentation of PCF Volume
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 delin-

eations were further reviewed and edited when needed by a neu-

roradiologist (N.N.). The PCF was anatomically bounded by ten-

torium cerebelli, occipital bone, clivus, and foramen magnum.

The volume of the PCF was calculated by summation of the vol-

ume of each voxel within the manually created mask on each

sagittal section.

CMI-Specific PCF Atlas
A PCF reference atlas, specific for CMI, was created from T1-

weighted 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 T1-

weighted images were then affine-registered to Montreal Neuro-

logical Institute 152 space12 and averaged to create the atlas tem-

plate. The delineated PCF region from each of the 9 subjects was

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

Automated Segmentation of PCF
Volume
Automated segmentation of the PCF

volume is achieved by use of the previ-

ously 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 regis-

tration to avoid adverse effects of cranial

and extracranial structures on registra-

tion.14 After the global linear transfor-

mation, 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-of-

squares cost function by use of a Leven-

berg-Marquardt modification of the

Gauss-Newton method. Finally, the PCF

mask is mapped to the subject MR imag-

ing 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 cere-

bellar tonsils extending beyond the fora-

men magnum are excluded as the result

of PCF masking. A flow chart of the FSL

implementation of the process for PCF

segmentation and measurement of the

PCF tissue volume is shown in Fig 3.

The intensity-based segmentation of the PCF tissues was com-

pared with FreeSurfer-based (http://surfer.nmr.mgh.harvard.edu)

segmentation of the hindbrain. The details of the FreeSurfer seg-

mentation method are provided by Fischl et al.17 FreeSurfer seg-

mentation 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.

Assessment of Automated Segmentation Accuracy and
Reliability
The accuracy of the automated segmentation was assessed by

comparing the automatically segmented PCF with manual seg-

FIG 2. Chiari-specific atlas template and the boundary of the PCF compartment (red outline)
shown in sagittal (A and B) and axial (C and D) planes. A 3D volumetric rendering of the PCF mask
(blue) generated from the atlas template and surrounding cranium (white) are shown in E and F.

FIG3. Flowchart illustratingtheFSL implementationoftheautomatedpro-
cess for PCF segmentation andmeasurement of the PCF tissue volume.
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mentation in 5 patients with CMI. Percentage volume difference

between the manual and the automated segmentations were cal-

culated 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� A � M�

V� A� � V�M�

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 com-

plete spatial overlap, respectively. A Dice similarity coefficient

value �0.7 is considered as a good agreement between 2 com-

pared measurements.18

The reliability of the automated seg-

mentation 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 vol-

ume was measured in 5 patients with

CMI by use of the proposed automated

method and compared with measure-

ments 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, de-

fined as the ratio of the tissue volume and the PCF compartment

volume, were compared as well. Finally, linear association be-

tween PCF volumes and the length of the 6 different linear PCF

markers were assessed by calculating the Pearson correlation co-

efficient 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).

RESULTS
PCF Volumes
Examples of midsagittal and axial images with the identified PCF

boundary and the 3D-rendered PCF volume from a representa-

tive 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 vol-

ume difference was �0.3 � 1.9%. The mean degree of overlap

(Dice coefficient) between the automatically and manually ob-

tained 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 dif-

ference between volume measurements was not statistically sig-

nificant (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, respec-

tively. The tissue volumes measured by use of FreeSurfer were

FIG 4. Outline of the PCFmask (red) generated by use of the proposedmethod onmidsagittal (A)
and axial (B) planes of T1-weighted MR imaging of a patient with CMI.

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

Subject
Age/
Sex

PCF
Volume (mL),
Scan 1

PCF
Volume (mL),
Scan 2

Relative
Percentage
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%
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consistently larger in each subject, with a mean percent difference

of 3.6 � 1.1% (P � .005). The mean and SD of the spatial overlap

were 0.945 � 0.004. Images illustrating the tissue segmentation by

the 2 methods are shown in Fig 6A,-B, respectively. The corre-

sponding PCF crowdedness indexes were 0.826 � 0.012 and

0.856 � 0.017, respectively. Because FreeSurfer does not provide

the PCF volume, the PCF volume obtained by the proposed

method was used to estimate the PCF crowdedness obtained by

use of the 2 methods.

None of the 6 linear PCF measures were significantly associ-

ated with the PCF volume. Five of the linear measures correlated

positively with the PCF volume with the following corresponding

Pearson correlation coefficients: supraocciput length (r � 0.38,

P � .18), McRae line (r � 0.37, P � .20), clivus (r � 0.32, P � .27),

Twining line (r � 0.30, P � .30), and length of cerebellum (r �

0.29, P � .31). As expected, the herniation length was negatively

correlated with the PCF volume, with a Pearson correlation coef-

ficient of �0.17 (P � .57).

DISCUSSION
Quantification of the PCF volume and the degree of PCF crowd-

edness were shown to be beneficial for differential diagnosis of

tonsillar herniation7,11 and for prediction of surgical outcome.10

The lack of a reliable automated method for PCF volumetry by use

of MR imaging, however, limits the clinical use of these PCF

markers. Advanced automated methods for brain parcellation

have matured in recent years and are becoming more widely

used.16,17 This work represents adaptation of established brain

segmentation techniques tailored toward PCF volumetry in CMI.

The proposed atlas-guided PCF segmentation method is en-

hanced by the creation of a CMI-specific reference atlas that cap-

tures the altered PCF morphology associated with CMI. An excel-

lent agreement between the proposed automated method and

manual segmentation by an expert observer is evident by the small

relative percentage difference of �0.3 � 1.9% and the very high

mean Dice coefficient of 0.96. The delin-

eation 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 quantifi-

cation of the repeated scans in 3 healthy

subjects. The automated volume mea-

surement of PCF is minimally affected

by the normal variability in patient po-

sitioning in the MR imaging scanner.

The mean PCF volume measurement obtained in our small

cohort of adult patients with CMI (196 � 8.7 mL) tends to be

larger than previously reported CT and MR-based measurements

of 186 mL by Nishikawa et al,11 174 � 25 mL by Noudel et al,10

and 166 � 8 mL by Milhorat et al.7 The bias in the mean volume

measurements may be attributed to the differences in the modal-

ities and the possible differences in the segmentation protocols,

particularly how the PCF boundaries were defined. Another con-

tributing factor may be related to the difference in the sampling

resolution of the volumetric data. In contrast to isotropic 1-mm

3D imaging used in this work, previous reports used 2D-based

imaging with thicker sections for the volumetric measurements

that can lead to measurement errors caused by large partial vol-

ume effect. In addition, the limited number of subjects used in

this study to validate the proposed automated method against

manual segmentation may not be representative of a CMI popu-

lation in terms of PCF volume.

The tonsillar herniation in CMI has been attributed to over-

crowding of the PCF as a result of a small PCF and normally

developed brain tissue volume.7,10,11 Therefore, in addition to

PCF volume measurement, accurate quantification of brain tissue

volume is also critical. Our measurement of mean PCF tissue

volume of 162.1 � 8.2 also tends to be slightly larger than previ-

ously reported values of 156 mL by Nishikawa et al11 and 151.8 �

3.1 mL by Milhorat et al.7 However, the measurement of crowd-

edness, the ratio of PCF tissue volume to PCF volume of 0.826 �

0.012, is in good agreement with the mean value of 0.833 reported

by Nishikawa et al.11

The comparison of the hindbrain tissue volume measure-

ments between the proposed method and FreeSurfer revealed a

statistically significant mean difference of 3.6 � 1.1% (P � .005).

The tissue volumes found through the use of FreeSurfer were

consistently larger than volumes obtained by using the proposed

method. As demonstrated in Fig 6, this difference is the result of

FIG 6. Outline of the PCF tissue masks (red) generated by use of the proposed method (A) and
FreeSurfer (B) in 1 of the patients with CMI.

Table 2: Comparison of PCF tissue segmentation by means of the proposed method and FreeSurfer

Patient

PCF Tissue Volume
(mL) (Proposed
Method)

PCF Tissue Volume
(mL) (FreeSurfer)

Percentage
Volume Difference

Dice
Coefficient

Crowdedness
Index (Proposed
Method)

Crowdedness
Index (FreeSurfer)

1 162.8 169.4 4.1% 0.949 0.842 0.876
2 172.1 181.6 5.5% 0.939 0.828 0.874
3 151.9 156.2 2.8% 0.940 0.824 0.847
4 170.1 174.0 2.3% 0.948 0.831 0.850
5 153.9 158.6 3.1% 0.949 0.806 0.830
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the exclusion of the tonsillar tissue volume that descends be-

low 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 land-

marks 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 cer-

ebellum is compressed inside an increasingly smaller PCF.

The reference atlas used to guide the segmentation was pre-

pared 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 morpho-

logic differences. However, for the purpose of reproducibility es-

timate, 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 pro-

posed 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 compart-

ments were similar in volume and spatial overlap with those de-

lineated manually by an expert observer. These early results sug-

gest that automated segmentation could substitute for manual

delineation of the PCF, thereby advancing the use of PCF parcel-

lation 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 interestwere the proportion of patientswith 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

Rebleeding from a ruptured aneurysm is a deadly complica-

tion. 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 clip-

ping versus coiling vary greatly across countries and single

centers.

Since the approval by the FDA of the GDC in 1995, endovas-

cular coil embolization has been compared with surgical clip oc-

clusion in high-quality prospective controlled studies.4-7 We per-

formed a meta-analysis of published prospective controlled

studies to evaluate the comparative efficacy of both treatment

modalities.

MATERIALS AND METHODS
We searched Medline, Embase, and the Cochrane Library for ran-

domized trials and prospective controlled studies comparing sur-

gical 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 pub-

lished in English between 2004 –2011. A high-quality systematic
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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 endovas-

cular treatment were considered. Noncontrolled or retrospective

studies comparing clinical results with surgical clipping or endo-

vascular 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, cere-

bral aneurysms, clip/clips, coil/coils, clipping, coiling, endovascu-

lar, coil embolization, embolization, endovascular coil emboliza-

tion, endovascular treatment, intracranial aneurysm, intracranial

aneurysms, neurosurgical clipping, ruptured aneurysm, ruptured

aneurysms, ruptured intracranial aneurysm, ruptured intracra-

nial aneurysms, subarachnoid hemorrhage, and subarachnoid

haemorrhage.

One hundred five potentially relevant references were identi-

fied 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 pa-

tients 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 inter-

vals across studies.9 Heterogeneity was

evaluated by using the I2 statistic.10

RESULTS
Three prospective controlled studies

were eligible for inclusion in this analy-

sis. Table 1 summarizes the main study

characteristics, methodology, and en-

rollment. These studies enrolled 2723

patients. Only patients with aneurysms

amenable to either surgical or endovas-

cular treatment were enrolled in 2 of the

trials,4,6 whereas in the remaining trial,

all consecutive patients with SAH (in-

cluding 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 ques-

tionnaire (or a caretaker if the patient was unable to complete it)

in 1 study6; and by use of modified Rankin Scale rated by a re-

search 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 dif-

ference 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 ran-

domized trials and 1 prospective controlled clinical trial have been

published comparing functional outcome at 1 year after coil embo-

lization versus surgical clip ligation for ruptured intracranial aneu-

rysms. 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 sei-

zures,11 delayed cerebral ischemia,12ischemic lesions on MR imag-

ing,13 and in-hospital complications14 are lower after coil emboliza-

tion 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 con-

vincing evidence that endovascular coil embolization should be

Table 1: Summary of published randomized clinical trials of surgery versus coiling for
ruptured aneurysms

Kuopio ISAT BRAT
Period February 1995 to

August 1997
1997 to September
2002

March 2003 to
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
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strongly considered as the preferred treatment technique for a rup-

tured aneurysm amenable to either therapeutic technique (surgery or

endovascular coiling).

The “Kuopio” study was the first of the 3 published prospec-

tive controlled studies of coil embolization versus clip ligation for

ruptured intracranial aneurysms.4,5

This trial was a single-center study con-

ducted in Kuopio, Finland, between

1995–1997 shortly after the introduc-

tion of endovascular treatment in that

center. The study enrolled patients with

aneurysms amenable to either surgical

or endovascular treatment; patients re-

quiring urgent hematoma evacuation or

with a geometry not amenable to coil

embolization were excluded.5 Overall,

109 patients were randomly assigned to

surgery (57 patients) or endovascular

treatment (52 patients).4,5 Primary clin-

ical outcome at 1 year (measured by the

GOS) was not significantly different be-

tween the 2 groups (intent-to-treat anal-

ysis), though there was a trend toward a

lower rate of poor outcome in patients

undergoing endovascular treatment

(23% versus 33% in those allocated to

surgery).5 There was 1 episode of early

rebleeding after incomplete coil emboli-

zation, but no episodes of rebleeding

were observed after discharge during a

mean follow-up of �4 years.5

ISAT was a large, multicenter, ran-

domized trial to assess the effectiveness

of coil embolization compared with sur-

gical clip ligation. The study was con-

ducted 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 em-

bolization.6 In ISAT, the proportion of

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 en-

rolled into the trial, the ruptured aneu-

rysm had to be judged amenable to ei-

ther surgical or endovascular treatment

by specialists in the 2 disciplines. There-

fore, of more than 9000 patients

screened at the participating centers

during the interval of the study, only

2143 were eventually enrolled in the

trial. As a result of the selection criteria,

most patients in ISAT were patients in good clinical grade (94%

World Federation of Neurosurgical Societies grades 1–3) with

small anterior circulation aneurysms (�90%). The high represen-

tation of patients with good grade aneurysmal SAH and anterior

circulation aneurysms in ISAT may have been the result of pa-

FIG 1. Meta-analysis of death and rate of poor functional outcome at 1 year.

FIG 2. Meta-analysis of rebleeding from the treated aneurysm during the first month after
treatment.

Table 2: Clinical outcome at 1 year (intent-to-treat analysis)
Kuopio ISAT BRAT

Outcome assessment 1 year Single neurosurgeon Postal questionnaire
filled out by patients

Research nurse

Definition poor outcome GOS mRS 3–6 mRS 3–6
Poor outcome
Endovascular 12/52 (23%) 250/1063 (23.5%) 46/198 (23%)
Surgery 19/57 (33%) 326/1055 (30.9%) 69/205 (34%)

Death
Endovascular 7/52 (13%) 85/1063 (8.0%) NA
Surgery 9/57 (16%) 105/1055 (9.9%) NA

Rebleeding
Endovascular
Day 1–30 1 20 1a

Day 31–365 0 6 0
�1 year 0 10 0

Surgery
Day 1–30 0 6 1
Day 31–365 0 4 0
�1 year 0 3a 0

One-year follow-up complete
Endovascular 100%b 1063/1073 (99%) 198/233 (85%)
Surgery 1055/1070 (98.6%) 205/238 (86%)

Note:—mRS indicates modified Rankin scale; NA, not available.
a Intent-to-treat analysis;
b 2 patients excluded after random assignment.
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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 ques-

tions remained unanswered. Given the relatively high number of

screened patients who were not considered candidates to partici-

pate 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 Amer-

ican centers, where a supposedly higher degree of subspecializa-

tion 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 pa-

tient 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 ame-

nable 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 neces-

sitating surgical evacuation) were originally assigned to emboli-

zation. Despite this high rate of crossover, the BRAT study con-

firmed 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 sur-

gical group and 20.4% in the endovascular group with a poor

outcome at 1 year (P � .01).

Endovascular coil embolization of ruptured intracranial aneu-

rysms 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 recur-

rence/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 post-

treatment 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 treat-

ment 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 (es-

pecially those who may be noncompliant with follow-up imag-

ing) 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 treat-

ment for a ruptured aneurysm in a given patient should be indi-

vidualized 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 con-

trolled 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 pa-

tients with ruptured intracranial aneurysms provides convincing

evidence that functional outcome at 1 year is better after endovas-

cular treatment despite a higher risk of rebleeding from the index

aneurysm after coil embolization. Hence, when technically feasi-

ble, endovascular coil embolization should be the preferred tech-

nique for the treatment of ruptured intracranial aneurysms.
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Coil Type Does Not Affect Angiographic Follow-UpOutcomes
of Cerebral Aneurysm Coiling: A Systematic Review

andMeta-Analysis
I. Rezek, G. Mousan, Z. Wang, M.H. Murad, and D.F. Kallmes

EBM
1

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
aneurysmswith imaging follow-up.Wedefined “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 typeswas 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 themajor 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

Despite widespread acceptance of endovascular coil emboliza-

tion for aneurysms, rates of unfavorable angiographic out-

comes remain relatively high. A recent systematic review of coil-

ing literature reported a rate of 18% of such outcomes.1 In an

effort to improve long-term occlusion rates, a number of “modi-

fied,” second-generation coil types have been developed and mar-

keted. Numerous single-center case series have been published

regarding outcomes for each of these second-generation coil

types, including Matrix (Boston Scientific, Natick, Massachu-

setts),2-4 HydroCoil (MicroVention, Tustin, California),5-7 and

Cerecyte coils (Codman Neurovascular, Raynham, Massachu-

setts).8,9 In addition, outcomes from several randomized, con-

trolled 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 cur-

rent study, we report results from a systematic review and meta-

analysis assessing differences in reported unfavorable angio-

graphic 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 Meta-

analyses (PRISMA) statement.15

Literature Search
We searched Ovid MEDLINE and EMBASE databases from Jan-

uary 1999 to December 2011. The search was performed by an
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experienced reference librarian. The following key words as Med-

ical Subject Headings (MeSH) terms and text words were used in

relevant combinations: “subarachnoid hemorrhage,” “intracra-

nial aneurysm,” “endovascular treatment,” and “coiling” in both

“AND” and “OR” combinations. In addition, we reviewed ab-

stracts from selected radiology, neurology, and neurosurgery sci-

entific meetings in the years 2011 and 2012 to identify coil studies

(the 2012 annual meeting of the American Society of Neuroradi-

ology, the 2011 annual meeting of the Society of Neurointerven-

tional 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, Ma-

trix, HydroCoils, or Cerecyte coils, and 3) available imaging fol-

low-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 flow-

related aneurysms, 2) treatment with other coil types or lack of clarity

regarding coil type used, primarily stent-treated aneurysms, or non-

coil embolic agents used to perform either aneurysm or parent vessel

coil occlusions. When studies had multiple groups comparing differ-

ent imaging modalities (eg, DSA, MRA), only the groups that were

followed with DSA were considered. When the same patient popu-

lation 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 im-

ages 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 occlu-

sion 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 sta-

tus, mean duration of follow-up, use of a core laboratory facility,

whether assessed by single or multiple readers, angiographic fol-

low-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 in-

cluded 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 consid-

ered 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 rup-

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 com-

pare rates of unfavorable outcomes among coil types, we used the

test of interaction proposed by Altman and Bland.20 We also con-

structed multivariate nested random effects meta-regression

models to further explore the difference of coil types after adjust-

ing 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 out-

comes 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 pub-

lication 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 popula-

tion 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 descrip-

tion), 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 ver-

sus less).

FIG 1. Search strategy in a flow chart alongwith reasons for exclusion.
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RESULTS
We identified 4019 potential references published between Janu-

ary 1999 and December 2011 as well as 3 prospective coil studies

identified from 2011–2012 conference proceedings11,12,26 (Fig 1).

There was a disagreement on 8 studies (0.2%) between the 2 re-

viewers that was resolved by a decision from the senior author. A

total of 3940 studies (97%) of 4022 were excluded for the follow-

ing reasons: �50 treated aneurysms (2887 articles; 72%), no avail-

able angiographic follow-up (746 articles; 19%), nonclinical series

(editorial letters, nonhuman experimental models for cerebral

aneurysms) (256 articles; 6%), utilization of coil types other than

the designated included categories or treatment options other

than coiling, such as stents alone or parent artery occlusion (30

articles; 0.8%), and duplicate publishing of the same patient pop-

ulation (21 articles; 0.5%). As such, 82 (2%) studies met all inclu-

sion criteria and were included in our analysis (see On-line Ap-

pendix for full list of included studies). Seventy-four (90%) of the

82 studies described patients treated with a single coil type. The

remaining 8 studies of the included 82 (10%) compared 2 subsets

of patient groups that were treated with 2 different coil types. Each

subset was considered a separate patient subgroup. In total, there

were 90 patient subgroups.

The total number of treated aneurysms was 17,706, of which

12,986 (73%) had available angiographic follow-up outcomes

and were included in the final analysis. The overall mean aneu-

rysm size was 8.0 mm (interquartile range [IQR]: 4.6 –15 mm).

The average percentage of ruptured an-

eurysms in the enrolled studies was 64%

(IQR: 11–100%). The patients were fol-

lowed up to 18.9 months (IQR: 4.5– 69

months) on average.

Sixty-five (72%) of 90 patient sub-

groups 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 summa-

rizes baseline characteristics of the stud-

ied groups. The differences among coil

types were not significant regarding

mean aneurysm size (P � .69), the pro-

portion of initially ruptured aneurysms

(P � .58), or the mean duration of fol-

low-up (P � .08).

The pooled rates of unfavorable out-

comes are shown in Fig 2. Overall, the

rate of unfavorable outcomes from all

studies was 19% (95% CI: 17%, 21%)

(2452 of 12,986 aneurysms). For bare

platinum coils, the rate was 20% (95%

CI: 17%, 22%) (1907 of 10,370 aneurysms), for Matrix it was 23%

(95% CI: 16%, 29%) (279 of 1128 aneurysms), for HydroCoil it

was 15% (95% CI: 8.7%, 21%) (175 of 977 aneurysms), and for

Cerectye it was 15% (95% CI: 6.6%, 23%) (91 of 511 aneurysms).

The difference in rates across various coil types was not statisti-

cally significant (P � .32). Even after adjusting for baseline rup-

ture, aneurysm size, follow-up time, core laboratory, and multi-

ple-reader interpretation effect, we found no significant

differences in the reported unfavorable outcomes rates between

coil types (Table 2).

Across studies, substantial heterogeneity was observed in all

pooled outcome estimates (I2 �50%, P � .001) (Fig 2). The Egger

regression asymmetry test suggested potential publication bias

(P � .001). The quality of the included studies is summarized in

Fig 3. Only 3 (3.7%) of 82 studies were RCTs.10,12 The remaining

studies were observational cohort studies with or without a con-

trol group. Fig 3 summarizes the quality of the included studies.

Selection of nonexposed cohorts was not adequate because most

of the studies described a single-center series of patients with no

control group. The assessment of outcome was self-reported ex-

cept for 8 (9.8%) of 82 studies in which an independent core

laboratory reported the angiographic outcomes. The other items

were found to be adequate in the included studies. The overall

quality of the current evidence (ie, confidence in the estimates) is

FIG 2. Forest plot shows the pooled outcome estimates from random effects analysis.

Table 1: Baseline characteristics of study groups

Coil Group
Number of Studied
Groups (%)

Mean Aneurysm
Size, mm (SD)

Percentage of Initially
Ruptured Aneurysms (SD)

Mean Follow-Up
Duration, mo (SD)

Total 90 (100) 8.0 (3.1) 64 (28) 18.9 (19.8)
Bare platinum 65 (72) 8.2 (3.5) 66 (30) 22.2 (22.2)
Matrix 8 (8.9) 7.5 (1.8) 55 (16) 9.4 (3.2)
HydroCoil 11 (12) 7.9 (1.2) 58 (23) 10.3 (4.2)
Cerecyte 6 (6.7) 6.3 (7.9) 72 (22) 11.2 (9.0)
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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 out-

comes were not significantly different among the various leading

types of endovascular coils for aneurysm therapy. Overall, ap-

proximately 1 in 5 aneurysms showed unfavorable outcome at

follow-up. At first glance, both HydroCoil and Cerecyte rates ap-

pear 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 confi-

dence intervals for all reported proportions were wide and thus

significant differences were not shown. The results from this cur-

rent study were further compromised by substantial heterogene-

ity 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 re-

garding 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

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. How-

ever, the MAPS and Cerecyte trials found no significant advan-

tages of newer devices over bare platinum.

Previous reviews of the literature have assessed possible ad-

vantages of Matrix coils13 and other second-generation coils.14

The results of our current study are relatively consistent with pre-

vious studies, in that none has found significant differences be-

tween coil types on angiographic follow-up. However, our cur-

rent 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 po-

tential 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 tech-

nique-related variations and combine multiple types of unfavor-

able results, including incomplete occlusion and Raymond class 3,

with recanalization. Also, most studies were excluded for incom-

plete 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 sta-

tistical significance may also be due underpowered subgroup

analyses and should not be interpreted as equivalence of the dif-

ferent coil types. Finally, in this systematic review, we found only

3 RCTs. Observational studies are subject to high risk of bias be-

FIG 3. Quality assessment of the included studies.

Table 2: Multivariate random effects meta-regression

Variable Odds Ratio
95% Confidence
Interval P Value

Bare platinum Reference
Matrix 0.93 0.30, 2.89 .90
HydroCoil 0.46 0.17, 1.25 .13
Cerecyte 0.58 0.17, 1.99 .38
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cause of baseline imbalance and potential outcome confounding.

By pooling results from observational studies and RCTs, ecolog-

ical 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 aneu-

rysms treated with coil embolization was not statistically different

across the major approved coil types.

Disclosures: David F. Kallmes—UNRELATED: Consultancy: ev3,* Codman,*
Medtronic*; Grants/Grants Pending: ev3,* MicroVention,* Sequent,* Codman*;
Payment for Lectures (including service on Speakers Bureaus):MicroVention*; Roy-
alties: UVA Patent Foundation*; payment for development of educational presen-
tations: ev3*; Travel/Accommodations/Meeting Expenses unrelated to activities
listed:MicroVention* (*money paid to institution).

REFERENCES
1. Rezek I, Mousan G, Wang Z, et al. Effect of core laboratory and

multiple-reader interpretation of angiographic images on fol-
low-up outcomes of coiled cerebral aneurysms: a systematic review
and meta-analysis. AJNR Am J Neuroradiol 2013;34:1380 – 84

2. Linfante I, Akkawi NM, Perlow A, et al. Polyglycolide/polylac-
tide-coated platinum coils for patients with ruptured and un-
ruptured cerebral aneurysms: a single-center experience. Stroke
2005;36:1948 –53

3. Mitra D, Herwadkar A, Soh C, et al. Follow-up of intracranial aneu-
rysms treated with Matrix detachable coils: a single-center experi-
ence. AJNR Am J Neuroradiol 2007;28:362– 67

4. Ishii A, Murayama Y, Nien YL, et al. Immediate and midterm out-
comes of patients with cerebral aneurysms treated with Matrix1
and Matrix2 coils: a comparative analysis based on a single-center
experience in 250 consecutive cases. Neurosurgery 2008;63:1071–79

5. Berenstein A, Song JK, Niimi Y, et al. Treatment of cerebral aneu-
rysms with hydrogel-coated platinum coils (HydroCoil): early sin-
gle-center experience. AJNR Am J Neuroradiol 2006;27:1834 – 40

6. Deshaies EM, Adamo MA, Boulos AS. A prospective single-center
analysis of the safety and efficacy of the Hydrocoil embolization
system for the treatment of intracranial aneurysms. J Neurosurg
2007;106:226 –33

7. Gunnarsson T, Tong FC, Klurfan P, et al. Angiographic and clinical
outcomes in 200 consecutive patients with cerebral aneurysm
treated with hydrogel-coated coils. AJNR Am J Neuroradiol
2009;30:1657– 64

8. Butteriss D, Gholkar A, Mitra D, et al. Single-center experience of
Cerecyte coils in the treatment of intracranial aneurysms: initial
experience and early follow-up results. AJNR Am J Neuroradiol
2008;29:53–56

9. Geyik S, Yavuz K, Ergun O, et al. Endovascular treatment of intra-
cranial aneurysms with bioactive Cerecyte coils: effects on treat-
ment stability. Neuroradiology 2008;50:787–93

10. White PM, Lewis SC, Gholkar A, et al. Hydrogel-coated coils versus
bare platinum coils for the endovascular treatment of intracranial
aneurysms (HELPS): a randomized controlled trial. Lancet
2011;377:1655– 62

11. Claiborne Johnson S, McDougal C, Gholkar A. The MAPS (Matrix
and Platinum Science) Trial: primary results. In: Proceedings of the
Eighth Annual Meeting of the Society of Neurointerventional Sur-
gery, Colorado Springs, Colorado: July 25–28, 2011

12. Molyneaux AJ, Fox A, Sneade M, et al. Cerecyte Coil Trial: angio-
graphic and clinical outcomes of endovascular coiling in patients

with ruptured and unruptured intracranial aneurysms treated with
Cerecyte coils compared with bare platinum coils: finals results of a
prospective randomized trial. In: Proceedings of the American Society
of Neuroradiology 50th Annual Meeting and the Foundation of the
ASNR Symposium, New York: April 21–26, 2012

13. Smith MJ, Mascitelli J, Santillan A, et al. Bare platinum vs Matrix
detachable coils for the endovascular treatment of intracranial
aneurysms: a multivariate logistic regression analysis and review of
the literature. Neurosurgery 2011;69:557– 65

14. White PM, Raymond J. Endovascular coiling of cerebral aneurysms
using “bioactive” or coated-coil technologies: a systematic review
of the literature. AJNR Am J Neuroradiol 2009;30:219 –26

15. Moher D, Liberati A, Tetzlaff J, et al. Preferred reporting items for
systematic reviews and meta-analyses: the PRISMA statement. Ann
Intern Med 2009;151:264 – 69

16. Roy D, Milot G, Raymond J. Endovascular treatment of unruptured
aneurysms. Stroke 2001;32:1998 –2004

17. Clopper C, Pearson ES. The use of confidence or fiducial limits il-
lustrated in the case of the binomial. Biometrika 1934;26:404 –13

18. DerSimonian R, Laird N. Meta-analysis in clinical trials. Controlled
Clin Trials 1986;7:177– 88

19. Freemantle N, Cleland J, Young P, et al. Beta blockade after myocar-
dial infarction: systematic review and meta regression analysis.
BMJ 1999;318:1730 –37

20. Altman DG, Bland JM. Interaction revisited: the difference between
two estimates. BMJ 2003;326:219

21. Julian PTH, Simon GT, et al. Measuring inconsistency in meta-anal-
yses. BMJ 2003;327:557– 60

22. Egger M, Davey Smith G, Schneider M, et al. Bias in meta-analysis
detected by a simple, graphical test. BMJ 1997;315:629 –34

23. Balshem H, Helfand M, Schunemann HJ, et al. GRADE guidelines: 3,
rating the quality of evidence. J Clin Epidemiol 2011;64:401– 06

24. Guyatt GH, Oxman AD, Vist G, et al. GRADE guidelines: 4, rating
the quality of evidence–study limitations (risk of bias). J Clin Epi-
demiol 2011;64:407–15

25. Wells GA, Shea B, O’Connell D, et al. The Newcastle-Ottawa Scale
(NOS) for assessing the quality of nonrandomised studies in meta-
analyses. Third Symposium on Systematic Reviews: Beyond the Basics.
2000 July; Oxford, UK.

26. Pierot L, Cognard C, Ricolfi F, et al. Mid-term anatomic results after
endovascular treatment of ruptured intracranial aneurysms with
GDC and Matrix coils: analysis of the CLARITY series. AJNR Am J
Neuroradiol 2012;33:469 –73
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ORIGINAL RESEARCH
INTERVENTIONAL

Use of CT Angiography and Digital Subtraction Angiography in
Patients with Ruptured Cerebral Aneurysm: Evaluation of a

LargeMultihospital 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 ANDMETHODS: 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 informationwas 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 trendwas 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.

The standard examination to evaluate for a source of subarach-

noid hemorrhage for decades has been conventional angiog-

raphy, which has now evolved into digital subtraction angiogra-

phy. 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 pa-

tients with SAH,6 but that conclusion has been questioned be-

cause 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

must identify the source of bleeding, most commonly an aneu-

rysm. 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 collec-

tion 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 (ICD-

9-CM diagnostic code 430) from 2006–2011 were identified. Pa-
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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 [“endo-

vascular repair of occlusion of head and neck vessels”], 39.75 [“en-

dovascular 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 hospi-

talization. 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 angiog-

raphy during hospitalization. Day of DSA or CT angiography in re-

lation 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 ana-

lyzed 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 clip-

ping cases and 3950 were coiling cases. Patient demographic char-

acteristics 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) under-

went 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, de-

pending 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) com-

pared with nonteaching hospitals. High-volume centers (�20

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 com-

pared 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 pretreat-

ment 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 under-

went imaging after clipping or coiling, with 22% (1096/4972) re-

ceiving DSA only, 12% (575/4972) receiving CT angiography

only, and 10% (491/4972) receiving both DSA and CT angiogra-

phy. 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 sim-

ilar 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

Patient and hospital demographics
Clipping Coiling

Patient
Number of patients 1022 3950
Age, y, median (interquartile
range)

53 (45–61) 55 (46–65)

Female sex, n (%) 667 (65%) 2800 (71%)
Hospital
Region, n (%)
Midwest 156 (15%) 447 (11%)
South 436 (43%) 1666 (42%)
Northeast 273 (27%) 1290 (33%)
West 157 (15%) 547 (14%)
Median number of beds (range) 623 (447–725) 623 (442–683)
Urban location, n (versus rural) 1011 (99%) 3857 (98%)
Teaching, n (versus nonteaching) 699 (68%) 2684 (68%)
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with nonteaching hospitals. High-volume centers (�20 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 clip-

ping were increasingly subjected to posttreatment imaging from

2006–2011. The fraction of clipping patients who underwent post-

treatment imaging significantly increased from 33% (55/167) in 2006

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 angiog-

raphy only. Rates for the use of CT angiography were higher in teach-

ing 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 clip-

ping 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

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.
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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 treat-

ment of an aneurysm can increase the cost of treatment and the risk

of contrast-induced nephropathy relative to the use of either tech-

nique 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 angiogra-

phy 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 result-

ing from avoidance of DSA would be difficult to confirm. Even at

centers that generally use DSA as the primary imaging, CT angiog-

raphy 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 post-

treatment CT angiography and/or DSA imaging from 2006–2011,

whereas posttreatment imaging of patients undergoing coiling re-

mained fairly constant. The use of more imaging after clipping com-

pared with coiling might be at least partly because all patients under-

going 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 clip-

ping 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 angiog-

raphy 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 deci-

sion-making process for each hospitalization and the reasons that

providers chose CT angiography, DSA, or both modalities are un-

known. The implications of our findings may be different for pre-

treatment 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 cor-

responding 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 with-

out added clinical value of the second test.
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ORIGINAL RESEARCH
INTERVENTIONAL

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

BACKGROUNDANDPURPOSE: The goal of endovascular treatment of cerebral bifurcation aneurysms is to achieve safe coiling of the sac
alongwith preserving patency of the diverging branches. Our purposewas evaluate procedural safety and efficacy as well as the long-term
durability of endovascular treatment of bifurcation aneurysms with double stent–assisted coiling.

MATERIALSANDMETHODS: Onehundredninety-one consecutivepatientswithbifurcation aneurysmswere included in this series. Technical
failure occurred in 3 aneurysms (1.5%); 188 patientswith 193 aneurysms treatedwith double stent–assisted coilingwere retrospectively evaluated;
113 aneurysmswere located atmiddle 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 complica-
tions 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 recanali-
zation 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

In early practice, the application and technical success of en-

dovascular 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 ad-

junctive materials such as remodeling balloons,2 the neck-

bridge device,3 and, thereafter, self-expanding stents,4 has re-

sulted in significant expansion of patient selection criteria.

Easy and safe navigation, mostly through a microcatheter with-

out a need for an exchange procedure, is the most important feature

of the self-expanding stents currently in use, compared with the bal-

loon-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

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 pa-

tency of involved branches with deployment of stents in each partic-

ular vessel, along with creation of a new bifurcation point across the

neck of the related aneurysm. Likewise, in sidewall aneurysms, labo-

ratory data revealed flow alterations after placement of stents in the

Y-configuration at the neck of a bifurcating aneurysm model.8 More-

over, double-stent placement in Y-configuration may provide suffi-

cient flow reduction even without endosaccular coiling and may re-

sult 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
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double stent–assisted coil embolization technique between Sep-

tember 2006 and August 2011 (Table 1). DSAC was deemed nec-

essary 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 at-

tempts; 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 coil-

ing; 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 in-

cluded 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 cere-

bral artery bifurcation; 42 at the anterior communicating artery;

22 at the basilar artery bifurcation; and remaining 16 at the inter-

nal 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-to-

neck ratio �1.5 (Fig 1–3).

Five patients with AcomA aneurysms, treated with X-con-

figured 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 viewof a complex rightMCA 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 angiogra-
phy in anterior-posterior view revealing the reconstruction of MCA bifurcation and complete
occlusion of the aneurysm.

Table 1: Patient and aneurysm characteristics
No of Patients 188
Sex
Female 111
Male 77
Age, y
Mean 50.3
Minimum 15
Maximum 72
No. of treated aneurysms 193
Aneurysm location (%)
Anterior 171 (88.6)
MCA 113
AcomA 42
ICA bifurcation 16

Posterior 22 (11.4)
Basilar bifurcation 22

Aneurysm size (%)
Small,�100 mm 132 (68.4)
Large 56 (29)
Giant 5 (2.6)
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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 ticlopi-

dine. 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 proce-

dure consisted of intravenous administration of heparin with

close monitoring of blood activated clotting time levels.

Technique
All procedures were performed under general anesthesia with bi-

plane 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. Se-

lection of the branch to be catheterized first is extremely impor-

tant for the success of the technique; that is, the angle between the

proximal vessel and the diverging branch is the most important

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.
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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 con-

figuration, 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 combi-

nations 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 oc-

curred in 3 aneurysms (1.5%), resulting in a technical success rate

of 98.5%. The first stent was deployed in these 3 patients unevent-

fully; however, the second stent could not be placed, but we were

able to complete the endovascular treatment with coiling success-

fully 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 complica-

tions (5/188; 2.7%), 1 of which led to

death resulting from intraprocedural

rupture, with an associated mortality

rate of 0.5%. Aneurysm rupture oc-

curred 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 unrup-

tured aneurysm, and the immediate CT scan revealed SAH of

unknown origin. This patient was discharged with left-side mod-

erate 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 le-

sions, and their symptoms resolved with the addition of low-mo-

lecular-weight heparin to anti-aggregation therapy. Delayed isch-

emic stroke occurred in 2 patients (1.1%) as the result of

unauthorized early cessation of clopidogrel. Overall, cumulative,

procedure-related hemorrhagic, and delayed ischemic complica-

tions 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, recur-

rence 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 imme-

diate 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 oc-

clusion 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; recanali-

Table 2: Stent types used in dual-stent reconstruction
Type of Stent Total (%) MCA AcomA Basilar ICA

Double Neuroform 6 (3.1) 2 0 2 2
Double Enterprise 126 (65.3) 79 30 11 6
Double Solitaire 32 (16.6) 12 7 7 6
Enterprise� Solitaire 29 (15.1) 20 5 2 2
Total 193 113 42 22 16
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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 dis-

advantage of having 3 microcatheters in the same artery

simultaneously.

The TriSpan neck-bridge device (Boston Scientific) is an im-

portant tool that was used to achieve safe coil occlusion of bifur-

cation 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 long-

term 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-con-

figuration 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 broad-

based 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-as-

sisted coil embolization of bifurcation aneurysms, was first de-

fined by Chow et al7 and Perez-Arjona et al14 for treatment of

wide-neck basilar artery bifurcation an-

eurysms, which then was followed by the

application of a technique for treatment

of an MCA aneurysm by Sani et al.15

These reports have pointed out the ad-

vantage of reconstruction of the bifurca-

tion with deployment of double stents in

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 open-

cell 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 sepa-

rator, diverting the flow streamlines into branches below the ini-

tial apex of the bifurcation and thus potentially decreasing the

wall shear stress at the aneurysm neck. On the other hand, closed-

cell 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 microcath-

eter. 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 disadvan-

tageous 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

Occlusion Rate

Angiographic Occlusion at Initial Control Angiography

No. of
Initial Occlusions

No. of
Follow-Up Class I Class II Class III

Class I 49 (25.4) 46 46 0 0
Class II 63 (32.6) 60 52 4 4
Class III 81 (42) 80 80 0 0
Total 193 (100) 186 178 4 4
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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 aneu-

rysms 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 dur-

ing 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 post-

operative 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, fol-

low-up revealed no recanalization regardless of initial occlusion

rates. Of the 53 large aneurysms, which had follow-up, recanali-

zation 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 lo-

cated in the MCA bifurcation and the AcomA, the authors re-

ported 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 nonover-

lapping 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. Accord-

ingly, linear or nonoverlapping or kissing-stent techniques prob-

ably would lack this effect, and the waffle-cone technique may

increase the flow toward the aneurysm sac.
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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 bound-
aries 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 inconsis-
tent 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 2DCFD and 3DCFD, 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
calculationwas found. In diastole, flowpatterns of 3D PC-MR imaging differed from those obtained fromCFDdue 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

Despite 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-re-

lated morbidity and mortality rates slightly in favor of the for-

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 contrib-

utes substantially to rupture risk assessment and treatment-plan-

ning 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 con-

verting large amounts of patient-specific data into workable mod-

els.9 Without patient-specific data for inflow and outflow bound-

ary conditions, assumptions have to be made regarding heart rate

and blood flow, the shape of the inlet-velocity profile, and flow-

division 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-aneurys-
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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 aneu-

rysms 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 ap-

proximately 10 minutes, therefore clinically feasible, was applied

to 8 intracranial aneurysms. The results were compared with pa-

tient-specific CFD simulations in which spatial and temporal

boundary conditions obtained from a separate 2D PC-MR imag-

ing and from the 3D PC-MR imaging acquisition were applied.

Comparison was performed on a voxel-by-voxel basis by calcu-

lating the mean and SD of the paired differences of velocity mag-

nitude 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 mea-

sure important quantitative and qualitative features of intra-an-

eurysmal 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 aneu-

rysm work-up with at least 3D rotational angiography. The pa-

tients met a Glasgow Outcome Scale score of �4.17 Patients were

excluded if they had contraindications for either 3D-RA or MR

imaging. Further inclusion requirement for this study was a suc-

cessful 3D PC-MR imaging measurement in an unruptured intra-

cranial 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 con-

ducted 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 per-

formed 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 perpen-

dicular to the parent artery proximal to the aneurysm. The acqui-

sition was retrospectively gated by using either an electrocardio-

gram 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 direc-

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 k-

lines 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 ve-

locity 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 aneu-

rysms was performed with the use of a level set evolution algo-

rithm20 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 volum-

ing 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 per-

formed with custom-built software in Matlab (MathWorks,

Natick, Massachusetts) and took approximately 4 hours to con-

duct. 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 im-

ported 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 maxi-

mum 0.4 mm.

Meshes were created consisting of 1,168,002 to 2,608,270 tet-

rahedral 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 per-

formed 2 different series of simulations: 1) CFD with spatial and

temporal inflow boundary conditions obtained from 2D PC-MR
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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-of-

flight 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 mea-

sured with 2D PC-MR imaging were rotated and translated like-

wise 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 subse-

quent interpolation of the velocity values of the 3D PC-MR im-

aging measurement found at the CFD inflow boundary to the

nodes at this location. These steps were performed with custom-

built software in Matlab.

CFD iterations were continued until the residual of the conti-

nuity 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 pre-

scribed 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 mea-

surements 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 magni-

tude. By subtracting these images, an image containing minimum

signal and maximum noise is obtained. SNR is then calculated by

1) SNR �
mean�S1 � S2��ROI

�2SD�S1 � S2��ROI

.

As the region of interest for the SNR calculation, the total aneu-

rysm 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 reg-

istration 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 loca-

tion and magnitude of vortices, by calculation of singular en-

ergy, as developed by Liu and Ribeiro,25 of the intra-aneurys-

mal 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 com-

parison of the velocity fields between 3D PC-MR imaging and

CFD.

The technique used in the current study extended the orig-

inal 2D approach to 3D by including the singular energy for the

transverse, sagittal, and coronal 2D sections. For further de-

tails, 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 cre-

ated, 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 On-

line Table 1.

For both CFD with inflow boundaries from 2D and 3D

PC-MR imaging, Bland-Altman plots analyzing velocity magni-

tude 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 be-

tween 3D PC-MR imaging and CFD, with inflow boundary con-

ditions obtained from 2D PC-MR imaging consisting of parti-

tioning 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 differ-

ence (MDif) at every cardiac phase:

2) MDif �

�
n � 1

N MRIn � CFDn

N
,

where N is the number of voxels. Its significance was tested with a

paired t test; P � .05 was considered statistically significantly dif-

ferent. The SD of the paired difference (SDif) was calculated as
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well A relative difference in velocity magnitude between both

methods was based on the mean CFD velocity magnitude per

subject:

3) RDif �
MDif

��n � 1

N CFDn

N
� .

Differences in flow direction were calcu-

lated 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 ve-

locity 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 qualita-

tively similar for the 3 methods. This

finding can further be appreciated from

the pathlines in Fig 2. In Fig 1 for dias-

tole, the vortices of the 3D PC-MR im-

aging measurement appeared disrupted

and irregular in most aneurysms.

For most aneurysms, the 3D PC-MR imaging measurements

resulted in higher velocity magnitude values than CFD with in-

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.

FIG 2. Pathlines over the entire cardiac cycle depicting similar complex flow in aneurysmvolumes
(gray background) of aneurysms 1, 4, 5, and 7 for 3D PC-MR imaging; CFD with inflow boundary
conditions obtained from 2D PC-MR imaging; and CFDwith inflow boundary conditions obtained
from 3D PC-MR imaging.
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flow boundary conditions obtained from 2D PC-MR imaging

(On-line Table 3). When inflow boundary conditions from 3D

PC-MR imaging were used, the velocity magnitude values were

higher for CFD than for 3D PC-MR imaging in a few simulations.

For both CFD methods, the SDif and the RDif were higher in

systole than in diastole and differences in estimated local flow

direction were found primarily in diastole.

The Bland-Altman plots in On-line Figs 1– 4 show similar be-

havior for the difference in velocity magnitude and singular en-

ergy between 3D PC-MR imaging and both CFD methods

In Fig 3, the locations with singular energy magnitude higher

than half the maximum are displayed for 4 aneurysms. For aneu-

rysms 1, 2, and 3, the locations and magnitudes of the maximum

singular energy were similar. For aneurysm 5, the magnitude of

the singular energy was approximately twice as low for both CFD

methods. RDif averaged over all aneurysms in systole was a factor

of 3 smaller for singular energy than for velocity magnitude (On-

line Table 4). .

On-line Fig 5A shows that in systole an offset in velocity mag-

nitude was found for the difference between 3D PC-MR imaging

and CFD with 2D PC-MR imaging inflow boundary conditions.

For velocity magnitude at diastole and singular energy at both

systole and diastole, the Bland-Altman plots (On-line Figs 5 and

6) were similar for the difference between 3D PC-MR imaging

and CFD with 2D PC-MR imaging and 3D PC-MR imaging in-

flow boundary conditions.

In On-line Table 2, MDif, SDif, and RDif are given for the

separated inflow vessel and dome of the aneurysms. At systole,

MDif was generally higher for the inflow region than for the

dome, while RDif was lower for the inflow region than the dome.

Further differences were similar to the analysis of the total

geometry.

DISCUSSION
Studies comparing 3D PC-MR imaging with CFD on a voxel-by-

voxel basis in human aneurysms at 3T are not available in the

literature, to our knowledge. One study compared 3D PC-MR

imaging with CFD in the aorta,28 and 1 study in 5 intracranial

aneurysms at 1.5T at relatively low spatial resolution.29 Another

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 simu-

lations in this study was to compare the

results with the 3D PC-MR imaging

measurements. To compare the modal-

ities on a voxel basis, we downsized the

flow fields obtained from CFD simula-

tions to the voxel size of 3D PC-MR im-

aging. The original CFD data were there-

fore not displayed.

The need for reliable patient-specific
CFD simulations has been described by
many authors. However, the prescrip-
tion of inflow boundary conditions that

produce accurate CFD results is still a

matter of debate. Several studies used flow rates that were mea-

sured with 2D PC-MR imaging in separate healthy volunteers.9,31

Patient-specific spatial and temporal velocity vector values as

measured with 3D PC-MR imaging at each node of the inflow

boundary and subsequent comparison with 3D PC-MR imaging

have been applied at relatively low resolution in only 2 stud-

ies.28,29 This is the first study to perform this comparison in in-

tracranial aneurysms at 3T, to our knowledge.

To be able to prescribe boundary conditions with high spatial

and temporal resolution, we performed a 2D PC-MR imaging

measurement to obtain inflow profiles. Furthermore, the differ-

ence with inflow boundary conditions obtained at lower spatial

and temporal resolution was investigated by prescribing inflow

boundary conditions obtained from 3D PC-MR imaging. It was

shown that different inflow boundary conditions produce differ-

ent results in terms of velocity magnitude. However, the differ-

ences in the direction of the velocity vectors, expressed as the

angle between vortices or as locations of vortices by singular en-

ergy, were found to be small when using inflow boundary condi-

tions obtained from different techniques.

On average, the 3D PC-MR imaging measurements resulted in

30% higher flow estimates than the 2D PC-MR imaging ones.

Discrepancies between flow measurements from 2D and 3D

PC-MR imaging (�18%)32 or 2D and endovascular sonography

(�15%)33 have been reported in the literature earlier. Wentland

et al34 concluded that flow measurements in healthy volunteers in

the renal vasculature revealed that 3D measurements tended to be

more internally consistent than 2D measurements.

In On-line Table 1, it can be seen that segmentation of the

sections obtained by 3D PC-MR imaging resulted in larger areas

than for the 2D PC-MR imaging sections. A slightly smaller seg-

mentation can result in the discarding of many voxels around the

circumference of the vessel and therefore in severe area underes-

timation. Despite the lower mean velocities in the 3D PC-MR

imaging measurement, the larger vessel area resulted in larger

flow values than 2D PC-MR imaging.

A consequence of the smaller vessel segmentation in 2D

PC-MR imaging was that velocities at nodes at the edges of the

FIG 3. Singular-energy magnitude and location at peak systole in aneurysm volumes (gray) of aneu-
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
visualization purposes, only the areas with singular energy above half the maximum value are
indicated.
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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 simula-

tion. 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 bound-

ary 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 fan-

shaped 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 me-

dian angle were similar. We therefore conclude that different inflow

boundary conditions have a large influence on magnitude of velocity

values.However,velocityvectordirectionsandlocationsandmagnitude

of vortices are fairly independent of inflow boundary conditions.

The singular energy measure as presented in this study is in-

troduced to facilitate the comparison between 3D PC-MR imag-

ing 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 in-

triguing 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 dis-

crepancies 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. Further-

more, the temporal resolution of the 3D PC-MR imaging was

relatively low, resulting in temporal low-pass filtering (ie, under-

estimation of velocities in the systolic phase).

It is clear that more accurate estimation of intracranial aneu-

rysm hemodynamics from PC-MR imaging requires improved

technology. Higher field strengths can improve SNR.39 One re-

cently developed promising technique to improve PC-MR imag-

ing 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 aneu-

rysms. 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 measure-

ments were different compared with those generated with CFD

due to the low velocity-to-noise ratio of the 3D PC-MR imaging

measurements. Singular energy calculation revealed quantitative

agreement between 3D PC-MR imaging and CFD in systole.
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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 ANDMETHODS: 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�2, 33% used TICI�2b, 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

The 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 pro-

posed a seemingly simple modification of the TIMI scale to eval-

uate intracranial perfusion assessed in cerebral angiography. This

new scale, the Thrombolysis in Cerebral Infarction scale, was in-

tended to standardize the grading of angiographic outcomes, par-

ticularly 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 wash-

out slower than normal and is subdivided into 2 subcategories, 2a

and 2b. Although the TICI scale has achieved fairly rapid accep-

tance into the medical literature, the scale was somewhat arbi-

trarily created and has not been validated or tested systematically.

Although the TICI scale has been criticized because of confus-

ing internal inconsistencies,3 it is still widely used in the litera-

ture.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 ad-

dition 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-
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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 com-

parison 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 qualita-

tively assessed whether the definition of TICI in each article ad-

hered to the original definition of the TICI scale and evaluated the

articles that were cited when TICI was described. We then accord-

ingly categorized the articles into 4 groups: 1) articles that explic-

itly stated the scale and followed the original TICI scale com-

pletely, 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 subcate-

gory of TICI was used as a threshold for “successful revasculariza-

tion.” This study was exempt from institutional review board

review.

RESULTS
Of 74 total included articles, 8 (11%) followed the original TICI

scale completely and explicitly stated the categories.6-13 One arti-

cle claimed to have followed the scale completely but did not state

the categories.14 Thirty-seven (50%) articles did not explicitly de-

fine 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 fill-

ing 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 terri-

tory. 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 �2, 17 (33%)

used TICI �2b (although only 1 of these studies defined a precise

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

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

Perfusion
The contrast material passes beyond the area of obstruction but fails to opacify
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.
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cutoff for 2b; 67% filling of the vascular territory), and 1 used

TICI � 3. These thresholds for successful angiographic revascu-

larization 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 substan-

tial variability in how the term “TICI” scale is both defined and used

in the recent English literature. Far from being a consistent and uni-

versal 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 find-

ings are relevant for several reasons.

First, our understanding of the current literature has the po-

tential 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 �2b

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

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 clin-

ical studies. To achieve enough patients for

studies to be powered adequately, it is nec-

essary for investigators from different cen-

ters to collaborate together. Without a stan-

dardized grading scale, this will not be

possible. It is essential that we communi-

cate clearly with consistent terminology.

To our knowledge, our study is the first

to specifically describe the varying defini-

tions of the TICI scale as it is reported in the

literature. Others, however, have previ-

ously called attention to the confusion sur-

rounding the TICI scale.3,76 In 2007, Tom-

sick76 acknowledged confusion about the

different revascularization scales. He noted

the inconsistent descriptions and applica-

tions in the literature; some focus on recan-

alization, 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 Le-

sion) 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 revascu-

larized territory with normal rate of distal opacification, a sce-

nario not uncommonly encountered.3

The TIMI scale— unlike the TICI scale— has not been the sub-

ject of frequent modifications. The definition of the TIMI scale

throughout the abundant cardiology literature has not been sys-

temically evaluated, but there is general consensus that when used

for the evaluation of myocardial perfusion before and after coro-

nary 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 dif-

ferent 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 lit-

erature 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�50–99% 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
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other than English, creating a selection bias. However, increasing

the number of studies we reviewed may have increased the ob-

served 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 favor-

able 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 re-

garding the intra-observer and interobserver variability when ap-

plying the TICI scale to angiography results. It also remains un-

clear whether it is appropriate to apply TICI to the posterior

circulation and whether the degree of collateral flow—particu-

larly 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 angio-

graphic 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 revas-

cularization 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 suf-

ficient detail for readers to understand what is meant by each TICI

grade. Because TICI score is increasingly used as an outcome mea-

sure 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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ORIGINAL RESEARCH
INTERVENTIONAL

Tentorial Dural Fistulas: Endovascular Management and
Description of theMedial 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 ANDMETHODS: 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
TDAVFswere associatedwith 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

Dural arteriovenous fistulas account for 10%–15% of all intra-

cranial 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 intra-

cranial hemorrhage is the usual presenting symptom because cor-

tical 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 lo-

cated along the transverse and sigmoid sinuses despite their prox-

imity. This distinction appears to be historic and is based on an-

atomic, symptomatic, and therapeutic differences. Anatomically,

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 resec-

tion 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 classifica-

tion systems have been proposed on the basis of location and

venous drainage patterns.5,7 The arterial supply is not an impor-

tant 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 loca-

tion and overall vascular supply. Special attention is drawn to an
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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 ana-

tomic 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 sub-

sequent 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 pro-

gressive confusion (n � 1). One patient presented after imaging

for coincidental stroke. Seven patients presented after spontane-

ous intracranial hemorrhage; 3 were initially unconscious, requir-

ing mechanical ventilation. Imaging showed posterior fossa hem-

orrhage; 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 at-

tachment of the tentorium. All drained to subarachnoid/cortical

veins and were classified as type III or IV fistulas, except 1 petroten-

torial 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, specif-

ically the meningohypophyseal trunk (n � 7) and the inferolateral

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 pos-

terior inferior cerebellar artery (n � 3), AICA (n � 2), a previ-

ously 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 in-

volving the posterior division of the middle meningeal and occip-

ital 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

FIG 1. Sites of TDAVFs: 1� falx cerebelli, 2� torcular, and 3� petro-
tentorial locations.

Table 1: Patient details and presenting symptoms
No. Age (yr) Sex Clinical Presentation Initial CT/MR
1 45 M Collapse, headache CT/CTA: ICH posterior fossa, developing hydrocephalus
2 64 M Unrelated stroke, incidental finding on imaging CT/CTA: small subacute ischemic area supratentorially,

dilated abnormal vessels in the posterior fossa
3 56 M Collapse, vomiting, dysarthria, blurred vision CT/CTA: ICH posterior fossa, developing hydrocephalus
4 65 F Transient arm weakness MRI: abnormal vessels with venous engorgement
5 65 M Acute-onset headache CT/CTA: SAH in the posterior fossa with ventricular

spread, hydrocephalus
6 64 F Hearing loss, tinnitus, diplopia MRI: abnormal vascular structures in the right-side

posterior fossa
7 64 F Headache, progressive mental confusion, dysphasia CT/CTV: engorged leptomeningeal veins
8 66 M Visual disturbance and hemianopia MRI: multiple congested intracranial veins
9 58 M Acute-onset headache CT/CTA: posterior fossa SAH
10 60 F Severe headache, vertigo CT/CTA: perimesencephalic SAH
11 64 M Collapse, vomiting, aphasia CT: posterior fossa SAH with intraventricular spread
12 56 F Pulsatile tinnitus MRI/MRA: abnormal vessels
13 60 M Acute-onset headache CT: cerebellar ICH

Note:—CTV indicates venous phase CTA.
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inferiorly, from anterior to posterior, while the more inferiorly lying

medial dural-tentorial artery of the SCA has a more horizontal pos-

terior 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 supraten-

torial cortical veins in 1 patient. The 4 lesions at the torcular

drained to tentorial veins and then to both infra- and supratento-

rial 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).

Endovascular Treatments
Endovascular therapy was performed in

12 patients (1 after fistula recurrence fol-

lowing surgery), and 1 patient was

treated by surgery after failed endovas-

cular therapy. Endovascular therapy was

performed as single treatments (7 pa-

tients) or staged (3 patients underwent

2, and 2 patients 3) treatments. Access

was transarterial in 10 or transvenous

and transarterial in 2 patients. Emboli-

zation was performed with either ethyl-

ene-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. Adju-

vant coils were used transarterially to re-

duce blood flow and transvenously to

occlude a large venous pouch in treat-

ments of torcular and petrotentorial

TDAVFs, respectively. Glubran was

used alone to occlude an arterial aneu-

rysm after SAH in 1 patient.

Procedural complications occurred

during 4 endovascular treatments, with-

out 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 oc-

cipital artery) (Table 3).

Treatment Results

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 re-

maining patient (who was treated surgi-

cally) 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 occlu-

sion 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 aneu-

rysm. The patient who remains symptomatic showed tempo-

rary improvement after successful surgery but subsequently

developed headache without evidence of hydrocephalus or re-

currence on imaging (Table 4).

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.

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).
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DISCUSSION

Classification and Venous Features
In descriptions of TDAVFs, the term “incisura” is used ambigu-

ously. For example, Ono et al22 called it “tentorial edge” and

Wollschlaeger and Wollschlaeger,21 “free margin of the tento-

rium.” Literally it means “opening,” which would restrict the

term to the hiatus and not the adjacent tentorium or its anterior

free edge.7 To avoid confusion, we have simply divided TDAVFs

into midline and mediolateral lesions and used conventional an-

atomic landmarks to separate the former.

In contrast to the more frequent DAVF of the lateral sinus

located within the sinus wall2,5 and asso-

ciated with sinus thrombosis,4,8

TDAVFs are typically located in the dura

not directly connected to major si-

nuses.2,5 However, among our patients,

all 4 torcular TDAVFs showed some de-

gree of major sinus thrombosis. This ob-

servation may indicate that they had or

have direct connections with the sinus

and explain their more benign angio-

architecture, with 2 of the 4 being classi-

fied 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 fistu-

las. 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

the torcular TDAVFs drained both in-

fra- and supratentorially, so the location

appears to act as an anatomic venous

epicenter connecting both supra- and

infratentorial compartments.

In this series, TDAVFs of the falx cer-

ebelli 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 cer-

ebellar veins connecting to the sinus (eg,

declival veins). This variability could ex-

plain overlap with torcular-located lesions

at 1 extreme and the solely infratentorial

drainage of TDAVFs when the falx cer-

ebelli is fully formed. It also explains the

frequency of hemorrhage at presentation

in the latter situation. Furthermore, be-

cause TDAVFs of the falx cerebelli were not associated with major

sinus thrombosis, their etiology may differ from that of torcular and

petrotentorial TDAVFs.5,19 One possible cause is trauma, because

one of our patients had had an occipital craniotomy. One can spec-

ulate that the superior attachment of the falx cerebelli could act as a

stress point for traumatic vessel injury.

Our observed venous drainage routes support the classifica-

tion of TDAVFs proposed by Picard et al,5 who divided TDAVFs

into 3 groups: 1) the tentorial marginal type with the fistulas lo-

cated along the free edge of the tentorial hiatus and draining both

FIG 4. Falx cerebelli TDAVF (patient 1). Injections of the left vertebral artery in anteroposterior (A)
and lateral (B) views and superselective injection of the ADS (C) andmedial dural-tentorial branch
of the SCA (D). The fistula supply arises from the left ADS (black arrow) and left medial dural-
tentorial branch of the SCA (white arrow). The asterisk marks a connection between these 2
arteries within the tentorium.

FIG 5. Falx cerebelli TDAVF (patient 2). Injections of the left vertebral artery in lateral (A) and
anteroposterior (B) views. Arterial supply to the fistula arises, among others, from the medial
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
tentorial artery are not shown.
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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 Ga-

lenic, straight sinus, and torcular. The last 2 have drainage pat-

terns 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 men-

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 hyper-

trophied. Whether such transarachnoid arterial traffic is “nor-

mal” or only develops in response to the development of a DAVF

is difficult to establish in vivo, and we generally rely on postmor-

tem 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 de-

velopment of the medial dural-tentorial branch of the SCA iden-

tified in our patients. Both arteries appear to supply medially sited

Table 2: Anatomic and angiographic findings
No. Site Location Drainage Gradea Arterial Feeders
1 Falx cerebelli Midline Infratentorially IV Meningohypophyseal trunk, ADS, SCA
2b Falx cerebelli Midline Infra- and supratentorially IV Occipital, middle meningeal, posterior meningeal

arteries, meningohypophyseal trunk, SCA
3 Falx cerebelli Midline Infratentorially IV Occipital, middle meningeal, posterior meningeal

arteries
4 Torcular Midline Supra- and infratentorially II a� b Occipital, middle meningeal, posterior

meningeal, ascending pharyngeal, arteries,
meningohypophyseal trunk, vertebral artery
branches

5 Falx cerebelli Midline Infratentorially IV PICA, posterior meningeal artery
6 Petrotentorial right Right Infratentorially IV Middle meningeal, ascending pharyngeal arteries,

meningohypophyseal trunk, AICA
7 Torcular Midline Supra- and infratentorially II a� b Occipital, middle meningeal arteries, ADS, SCA
8 Torcular Midline Infra- and supratentorially IV Occipital, posterior meningeal arteries,

meningohypophyseal trunk, ADS, SCA
vertebral artery branches

9 Falx cerebelli Midline Infratentorially IV Occipital middle meningeal, falcine arteries
10 Falx cerebelli Midline Infratentorially III Vertebral artery branches, PICA, SCA
11 Falx cerebelli Midline Infratentorially IV Occipital, middle meningeal, posterior meningeal

arteries, PICA, ADS
12 Petrotentorial left Left Infra- and supratentorially II a� b Occipital, middle meningeal, falcine, ascending

pharyngeal arteries, meningohypophyseal
trunk, inferolateral trunk, AICA

13 Torcular Midline Supra- and infratentorially IV Occipital, middle meningeal, posterior meningeal
arteries, meningohypophyseal trunk

a According to Cognard et al.20
b Previous surgery.

Table 3: Treatments

No.
Method of
Treatment Embolic Material

No. of Embolized
Arterial Feeders Route

EVT
Sessions Complications

1 EVT Glubran, Onyx 2 Transarterial 1 None
2 EVT Onyx 1 Transarterial 1 None
3 EVT Onyx 1 Transarterial 1 None
4 EVT Coils, Onyx 1 Coils, transvenous; Onyx,

transarterial
2 Dissection

5 EVT 3 Coils 1 Transarterial 1 None
6 EVT Glubran, Onyx 2 Transarterial 1 Perforation
7 EVT Onyx 1 Transarterial 1 None
8 EVT Onyx 2 Transarterial 2 None
9 1) Surgery 2) EVT after

recurrence
Glubran, Onyx 6 Transarterial 3 Microcatheter rupture

10 Surgery after failed
EVT

None N/A N/A 1 None

11 EVT Glubran to flow aneurysm 1 Transarterial 2a None
12 EVT Onyx, coils 2 Both 3 Microcatheter rupture
13 EVT Onyx 1 Transarterial 1 None

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

scribed in standard anatomic texts and comprehensive reviews,

but these do not include a supply to the tentorial dura.19-22 Al-

though 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 du-

ral-tentorial artery of the SCA include “meningeal artery” or “ten-

torial 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-to-

artery 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 pa-

tients, we further observed connecting branches between the mar-

ginal 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 sup-

ply 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 lat-

eral 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 con-

sidered 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 confirma-

tion of its origin from the SCA and, as in one of our patients, can

be used for embolization (Fig 4). Thus, recognition of its contri-

bution is essential for diagnosis, endovascular treatment plan-

ning, and possibly in posterior fossa surgery.27

CONCLUSIONS
Endovascular therapy was effective in this series, and arteriogra-

phy was essential for diagnosis and planning. The medial dural-

tentorial artery of SCA supplies midline TDAVFs, has a charac-

teristic 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
ArteriovenousMalformations 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

Brain 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 encour-

aging 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 en-

dovascular 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 evolu-

tion of endovascular treatment with the introduction of emboli-

zing agents that progressively occlude the lumen of arteries and

veins (Onyx 18; ev3-Covidien, Irvine, California) and detachable-

tip microcatheters has allowed interventional neuroradiologists

to plan different strategies to obtain safe curative embolizations of

bAVMs. The aim of this work was to describe a preliminary expe-

rience 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 Feb-

ruary 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 parenchy-

mal hematoma in atypical locations and a DSA examination docu-

mented 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 respon-

sible for a late bleeding 3 years later.

Our interventional neuroradiology and neurosurgical teams dis-

cussed each case, and the endovascular treatment was preferred. En-

dovascular treatment was chosen after considering the risks of the

surgical approach and the transvenous approach because of the pres-

ence 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 anteroin-

ferior 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 ad-
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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, Califor-

nia), and a 3-cm detachable-tip microcatheter (Apollo; ev3-Covi-

dien). 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 � transarte-

rial) 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 per-

formed in 60 –90 minutes. The procedure was considered com-

pleted when arteriovenous shunts were no longer recognizable

during the angiographic controls, the draining vein was com-

pletely 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 un-

derwent CT immediately after the procedure, and a delayed awak-

ening was performed in the Neurosurgical Intensive Care Unit

approximately 6 –12 hours later. A clinical neurologic examina-

tion was performed in all cases at discharge; at 6 months, angio-

graphic follow-up was performed in 4/5 patients. IV dexametha-

sone, 8 mg/day, was administered for 1 week after the procedure

to prevent possible postoperative focal brain edema and perile-

sional swelling.

RESULTS
In all 5 cases, complete occlusion of the AVM was obtained with-

out intra- or postprocedural complications and the CT per-

formed at the end of the procedures showed no hemorrhage. The

clinical status of all patients was unchanged or improved at dis-

charge 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

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, left-

sided 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 ve-

nous 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 evac-

uation of the hematoma, which was considered life-threaten-

ing, 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 sched-

uled when the patient was clinically stable. A microcatheter

was positioned through the straight sinus and the internal ce-

rebral vein within the intranidal segment of the superior cho-

roidal vein. A second microcatheter was positioned within the

AchoA to perform a superselective study of the AVM and fur-

ther 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).

Case 2
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 third-

ventricular 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 homo-

lateral cranial nerve III with left mydriasis. Distal branches of the

AchoA and small thalamogeniculate perforators from the P2 seg-

ment of the posterior cerebral artery fed the AVM with a single,

deep venous drainage through the left peduncular vein, a tribu-

Patient characteristics

Patient
No.

Age
(yr),
Sex

First
Treatment/
Residual Localization, Side

Venous
Drainage

Vascular
Approach

Nidus
Size
(cm)

Angiographic
Result

Intra- or Post
procedural
Complications

1 36, F First treatment Paraventricular, left Deep, single Transvenous �3 Complete occlusion None
2 23, F First treatment Thalamomesencephalic,

left
Deep, single Transvenous �3 Complete occlusion None

3 11 F First treatment Pontocerebellar angle,
left

Deep, single Combined �3 Complete occlusion None

4 36, M First treatment Paraventricular, left Deep, single Combined �3 Complete occlusion None
5 61, M Residual Medial temporopolar,

left
Deep (single) and
superficial (single)

Combined �3 Complete occlusion None
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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 feed-

ers 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 per-

formed 1 week later was negative for recent cerebral thalamope-

duncular 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 neuro-

radiology unit after a hemorrhage in the posterior cranial fossa

secondary to a small AVM (1 � 1 � 1.5 cm) of the left ponto-

cerebellar angle fed by the rostrolateral branch of the antero-

inferior 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 ni-

dus 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 com-

pleted the embolization. The AVM was also completely oc-

cluded 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 subependy-

mal 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 postproce-

dural CT scan was negative for new ischemic or hemorrhagic le-

sions. In this patient, it was not possible to perform DSA control

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).
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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 dis-

ease was referred to our institution in 2009 after a brain MR im-

aging and MR angiography revealed the presence of a left, me-

dium (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 rec-

ommended. The patient did not undergo radiosurgery for per-

sonal 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 se-

verely hemiparetic (mRS score, 4). DSA evaluation was immedi-

ately 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 mini-

mally from the accessory meningeal artery. The plexiform nidus

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 injec-

tion 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 sim-

ilar 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 in-

tranidal pseudoaneurysm was angiographically detected and oc-

cluded with transvenous injections of Onyx 34 and Onyx 18, re-

sulting in bAVM cure. The transvenous approach was chosen

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.
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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 tha-

lamic-pulvinar AVMs, and 1 in the choroid fissure) and in elo-

quent 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

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.
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of hemorrhage. The venous access was performed from the fem-

oral 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, ad-

jacent 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 superselec-

tive intraprocedural controls without overlapping vascular struc-

tures, though complete angiographic series were also obtained

when injecting from the guiding catheter. A simultaneous injec-

tion in the carotid and vertebral territories from the guiding cath-

eters was performed in 1 case, because the arterial feeders origi-

nated 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 acces-

sory meningeal artery or the distal posterolateral choroidal ar-

tery), 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 “centrifu-

gal” because it determines the progression of Onyx from the cen-

tral 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 periph-

eral arterial feeders, occurs extensively when a stable plug is ob-

tained 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 pro-

gressive reduction of the venous caliber and of the blood outflow,

to determine a slow alteration of the hemodynamic balance dur-

ing all the phases of the procedure.

We also persisted in injecting Onyx in roadmap view when the

arteriovenous shunt was completely occluded during the angio-

graphic 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 hemody-

namic 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 ret-

rograde filling of all the arterial feeders, which may prevent hem-

orrhagic 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 por-

tions of the nidus still fed by small feeders when the draining vein

is already occluded. For this reason, we believe that the trans-

venous embolization may provide good control of the nidal oc-

clusion 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 bal-

loon 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 me-

dium 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 drain-

ing vein is occluded, with higher risk of venous hypertension

within the accessory venous drainage and consequent possible

venous bleeding.

FIG 4. Case 4. Onyx cast at the end of the procedure (DSA unsub-
tracted image, lateral view).
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The main limitation of this series is the small number of pa-

tients, though we consider this study to represent only a prelimi-

nary experience. The possible indications, the operators’ experi-

ence, 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 de-

scribed 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 endo-

vascular 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-CategorizationMethods forWork-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 �10 mm, and method B, a 3-tiered
system based on aggressive imaging features, patient age younger than 35 years or nodule size of�15 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�5 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�5 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

An 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 be-

cause 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

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 pur-

suing 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-de-

tected 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 �10 mm is the only criterion for

selection, then �78% of ITNs on CT could require sonogra-

phy.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 cross-

sectional imaging is based on prioritizing subsets of patients who

are more likely to have malignant nodules.7 Each of the risk
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categories in this 3-tiered system is intended to help the radiolo-

gist 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 dis-

ease, 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-cate-

gorization methods of selecting CT-detected ITNs for work-up.

These aims were evaluated by an analysis of the Surveillance, Ep-

idemiology, 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 sonog-

raphy 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 categoriza-

tion 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 real-

world 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 �10 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 malig-

nant-to-benign nodules.6,9-13 Risk category 3 is nodule size �15

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 radiolo-

gist 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 cate-

gory 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 popu-

lation-based registries representing 28% of the US population.15

Cases were selected on the basis of a diagnosis of thyroid car-

cinoma. 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 follow-

ing: 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, fol-

low-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 tu-

mor 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 strat-

ified 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 ini-

tially 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 per-

formed 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 elec-

tronic PACS was available at our institution to maximize the du-

ration 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 proto-

cols are less likely to consistently include the entire thyroid gland

(smaller FOV, saturation bands, or artifacts). Of 1127 contrast-

enhanced neck CT or CTA examinations performed in the target

time interval, 266 were excluded because they were not the pa-

tient’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 his-

tory of thyroid cancer or thyroid surgery. The final study group

consisted of 755 patients with 549 soft-tissue neck CT scans (sec-

tion thickness, 3 mm; interval, 3 mm) and 206 neck CTA exami-

nations (section thickness, 1.25 mm; interval, 0.5 mm). During

the period, imaging was performed with 120 –150 mL of iopami-

dol (Isovue-300; Bristol-Meyers Squibb, Princeton, New Jersey)

with an injection rate of 3 mL/s on 16-row multidetector CT scan-

ners (LightSpeed; GE Healthcare; Milwaukee, Wisconsin).

The study was approved by the institutional review board at

our institution, with waivers of informed consent and authoriza-

tion 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 atten-

uation 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

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 Insti-

tute; 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 pop-

ulation 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 vari-

ables 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 car-

cinoma as the patient’s first or only malignant primary. After

exclusion criteria were applied, there were 84,720 subjects for rel-

ative survival and 84,439 subjects for cause-specific survival anal-

ysis. 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 �10-mm of method A cap-

tured 74% of cancers, compared with 59% with a 15-mm thresh-

old 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 sur-

vival 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
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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). Com-

pared with the uncategorized subset, the 39% of cancer subjects

identified as risk category 1 had a markedly worse 10-year cause-

specific 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 uncat-

egorized 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 10-

year 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 �5 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.

CategorizationMethods: Effect onWork-Up Rate. One hundred

thirty-three patients with ITNs were included in the cohort for

evaluation of categorization methods (Table 3). Method A cap-

tured 54 patients (43%) with the �10-mm threshold. Alternative

size thresholds of �15 and �20 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

Table 1: Survival of patients with thyroid carcinoma by patient demographics and tumor characteristics

Percentage
Total

10-Year Relative
Survival (%) 95% CI

10-Year Thyroid
Cancer–Specific
Survival (%) 95% CI

Total 100% 97.4 97.0–97.7 95.7 95.5–95.9
Sex
Male 23% 93.8 92.9–94.7 92.0 91.4–92.5
Female 77% 98.4 98.0–98.6 96.8 96.6–97.0

Age (yr)
0–19 2.2% 99.1 98.3–99.5 99.3 98.7–99.6
20–34 21% 99.3 98.9–99.5 99.7 99.5–99.8
35–49 36% 99.3 98.9–99.5 98.9 98.7–99.0
50–64 27% 96.2 95.3–96.9 94.6 94.1–95.1
�65 15% 90.3 88.1–92.1 81.0 79.9–82.0
SEER summary stage
Localized or unstaged 61% 99.9 99.8–99.9 99.0 98.9–99.1
Regional 35% 95.6 95.0–96.2 94.4 94.0–94.8
Distant 4.1% 56.1 53.5–58.5 58.2 56.0–60.4

Tumor size (mm)
�5 12% 99.9 99.7–99.9 99.4 99.0–99.6
5–10 14% 99.8 99.6–99.9 98.9 98.6–99.2
10–14 15% 99.8 99.5–99.9 99.0 98.7–99.2
15–19 13% 99.8 99.5–99.9 98.3 97.9–98.6
20–29 20% 99.4 98.3–99.8 97.0 96.7–97.4
30–39 11% 96.6 95.5–97.4 95.2 94.6–95.7
�40 14% 84.0 82.7–85.2 83.3 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

Percentage
Total

10-Year Relative
Survival (%) 95% CI

10-Year Thyroid
Cancer-Specific
Survival (%) 95% CI

Method A (size cutoff)
�10 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
�15 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
�20 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.
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method A (P value � .0005). All nodules in category 2 were

�10 mm.

Review of medical records found that a small number of nod-

ules underwent further evaluation. Biopsy performed in 14 pa-

tients revealed 12 benign nodules and 2 cases of thyroid lym-

phoma. 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 dimen-

sion on CT. Patients without pathology had a median follow-up

time of 24 months (interquartile range, 6 –105 months). No ad-

ditional 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

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 tar-

geted 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 com-

pared 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 sub-

group 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 justi-

fied 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

Table 3: Comparison of capture rates of incidental thyroid
nodules by methods A and Ba

Categorization Method Patients Total
Method A (size cutoff)

�10 mm 57 43%
�10 mm 76 57%
�15 mm 22 17%
�15 mm 111 83%
�20 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 formethod Bwould 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 strat-
ified by the 3-tiered system (method B).
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to risk category 2.8 In our modified 3-tiered system (method B),

we did not include clinical risk factors because this clinical infor-

mation was not available from the SEER data base and, in practice,

the radiologist’s access to this information may be limited. Radi-

ologists 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 sur-

vival 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 im-

aging 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 re-

duces 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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ORIGINAL RESEARCH
HEAD&NECK

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 ANDMETHODS: 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. Enhance-
ment 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

Head 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

papillomavirus (HPV).4 As in most solid tumors, squamous cell

carcinoma is usually caused by genetic alterations. Tumors in to-

bacco users tend to have more genomic alterations than in HPV-

associated disease,5 and these alterations may contribute to treat-

ment resistance.

Treatment failure most frequently takes the form of local and

regional recurrences, but as disease control in these areas im-

proves, treatment failures are more often a result of distant me-

tastasis. The presence of cervical lymph node metastases, espe-

cially 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 informa-

tion. Correlation of imaging morphologic features to the geno-

type and gene expression have already been made in other tumor
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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 glioblas-

toma by MR imaging and was subsequently found to be a prog-

nostic biomarker of survival.17 However, imaging-to-genetic cor-

relations 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 carci-

noma18,19 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) li-

gands and receptors are signaling proteins involved in angiogen-

esis and are targets for chemotherapy.9 VEGF expression has been

related to brain and liver tumor enhancement and elevated per-

fusion.10,11,15 Cyclin D protein alters cell cycle progression and

interacts with several proteins and receptors, including tumor ne-

crosis 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 contrast-

enhanced CT examinations for retrospective review. Exome se-

quencing for some of these patients has been published previ-

ously.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 manufac-

turer’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 aro-

ma.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-

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 neu-

roradiologists. 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 larg-

est solid component of lymph nodes was measured by a represen-

tative region of interest in Hounsfield units (HU). The enhance-

ment 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

Table 1: Patient demographics
Patient No. Age (y) Sex Stage Subsite
1 62 M T2 N0 OT
2 66 M T3 N2 OT
3 62 M T3 N0 OT
4 75 F T4 N2c OT/FOM
5 23 M T3 N2b OT
6 40 M T3 N1 OT
7 50 M T4 N2b OT
8 69 M T4 N2c OT/FOM
9 61 M T2 N1 OT
10 62 F T3 N0 OT
11 60 F T2 N2b OT/BOT
12 40 M T4 N2c OT
13 60 M T4 N0 OT/FOM
14 50 M T4a N2c OT
15 85 F T2 N0 OT
16 56 M T4 N2c FOM
17 50 F T2 N0 OT
18 74 M T4 N2b OT
19 53 M T3 N0 OT
20 61 F T2 N2b OT
21 76 F T2 N0 OT
22 56 M T3 N2b Bucca
23 48 M T2 N1 FOM
24 74 M T4 N0 Gingiva
25 64 M T2 N1 FOM
26 62 M T1 N0 Bucca
27 67 M T4 N2c FOM

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

roni correction set the adjusted significant level at a P value �

.00036 for an unadjusted P value � .05. Specific hypotheses to be

tested based on other tumor types included 1) positive correla-

tions between VEGF expression and enhancement10,11; 2) EGFR

expression with necrosis, tumor size, and presence of nodal me-

tastasis9,21; and 3) a negative correlation with cyclin D1 expres-

sion 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 or-

dinal 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 combi-

nation 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.

Imaging results revealed a spectrum of findings. The average

size of the primary tumor was 3.6 � 1.2 cm in the long axis with an

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 enhance-

ment (3 patients: absolute 89 � 16 HU or normalized ratio 1.2 �

0.2), or in 1 case rim enhancement with a primarily necrotic tu-

mor. 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 ex-

amination. 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

that were not readily detected on CT scanning. Of the affected

largest lymph nodes, the average size was 1.4 � 0.4 cm in the long

axis. Most lymph nodes enhanced (n �

12) and were necrotic (n � 10), with 8

patients having ECS on pathologic ex-

amination (only one of which was iden-

tified on imaging). In these presurgical

patients, no nodal calcification was seen

and distant metastatic disease was not

found.

Expression of VEGF receptors 1 and

2 correlated with enhancement of the

primary tumor (P � .018 and P � .025,

respectively; Fig 1), whereas EGFR cor-

related with mass effect (P � .03; Fig 2).

The hypothesis that EGFR would corre-

FIG 1. Scatterplot showing relationship of increased enhancement
and VEGF receptors 1 and 2 expression. The linear fitting demon-
strates that as the absolute enhancement in HU increases, the recep-
tor expression (in log base 2) also increases.

FIG 2. Bar graph reflecting positive correlation between the grading
ofmass effect and the expression of EGFR (in log base 2)with standard
deviation bars.

Table 2: Correlations of gene expression to maximal axial cross-sectional area

Imaging Finding Gene Expressed
Coefficient
Value

Significance
(P Value)

Mass effect EGFR OR:�1.2 .032a

Perineural invasion EGFR OR:�3.1 .047
Axial cross-sectional area (cm2) VEGF ligand A PC:�0.49 .014
Axial orthogonal distance (cm) VEGF ligand A PC:�0.47 .010
Mass effect VEGF ligand B OR:�2.8 .026
Enhancement of primary tumor (HU) VEGF receptor 1 PC:�0.45 .018a

Axial maximal diameter (cm) VEGF receptor 2 PC:�0.44 .023
Axial cross-sectional area (cm2) VEGF receptor 2 PC:�0.42 .029
Enhancement of primary tumor (HU) VEGF receptor 2 PC:�0.43 .025a

Enhancement of submandibular gland (HU) VEGF receptor 2 PC:�0.43 .026

Note:—cm indicates centimeter; OR, ordinal regression; PC, Pearson correlation.
a Denotes 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 tu-

mor 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 character-

istics. Larger tumors (maximal diameter, orthogonal, and cross-

sectional 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 exami-

nation had higher EGFR expression compared with those patients

with neither moderate to marked mass effect nor perineural inva-

sion (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

mass effect had perineural invasion. This trend was not quite sta-

tistically significant (P � .08; Fisher exact test between marked-

mass-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 con-

trast 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 asso-

ciations in other tumor types and related to drug targets. Limita-

tions to this study included the small population, small number of

genes tested, the relatively long period during which patients un-

derwent imaging with varying imaging techniques, and the gen-

eral 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, enhance-

ment and VEGF receptors 1 and 2) are more likely to be true

according to Bayesian probability. These simple correlations be-

tween 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 corre-

lated 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 ex-

pression of VEGF ligands and receptors

with varying imaging features indicates

that further work is needed to under-

stand the reported association between

high VEGF expression and increased re-

currence rates with poor survival out-

come, which did not clarify the subtypes

of the receptor or ligand.27

CONCLUSIONS
In summary, we demonstrated correla-

tions between CT findings and OSCC

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.

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.
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gene expression. The size and invasion of the tumor (and there-

fore stage and prognosis) may relate to specific driver gene expres-

sion. 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 fea-

tures related to gene expression into imaging phenotypes is useful

in the management of head and neck squamous cell carcinoma.
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ORIGINAL RESEARCH
PEDIATRICS

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 neuro-
cognitive 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 ANDMETHODS: 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 Bonferroni-
adjusted P values�.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

Neurofibromatosis 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, neuro-

fibromas, optic pathway gliomas, Lisch nodules, and skeletal ab-

normalities.2 Other significant complications include strokes and

neurocognitive dysfunction.

Risk for stroke in NF-1 has been attributed to cerebral vascu-

lopathy, including Moyamoya syndrome.3,4 Typical vessels af-

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, rang-

ing from 30 – 65%, and include developmental delay, learning dis-

abilities, attention deficit disorder, and headaches.8-11 Some au-

thors 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 perfor-

mance.15-17 Others have suggested abnormal cortical connectiv-

ity9,10 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 complica-

tions, we sought to understand cerebral perfusion patterns in chil-

dren with NF-1. Because abnormal perfusion is expected in
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patients with strokes or Moyamoya syndrome, we specifically tar-

geted 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 de-

creased CBF as compared with normal control subjects.

MATERIALS AND METHODS
Subjects
All patients presenting with history of NF-1 at our children’s hos-

pital between April 2010 and April 2012 were retrospectively re-

viewed 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 ob-

tained ASL perfusion at 3T as part of routine surveillance MR

imaging for NF-1. Patients presenting with acute neurologic

symptoms, known underlying vasculopathy (aneurysms, arterio-

venous malformations, fistulas, or steno-occlusive disease, in-

cluding Moyamoya changes), prior strokes or stroke-like symp-

toms, radiation, or chemotherapy were excluded from the study.

Patients with a history of seizures, hydrocephalus or shunt place-

ment, underlying cardiac diseases, or abnormal blood pressures,

including hypertension from underlying NF-1–related renal ar-

tery stenosis, were also excluded, given their potential effects on

CBF. Chart review of these patients was also performed to docu-

ment the presence of neurocognitive deficits. Patients were con-

sidered to have neurocognitive deficits if chart review indicated

developmental delay, learning disability, or attention deficit dis-

order or if they required special education, for example, an indi-

vidualized education plan on the basis of clinical history and ac-

ademic 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 underly-

ing 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 ophthal-

mologic work-up (strabismus) without correlative orbital/brain pa-

thology or neurologic symptoms. Children with other neurocutane-

ous syndromes, psychiatric diseases, migraines, and any chronic

diseases, including seizures, cancer, as well as previously treated neu-

rologic 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 (Discov-

ery 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 pseudocon-

tinuous labeling period of 1500 ms, followed by a 1500-ms post-

label delay. Whole-brain images were acquired with a 3D back-

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 suppres-

sion was achieved by the use of 4 separate inversion pulses spaced

around the pseudocontinuous labeling pulse. The sequence re-

quired 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 di-

rectly to the scanner console within 1 minute, by use of the mi-

crosphere 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 gado-

linium-enhanced sequences.

Imaging Analysis
Quantitative cerebral cortical CBF was measured at 2 axial sec-

tions 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, me-

dial frontal lobe, frontal operculum, anterior caudate nucleus,

globus pallidus, thalamus, superiomedial temporal cortex, tem-

poro-occipital cortex, occipital cortex, centrum semiovale, and

parietal cortex. The ROI sizes ranged from 100 – 800 mm2, de-

pending on the size of the structure interrogated. A board-certi-

fied 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 pa-

tients. 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

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.
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between the patients and control subjects, comparison by Mann-

Whitney test was used, with Bonferroni-adjusted P value �.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 Mann-

Whitney 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 de-

mographics and clinical data are shown in Table 1.

Four patients were completely asymptomatic except for cutane-

ous manifestations of NF-1 (eg, café au lait spots, axillary freckling,

Lisch nodules, and plexiform neurofibromata) without gross neuro-

cognitive, neuro-opthalmologic, or behavioral disorders.

Six patients reported chronic or occasional headaches. Five chil-

dren had cognitive, speech, or intellectual difficulties requiring spe-

cial education or various forms of neurocognitive therapy. Two chil-

dren 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 conser-

vatively managed at the time of the study. In 1 patient, T2-high-

intensity 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 enhance-

ment 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) demon-

strated 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 sta-

ble by ophthalmologic examination and required no therapy at

the time of this study.

All patients demonstrated multiple NF-1 spots on their sur-

veillance 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

nerve/chiasm thickening, no other abnormality, including mass,

abnormal brain enhancement, or dysgenesis/dysplasia, was pres-

ent 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 perfu-

FIG 2. Various patterns of reduced cerebral perfusion in patientswith
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 hypo-
perfusion in a 10-year-old boywithNF-1 (C). More superiorly, there are
additional patchy areas of hypoperfusion in this child (D) with asym-
metric low ASL signal in bilateral frontoparietal regions (arrows).

Table 1: Patient characteristics and clinical data (n� 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.
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sion was seen in the anterior cingulate gyrus (P � .001), medial

frontal lobe (P � .004), centrum semiovale (P � .004), temporo-

occipital lobe (P � .002), thalamus (P � .001), posterior cingulate

gyrus (P � .002), and the occipital lobe (P � .001). The quanti-

tative results of the CBF values by specific brain regions and vas-

cular territories are summarized in Table 2.

No NF-1 spots were present within the ROIs of the cortical

regions and the centrum semiovale; varying degrees of NF-1 spots

were present within the ROIs of the deep gray nuclei. There were

no significant differences in these regions on the basis of the pres-

ence or number of NF-1 spots, optic pathway glioma, or neuro-

cognitive deficits (On-line Table).

Of 28 children (14 NF-1 and 14 control subjects), 12 received

sedation and 16 did not require sedation. The mean ages of those

patients were 7.1 � 3.0 years and 13.4 � 4.4 years, respectively

(independent samples Mann-Whitney U test P � .001). There

was no difference in cerebral perfusion at any location between

these groups (independent-samples Mann-Whitney U test; Bon-

ferroni-corrected � � 0.004 for 12 comparisons). There were 17

boys and 11 girls in our cohort; no difference in cerebral perfusion

at any location between these 2 groups was seen (independent-

samples Mann-Whitney U test; Bonferroni-corrected � � 0.004

for 12 comparisons).

DISCUSSION
These results demonstrate significantly lower CBF in patients

with NF-1 compared with control subjects, occurring most prom-

inently in the posterior circulation and the borderzones of the

middle and posterior cerebral arteries. To our knowledge, this is

the first study to report perfusion abnormalities in children with

NF-1 in the absence of prior strokes or underlying Moyamoya syn-

drome. There are 2 potential mechanisms to account for this: 1)

vasculopathy and associated steno-occlusive changes in the cerebral

microvasculature and 2) alteration in cerebral metabolic demand.

Children with NF-1 are known to harbor cerebral vasculopa-

thy.3 Vascular proliferative and dysplastic changes such as con-

centric intimal thickening, spindle cell

proliferation, and disruption of the in-

ternal 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 sys-

tem and smooth muscle proliferation.24

The reasons for more dominant per-

fusion deficits in the posterior and bor-

der zones remain unclear. Vasoconstric-

tion 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 neu-

rofibromin expression within the differ-

ent regions of the cerebral vasculature,

though this remains unknown.

Alternatively, decreased CBF could reflect underlying reduced

cerebral metabolic requirement in children with NF-1. A poten-

tial biomarker of regional brain function, CBF is tightly coupled

to brain metabolism29,30 and may thereby provide information

similar to FDG-PET, which is sensitive in detecting disease-re-

lated functional changes.31 Similar results derived from FDG-PET

metabolism, 15O-PET perfusion, and ASL perfusion in healthy

adults and those with neurodegenerative conditions32-34 suggest

that neuronal glucose metabolism could be inferred from CBF

techniques.

Prior FDG-PET studies in NF-135-37 have shown abnormal

cerebral metabolism similar in distribution to the perfusion pat-

tern noted in this study, for example, global hypometabolism with

a more marked hypometabolism in the posterior brain regions.

For example, in 4 adolescents with NF-1 (9 –20 years of age),

global hypometabolism with a more marked reduction of FDG

activity in the thalamus and the occipital lobes was noted with

intact metabolism in the striatum.35 Another study of 10 children

with NF-1 (4 –15 years of age) observed heterogeneously de-

creased cortical FDG uptake. Although regional cerebral meta-

bolic differences were not quantitatively analyzed in that study,

profound hypometabolism in the thalamus was observed.36 A

study of 20 adults with NF-1 also showed reduced FDG-PET me-

tabolism in the thalamus, and to a lesser degree, in the cerebellum.

In these studies, the extent of abnormal cerebral metabolism did

not correlate with the presence or number of UBOs,35,37 degree of

cognitive impairment,35 or differences in age or sex,37 similar to

the present study.

Although a primary defect of the thalamus or cerebral cortex

has not been defined, investigators have postulated that dysfunc-

tion in the cortical-thalamic relationship is a potential source of

neurocognitive complications in NF-1.17,36,37 Marked reduction

in CBF in the thalamus and variable alterations in cortical perfu-

sion 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

Structure

Control CBF,
mL/100 mg

per minute (n = 14)

NF-1 CBF,
mL/100 mg

per minute (n = 14)
Mann-Whitney
P Value

ACA territory
Anterior cingulate gyrus 71� 7 61� 8 a.001
Medial frontal cortex 65� 7 56� 9 a.004
Anterior caudate nucleus 57� 9 51� 4 .013
ACA-MCA borderzone
Centrum semiovale 28� 5 22� 4 a.004

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
Temporo-occipital cortex 64� 10 51� 8 a.002

Anterior choroidal–PcomA–PCA
Thalamus 55� 10 44� 8 a.001
PCA territory
Posterior cingulate gyrus 70� 13 57� 8 a.002
Occipital cortex 61� 13 45� 10 a.001

Note:—ACA indicates anterior cerebral artery; PCA, posterior cerebral artery; PcomA, posterior communicating artery.
a Significant at�.004.
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reflecting underlying dysgenesis or a dysfunction in their relation-

ship, 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 advan-

tages in children because of the high labeling efficiency and signal-

to-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 stan-

dard MR imaging equipment and without the need for ionizing

radiation or contrast.

Limitations of this study included small sample size and a ter-

tiary care center referral pattern that may attract a more severely

affected NF-1 population. Therefore, our results may overesti-

mate 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 over-

looked, 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 cere-

bral perfusion. Given other causes for cerebral perfusion abnor-

mality, 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 con-

ditions that might alter cerebral perfusion, and therefore these

factors probably did not affect the study.

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 dem-

onstrate an important role for ASL perfusion in the presymptom-

atic diagnosis of NF-1-related cerebral vasculopathy and the def-

inition 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 TensorMR 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 disor-
ders, was calculated for each subject.We then correlated this scorewithwhitematter quantity. Voxelwise tract-based spatial statisticswas
used to determine differences in FA, axial, and radial diffusivity values between the tuberous sclerosis complex group and the control
subjects.

RESULTS: NOP andNOFof CF, bilateral PF, andMWT in the tuberous sclerosis complex groupwere 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), andMWT (r� �.71; r� �.74). Tract-based spatial statistics revealed that patientswith 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 af-
fected. 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

Tuberous sclerosis complex is one of the most commonly iden-

tified 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

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 corre-

lated neurologic outcome with cortical tuber burden and trans-

mantle white matter lesions, resulting in a proposed composite

clinical scoring system assessing major neurologic features of tu-

berous 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 non-

invasive method by which we can create a 3D representation of

the white matter tracts10,11 to qualitatively and quantitatively

assess the tracts.
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In tuberous sclerosis complex, several DTI studies have de-

scribed decreased FA and increased mean diffusivity in white mat-

ter lesions12,13 and normal-appearing white matter.14 Investiga-

tors 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 scle-

rosis 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 conven-

tional MR imaging are assessed. Furthermore, the neurologic sig-

nificance of specific white matter tracts in patients with tuberous

sclerosis complex is unknown. Assessing whole-brain white mat-

ter by means of voxelwise analysis and correlating the quantity of

residual major white matter tracts with neurologic severity of pa-

tients may be more clinically feasible and relevant approaches in

evaluating patients with tuberous sclerosis complex.

Tract-based spatial statistics, a recently developed voxelwise sta-

tistical analytical method for DTI data, is an automatic and operator-

independent method with a specific registration algorithm.17 It

needs no data smoothing, which minimizes misregistration. Tract-

based 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 scle-

rosis 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 differ-

ences 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 dif-

ference 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

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 neurol-

ogist (H.-S.W.), and all patients met established revised diagnos-

tic criteria for tuberous sclerosis complex.22 Subjects were ex-

cluded 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 dur-

ing the reading sessions of a particular neuroradiologist

(A.M.W.). All control subjects had unremarkable conventional

MR imaging findings and no developmental abnormality, neuro-

psychiatric disorders, or motor deficits. The indications for clin-

ical MR imaging of the control subjects included headaches, ver-

tigo, 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 examina-

tion 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 dis-

order, language difficulties, and anger outbursts). Develop-

mental disability was assigned 3 points. Intractable seizure and

autism were assigned 2 points each. The “other neuropsychi-

atric 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 con-

trol after using �2 first-line antiepileptic medications, 1 sei-

zure 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 T2-

weighted FSE and FLAIR sequences, axial T1-weighted spin-

echo and FLAIR sequences, and a sagittal T2-weighted FSE

sequence. DTI was performed with a 6-channel sensitivity en-

coding 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.
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ROI Tractography Analysis
DTI data were transferred to an off-line computer equipped with

an automated image registration software (Diffusion Registration

Tool, release 0.4; Phillips Medical Systems, and IDL; ITT, Boul-

der, Colorado) to correct for eddy current and motion-related

misalignment. Diffusion-weighted images, ADC, and FA maps

were generated by use of Philips Research Imaging Development

Environment software provided by the manufacturer. FA was cal-

culated from the eigenvalues that were obtained by diagonalizing

diffusion tensors at each voxel.8,24 Fiber tracking was performed

with the use of the software, which used a line propagation tech-

nique with the assumption of the principal eigenvector indicating

the orientation of axons in each voxel. Tracking was started from

a seed ROI from which a line was propagated in both forward and

backward directions from voxel to voxel, according to the princi-

pal eigenvector at each voxel.10 Tracking was terminated when it

reached a pixel with low fractional anisotropy (FA � 0.25) and/or

a predetermined trajectory curvature between 2 consecutive vec-

tors (turning angle �30°). A lower turning angle was used in

tracking termination to decrease false-positive fiber tracts and

computational load.25 To reconstruct PF on 1 side, 1 investigator

(A.M.W.), who is a neuroradiologist having 1 year of fellowship

training in pediatric neuroradiology, 9 years of experience in

practicing pediatric neuroradiology, and 5 years of experience in

DTI, manually drew an ROI on an axial b � 0 section to include

the ipsilateral head of the caudate nucleus, internal capsule,

lentiform nucleus, external capsule, and thalamus (Fig 1A) and

another ROI over the brain stem. CF within the corpus callo-

sum were generated by placing a 2D ROI to include the corpus

callosum, which was identified on the sagittal section nearest

to the midline (Fig 1B). As a result, the major white matter

tracts of each subject were reconstructed in 3 sessions: 2 yield-

ing the PF and 1 yielding the CF. Quantitative results of the

generated fibers, including the right and left PF, CF, and the

summation of these tracts (MWT), were automatically ob-

tained by the software,26 initiated by right-clicking with the

mouse on the fibers. The results include the FA, NOP, and

NOF. NOP was an arbitrary unit pro-

portional to the volume of the gener-

ated 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

corrected for motion and eddy current ef-

fects. FA images were then created by fit-

ting a tensor model to the data by using the

Diffusion Toolbox, and automatic brain

extraction was performed by using the

Brain Extraction Tool.28 For spatial normalization, all subjects’ FA

data were then aligned into a common space by using the Nonlinear

Registration Tool. Among the 3 options for nonlinear registration

(by use of predefined target image, automatically chosen target, and

most representative target), we chose the “most representative” op-

tion for the registration such that every FA image was aligned to every

other one to identify the most representative image as the target im-

age.17 This option was recommended for generating a study-specific

target, particularly in a study containing mostly children. The target

image was then affine-aligned into Montreal Neurological Institute

152 space, and every image was transformed into 1 � 1 � 1 mm

Montreal Neurological Institute 152 space by combining the nonlin-

ear transform to the target FA image with the affine transform from

the target native space to Montreal Neurological Institute 152 space.

The mean FA image of all subjects was created and thinned to create

the mean FA skeleton, which represented the centers of all tracts

common to all subjects. This skeleton was thresholded at FA � 0.2.

The aligned FA data of each subject were then projected onto this

skeleton for voxelwise cross-subject statistics. Tract-based spatial sta-

tistics analysis was also applied to maps of axial diffusivity and radial

diffusivity.

Statistical Analysis
Independent t tests were used to compare each of the results of

fiber tracking (FA, NOP, and NOF) of the PF (left PF, right PF,

bilateral PF) and CF between the patient group and the control

group. Results of the MWT, calculated by summation of results of

the bilateral PF and CF regarding NOP and NOF, and by weighted

averaging of results of these tracts regarding FA, were also com-

pared between the patient group and the control group. Pearson

correlation tests were used to calculate the strength of association

between the neurologic severity score and the results of fiber

tracking in all subjects. Voxelwise comparisons of FA, axial diffu-

sivity, and radial diffusivity between groups were performed with

the recommended Randomize Tool in the Functional MR Imag-

ing of the Brain Software Library toolbox by use of nonparametric

t tests. The data were analyzed by use of permutation-based infer-

FIG 1. Regions of interest (green shaded areas) were manually drawn on axial B0 image (A) to
include the ipsilateral caudate head, internal capsule, lentiform nucleus, external capsule, and
thalamus for reconstructing the PF on one side, and on sagittal B0 image (B) to include the corpus
callosum for reconstructing the CF.
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ence (5000 permutations) and threshold-free cluster enhance-

ment. 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 self-

injury, 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 mod-

erately 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 occip-

ital 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

find areas in which FA was lower in the

control group. No statistically signifi-

cant difference in radial diffusivity be-

tween 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 sub-

jects. NOP was proportional to the vol-

ume 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 sub-

jects (95% CI, 0.463–0.483) suggested that the reconstructed white

matter tracts in the tuberous sclerosis complex subjects were pre-

dominantly normal white matter tracts. Our results therefore im-

plied 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 mat-

ter integrity. Pathologically, atypical cells including balloon cells, gi-

ant 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 normal-

appearing white matter14 in patients with tuberous sclerosis com-

plex. Our results also showed a moderate negative correlation be-

tween the neurologic severity score and both NOP and NOF in the

CF and PF, suggesting that patients with decreased quantity of resid-

ual 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 de-

velopmental 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 tractog-

raphy method, instead of assessing individual tuberous sclerosis

complex lesions.

Table 1: Composition of neurologic severity score of patients with TSC

Patient No. Seizure
Developmental
Disability Autism

Neuropsychiatric
Disorders

Neurologic
Severity Score

1 1 3 0 1 5
2 0 0 0 0 0
3 1 3 2 0 6
4 2 3 2 1 8
5 1 3 0 1 5
6 1 3 0 1 5
7 1 0 0 0 1
8 1 0 0 1 2
9 1 3 2 1 7
10 1 0 0 0 1
11 1 0 0 1 2
12 2 3 0 1 6
13 1 0 0 0 1
14 1 3 2 1 7
15 1 3 0 0 4
16 1 0 0 1 2

Note:—TSC indicates tuberous sclerosis complex.

Table 2: Mean (� 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

TSC Control P TSC Control P TSC Control P
CF 77.1� 27.4 100� 13.7 .01 2440� 1190 3280� 494 .02 .504� .026 .522� .016 .05
Left PF 169� 32.2 247� 61.3 .01 4200� 1270 6360� 1430 .01 .458� .011 .460� .022 .05
Right PF 146� 25.7 198� 32.7 .01 3290� 976 4510� 961 .01 .458� .016 .453� .019 .05
Bilateral PF 315� 53.3 445� 73.0 .01 7490� 2130 10870� 1870 .01 .459� .012 .458� .020 .05
MWT 391� 76.7 545� .770 .01 9900� 3110 14150� 2210 .01 .470� .014 .473� .017 .05

Note:—TSC indicates tuberous sclerosis complex.
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Similar results of reduction of NOF and NOP were obtained in

patients with tuberous sclerosis complex. If the patients and the

control subjects had a similar number of fibers but the patients

had shorter fibers, the patients would have NOF similar to that in

the control subjects but smaller NOP. Furthermore, if the patients

had fewer but longer fibers, they would have a lower NOF but

probably an NOP similar to that in control subjects. Therefore,

the decrease in both NOF and NOP in the tuberous sclerosis com-

plex group suggested that the patients might have fewer fibers

with shorter or similar length.

Voxelwise tract-based spatial statistics analysis revealed de-

creased FA and decreased axial diffusivity in the tuberous sclerosis

complex group. A decrease in FA may be attributed to disorga-

nized axons and hypomyelination.33,34 Previous DTI studies of

tuberous sclerosis complex also revealed a reduction of FA in the

white matter lesions12,13 and normal-appearing white matter.14

The lower axial diffusivity in the tuberous sclerosis complex

group suggested poor integrity of axons.35,36 Moreover, because

FA is known to positively correlate with axial diffusivity,37 our

result of a decrease in both FA and axial diffusivity was reasonable.

We did not find a statistical difference of radial diffusivity between

the tuberous sclerosis complex group and the control subjects.

Although increased radial diffusivity was reported in a recent trac-

tography study,35 this finding was only found in the callosal sp-

lenium but not in most of the white matter regions in that study.

Considering the findings reported by Krishnan et al35 and our

findings, change in radial diffusivity may not be a predominant

feature of the measured DTI metrics or

the change was too small to cause a sta-

tistically significant difference.

We did not specifically reconstruct

the association fibers because a portion

of the association fibers was recon-

structed in each of the trackings of the

PF and the CF. Thus, the volume of the

remaining association fibers was rela-

tively insignificant when compared with

the white matter of the entire brain.

Moreover, multiple ROIs would have

been used to select the diffusely distrib-

uted association fibers, and this proba-

bly would result in technical errors that

would reduce the accuracy and repro-

ducibility of the study. Like other studies

of diffusion tensor tractography, our

study used a method to reconstruct fi-

bers dependent on directional consistency computation, which

has been a limitation common to current fiber-tracking meth-

ods.38 However, we chose to study the CF and the PF that were less

likely to have highly curved turns susceptible to this computation

limitation. The range of age of our patients was wide (4 –30 years).

Myelination is active in early childhood and may affect the quan-

tity of generated tracts computed by diffusion tensor tractogra-

phy. However, in our study, subjects younger than 4 years of age,

in whom myelination would be still active, were excluded. More-

over, we recruited control subjects who did not significantly differ

from the patients with tuberous sclerosis complex on age distri-

bution. Because the relative significance of each feature was un-

known, it would have been ideal to correlate the DTI and tractog-

raphy results with individual neurologic features rather than by

use of a composite score; however, this would lead to fewer sam-

ples in each group with a single feature.

Early behavioral intervention may be beneficial to children

with tuberous sclerosis complex,39 particularly during the period

of brain plasticity. Newer therapeutic agents, such as rapamycin,

have been reported to prevent epilepsy and to reverse mental re-

tardation and learning problems in mouse models of tuberous

sclerosis complex.40,41 Subgroup analysis of a recent phase I/II

trial of everolimus, a mammalian target of rapamycin inhibitor,

demonstrated increased FA and decreased radial diffusivity in the

normal-appearing white matter of the treated subjects.42 Objec-

tively assessing the cerebral white matter quantity and comparing

diffusion tensor metrics between patient groups, diffusion tensor

tractography may be a clinically practical neuroimaging tech-

nique to evaluate treatment efficacy.

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 appli-

FIG 2. Scatterplots show moderate negative correlation between the neurologic severity score
and NOF (A) and NOP (B) in the patients with tuberous sclerosis complex and control subjects.

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
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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 overlaidmean 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.

Disclosures: Alex Wong—RELATED: Grant: National Science Council (Taiwan).
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ORIGINAL RESEARCH
PEDIATRICS

Retrospective Review of Rapid Pediatric BrainMR 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 hydroceph-
alus, our institution implemented a rapid brain MR imaging protocol. The purpose of this study was to review an academic practice
experiencewith pediatric rapid brainMR imagingwithout 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). Exami-
nation 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

CT scanning has historically been the preferred imaging tech-

nique for the initial evaluation and follow-up of hydroceph-

alus and intracranial cysts within the pediatric population at

many institutions. Compared with traditional MR imaging meth-

ods, pediatric head CT imaging offers much faster acquisition

times, comparable anatomic resolution, and lower patient cost.

Furthermore, the prolonged scan time of traditional MR imaging

methods often demands use of general anesthesia in pediatric pa-

tients 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 physi-

cian concern for the potential long-term effects of ionizing radi-

ation,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 cam-

paign,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
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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-se-

quence 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 ana-

tomic plane, provide excellent imaging with high intrinsic con-

trast 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 un-

cooperative infant or child. Our institution, along with most ra-

diology practices, is continually striving to minimize scan dura-

tions, 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 so-

called 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 Por-

tability and Accountability Act guidelines. Informed consent was

waived. All data for this study were extracted from the institu-

tional 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 image-

viewing platform. The total number of pediatric imaging exami-

nations, sorted by month, was extracted from the radiology infor-

mation 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 indi-

cations, whether a ventricular shunt was in place, patient location

(inpatient, outpatient, or emergency department), and demo-

graphic data including date of birth and sex. The number and type

of each scan sequence, including repeated scans and plane of im-

aging, 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 noncon-

trast 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 ventric-

ular 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. Addi-

tional imaging sequences were added ad hoc as appropriate per

the interpreting radiologist’s discretion to avoid repeated or re-

turn examinations. In this patient population, additional se-

quences most commonly consisted of sagittal views or multipla-

nar 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 sus-

pected or confirmed hydrocephalus or intracranial cysts who un-

derwent 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 rapid-

sequence 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 im-

aging 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 imag-

ing 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 fur-

ther 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.
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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 in-

terquartile ranges because of non-normal data distributions, and

were compared by used of the Wilcoxon signed-rank test of sig-

nificance. 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 regres-

sion 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 ex-

cluded for ad hoc addition of at least 3 MR imaging sequences, for a

total study sample of 398 rapid MR imaging examinations. Exami-

nations 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 acquisi-

tions (Fig 1). A total of 265 (67%) of 398 examinations were per-

formed on patients in the outpatient setting, 93 (23%) on inpatients,

and 40 (10%) on patients in the emergency department. Of these 398

examinations, 248 (62%) were performed on patients with ventric-

ular shunts in place.

Study Indications
The breakdown of indications and clinical situations for all rapid

MR imaging examinations is shown in On-line Table 1. Evalua-

tion 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 fol-

low-up of known intracranial blood or fluid (9.0% [36/398]),

unspecified macrocephaly (3.0% [12/398]), and evaluation of in-

tracranial 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 exam-

inations performed specifically to evaluate ventricular size or in-

tracranial 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 dys-

morphism. 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 diag-

nostic 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 pre-

sented to the emergency department with symptoms of obstruc-

tive hydrocephalus on 2 consecutive weeks and had negative re-

sults on rapid MR images, but then was referred within 48 hours

for CT scan on the next similar presentation, which was also neg-

ative for hydrocephalus; 3) a patient who was evaluated from the

emergency department with MR imaging for symptoms of ob-

structive hydrocephalus who received a CT for evaluation of pos-

sible 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, ventricu-

loperitoneal 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 1. Axial (A) and coronal (B) HASTE sequence MR imaging of the
brain in a 4-year-old childwith shunted hydrocephalus demonstrating
excellent delineation of the ventricles and mild shunt reservoir arti-
facts (white arrow) with fewmotion 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.
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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, comorbid-

ity, 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 radiol-

ogist, 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 ven-

tricular 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 eval-

uation. In addition, our study demonstrates that no particular

patient demographic or clinical presentation precludes attempt-

ing rapid MR imaging in evaluation of ventricular size or intra-

cranial cyst, because all patients completed an examination with-

out 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 clin-

ically and economically inconsequential.

These results are clinically relevant because the rapid MR im-

aging technique represents a reasonable means to evaluate hydro-

cephalus 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 imag-

ing have either focused on techniques to optimize shunt catheter

tip localization, to describe its various uses, or to estimate poten-

tial 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 per-

formed in cases of failed examinations and provides scarce ana-

tomic detail and, subsequently, minimal additional diagnostic in-

formation 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 extra-

axial 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 institu-

tion, 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 clin-

ical reasoning that brought about a repeated examination. In ad-

dition, given the overlap between indications for use of MR im-

aging and CT scan in the pediatric population, we limited our

comparisons to a limited set of hydrocephalus-related indica-

tions. Lastly, we did not have long-term follow-up on these pa-

tients, and further analysis is needed to determine how rapid MR

imaging affects clinical decision-making and outcomes.

FIG 2. Trends in CT and rapid MR imaging use for hydrocephalus-
related conditions, 2005–2011. Note that although overall imaging vol-
umes for these indications have increased, rapidMR imaging is rapidly
replacing CT imaging.

AJNR Am J Neuroradiol 34:1836–40 Sep 2013 www.ajnr.org 1839



Rapid MR imaging examinations being obtained for indica-

tions other than hydrocephalus represent an area of potential mis-

match 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 pro-

grammable shunts because repeated exposure to magnetic fields

may require shunt reprogramming. At our institution, these pa-

tients are usually monitored with pre- and post-MR imaging skull

radiographs, and as such, the patient’s examination risk and ex-

posure 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 eliminat-

ing CT scanning in the practice of imaging hydrocephalus, as

evening and nighttime MR imaging coverage is not readily avail-

able 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, ir-

respective 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.
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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 themain transitory proliferative structure of the ventral telencephalon in human fetal brain and it contrib-
utes 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

The 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 tem-

poral) 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 cor-

tical interneurons; the caudal GE is an additional source of tan-

gentially migrating interneurons to the cortex and hippocampus

and the lateral GE is the major source of striatal gamma-ami-

nobutyric 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-

velopment, data on GE anomalies are scarce, for example, the

recent report on hemorrhage occurring in this region in prema-

ture babies.6

Recently in our institution, in a clinical fetal MR imaging ob-

servation, we found bilateral symmetric cavitations in the GE re-

gion. To better understand the significance of this unusual find-

ing, 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 pur-

poses, after expert sonography study. All mothers had signed the

specific consent form for fetal MR imaging in use at our institu-

tion, and the study complied with the internal guidelines for clin-

ical 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 termina-
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tion underwent pathology examination, 1 case (case 3) after preg-

nancy termination was studied solely by MR-autopsy, 1 case (case

2) underwent neonatal MR imaging, and 1 pregnancy (case 5) was

terminated outside of our institution without available autopsy or

MR autopsy data.

MR Imaging Methods
A 1.5T scanner was used for fetal MR imaging, with a phased-

array abdominal or cardiac coil. All the selected 5 cases had

been investigated through T2-weighted single-shot fast spin-

echo multiplanar sections: 3– 4-mm section thickness, TR/TE

3000/180 ms, 1.1 mm2 in-plane resolution; in some cases

BALANCE 2–3-mm thick sections were also acquired (Philips

Medical Systems, Eindhoven, the Nerthlands). In the 2 most

recent cases (cases 1 and 4), T1-weighted FSE 5.5-mm-thick

sections (TR/TE � 300/14 ms, turbo factor � 3, 1.4 mm2

in-plane resolution) and diffusion-weighted imaging 5.5-mm-

thick sections (TR/TE � 1000/90 ms, b factor � 0 – 600 sec-

onds/mm2, FOV � 320 � 320 mm, matrix � 128 � 128) were

also available.

Two senior pediatric neuroradiologists (A.R., C.P.), with 12

years of experience in fetal MR imaging, evaluated the images in

consensus.

MR-autopsy and neonatal MR imaging studies were performed

with the use of a neonatal dedicated head coil and 1.5T scanner;

2–3-mm-thick T2-weighted FSE sequences (TR/TE 6000/200 ms),

with 0.3 mm2 in-plane resolution, were acquired.

Pathology Methods

The autopsy brains from cases 1 and 4 (On-line Table 1) were

fixed in 10% formalin, subsequently embedded in paraffin,

and cut in 10-�m-thick coronal sec-

tions. Sampled sections of the anterior

part of the brain, at the level of the GE,

were stained with thionin (0.1% in dis-

tilled water) and hematoxylin and eo-

sin and examined with the use of an

Aperio Image Scope (Nikon, Tokyo,

Japan). Additional series of sections

were cut and processed for immunolo-

calization of the neuronal calcium-

binding proteins calbindin and calre-

tinin, of the intermediate filament

protein vimentin, which is early-ex-

pressed in the radial glia. After incuba-

tion in 10% (volume-volume percent)

normal serum to mask nonspecific ad-

sorption 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),

and monoclonal anti-Vimentin (1:200,

DAKO, Glostrup, Denmark). Unfortu-

nately, the scanty preservation of tissue

caused by the autolytic processes ham-

pered a reliable result of immunohisto-

chemistry. Thus, only routine histologic

staining was reliably used for neuropathologic examination.

Genetic Analysis
DNA was extracted from formalin-fixed, paraffin-embedded tis-

sue sections from cases 1 and 4 by use of the QIAamp DNA FFPE

Tissue Kit (QIAGEN, Hilden, Germany). Mutation analysis of the

LIS1 (genebank accession: NM_000430.3) and TUBA1A (gene-

bank accession: NM_006009.2) genes, known to be involved in

lissencephalies, was performed by direct sequencing. No muta-

tions were identified. Unfortunately, genomic rearrangements in-

volving the LIS1 gene could not be excluded by multiplex ligation-

dependent probe amplification analysis because of poor DNA

quality. Sequence analysis of the ARX gene could not be per-

formed either, because of the poor quality of DNA and the high

guanine-cytosine content of this gene.

RESULTS
The findings reported in expert sonography examinations (On-

line Table 1) were CC agenesis in all 5 cases, as well reduced cranial

and cerebellar biometry, mild-moderate ventriculomegaly in 3

cases, and reduced whole-body biometry in 2 cases. None of the

sonography reports mentioned basal ganglia region cavitations.

At prenatal MR imaging, all 5 cases displayed bilateral symmetric

cavitations in the GE region, separating the GE itself from the deeper

parenchyma and resembling an inverted open C shape (Fig 1). In 2

cases (cases 2 and 4), GE appeared to be clearly larger than in healthy

controls at the same GA (On-line Fig 1). In T1-weighted and diffu-

sion-weighted imaging (available exclusively in cases 1 and 4), the GE

showed a hyperintensity comparable to that of the periventricular-

germinal matrix area and slightly higher than that of the cortical plate

FIG 1. Prenatal single-shot FSE T2-weighted MR images of the 5 reported cases, each case
displayed horizontally in a row. Case number, GA, and sex are reported. White arrows
indicate 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
hypoplastic in all cases. Frontal opercula are shallow and dysmorphic.
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(On-line Fig 2); however, the associated apparent diffusion coeffi-

cient tended to be slightly lower (0.85 SD, 0.09 �m2/s) than in GE of

healthy controls (0.95 SD, 0.13 �m2/s, unpublished data).

All 5 cases demonstrated reduction of biometric brain param-

eters (below the 10th percentile with respect to normal data of

reference7) (On-line Table 1), agenesis or severe hypoplasia of the

CC, and defective gyration such as shallow opercula and

absent/reduced parieto-occipital sulcus (normally visible before

the 23 weeks of GA). One case (case 2)

had bilateral frontal band heterotopias

(Fig 3), confirmed by neonatal MR im-

aging. No case showed a disproportion-

ate reduction of the pontine bulging.

MR autopsy (case 3, Fig 4), pathol-

ogy (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 patho-

logic examination (cases 1 and 4), and

cavitation margins were regular, with-

out apparent signs of previous or ongo-

ing hemorrhage.

In addition, both cases, in which his-

tology was available (cases 1 and 4) dem-

onstrated a disorganization of the devel-

oping 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 gen-

italia, which could be related to some

type of lissencephaly such as the one X-

linked ARX gene.

DISCUSSION
From our preliminary observation, it

appears that GE cavitations are an aspect

of more complex conditions associated

with severe cerebral structural derange-

ment. The awareness of this rare devel-

opmental abnormality involving the

GE region may have implications in bet-

ter understanding of the complex mal-

formations caused by defective cellular

proliferation and migration, such as lis-

sencephalies. The fact that the lesions

were bilateral and symmetric with an in-

verted “regular” open C shape, an epi-

thelium-like lining, regular margins,

and no apparent signs of hemorrhage

(including the 2 cases with T1-weighted

images) suggests a malformative rather

than necrotic-clastic origin. Familial re-

currence in 2 cases and the presence of

frontal band heterotopias in 1 case further support such a hypothesis.

Although the data are not extensive enough to conclude a statistical

significance, the available ADC values (cases 1 and 4), albeit showing

a slight trend toward mild reduction (0.85 SD, 0.09 m2/s), remained

higher than ADC values reported in fetal brain acute ischemia cases

(ie, 0.4 m2/s in Righini et al8). Moreover, in the case illustrated in

On-line Fig 2, GE histology showed a higher cell body/interstitial

space ratio (a possible sign of structural developmental anomaly) but

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.

FIG 3. A–C, Single-shot FSE T2-weighted sections from case 2 (29-weekGA) prenatal study shows
GE region cavitations (arrows), which tend to be relatively smaller with respect to the brain size
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-
tions now relatively smaller and confirming band heterotopias (arrowheads).
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not signs of acute cytotoxic edema (such as neuropil swelling).

Nevertheless, because we do not have detailed histologic data for

all of our cases, we cannot completely rule out the necrotic

nature of the observed GE region cavita-

tions. Moreover, the existence of a recent

report,9 which showed basal ganglia vas-

culopathy in a lissencephaly case, further

warns of the possibility that ischemia may

play a role in cavitation onset.

According to Barkovich et al,10 liss-

encephalies are primarily caused by ab-

normal neuronal migration. In such

conditions, abnormal development of

the GE, together with deficiency of other

fetal transient structures such as the ger-

minal matrix, may play a key role. We

may speculate that cavitations associated

with GE might derive from abnormal pro-

liferation of neural precursors in the re-

gion 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

lissencephaly even by simply physically

affecting cell migration, even in the ab-

sence of proliferation defect, because, in at

least 2 of our cases, GE was larger than

in healthy controls of the same GA.

The presence in our 5 cases of oper-

cularization defects, agenesis-severe hy-

poplasia 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 differ-

entiation phase.

To the best of our knowledge, GE cav-

itations have not been described in animal

models of lissencephaly; neither have

they been reported in the existing ex-

tensive postnatal neuroimaging litera-

ture regarding human lissencephalies.

This could be explained by their size

decrease as the whole brain progres-

sively grows. In postnatal MR studies,

cavitation remnants might have been

occasionally interpreted in the past

just as enhanced perivascular spaces in the

basal ganglia region; cavitations may rela-

tively decrease in size with respect to the

progressive growth of the whole brain.

A major limitation of our report is the

lack of substantial molecular genetics characterization of our cases.

Banded karyotyping, which turned out to be normal, was available in

3 cases (On-line Table 1); however, karyotyping is usually of limited

FIG 4. A and C, Single-shot FSE T2-weighted sections from case 3 (23-week GA) prenatal study,
show large symmetricGE region cavitations (arrows). B andD, FSE T2-weighted correspondingMR
autopsy sections, which confirm the prenatal findings (arrows): cavitations appear to have regular
smooth margin, albeit brain was compressed and deformed during delivery.

FIG 5. A, Coronal single-shot FSE T2-weighted section from case 4 (22-week GA); brain is shown
upside-down to better match the corresponding coronal oblique histologic section in B, Thionin-
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
D) lined by epithelium-like structure (arrow); E,detail of the developing cortex shows heterotopic
cortical plate neurons extending in the marginal zone (arrowheads). Scale bar� 410 �m.
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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 inheri-

tance. Converging experimental, neuropathologic, and imaging evi-

dence suggests that mutations in this gene cause an abnormal devel-

opmental process primarily affecting GE development. Impaired

proliferation of neuronal elements in the GE and subsequent abnor-

mal 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 lissen-

cephaly 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 cogni-

tive 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-origi-

nating neuroblasts and cortical interneurons are needed to further

elucidate the meaning of the anomaly we have reported and to defin-

itively rule out the possibility of a lesional etiology.
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A Better Characterization of Spinal Cord Damage inMultiple
Sclerosis: A Diffusional Kurtosis Imaging Study
E. Raz, M. Bester, E.E. Sigmund, A. Tabesh, J.S. Babb, H. Jaggi, J. Helpern, R.J. Mitnick, and M. Inglese

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 ofwater diffusion, providesmore biomarkers of both anisotropic and isotropic structural changes. The aimof 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 ANDMETHODS: 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 graymattermean kurtosis (P� .006)were significantly decreased, andwhole 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 complemen-
tary 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

Multiple sclerosis is a chronic inflammatory/demyelinating

and neurodegenerative disease of the central nervous sys-

tem and the most common cause of nontraumatic disability in

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 postmor-

tem examination, 86% of patients with MS have spinal cord le-

sions,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 le-

sions and disability,5 very likely due to the presence of addi-

tional microscopic abnormalities in the so-called normal-ap-

pearing 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 demyeli-

nation 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
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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 integ-

rity at a microscopic level.15 Recent DTI studies of the spinal cord

in patients with MS indeed showed a significant decrease in frac-

tional anisotropy, a measure of WM fiber integrity and direction-

ality, compared with healthy controls in both lesions and normal-

appearing tissue.16-24 The DTI model, however, is based on the

assumption that the displacement probability function of diffus-

ing 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-Gaussi-

anity is a direct consequence of diffusion barriers and compart-

ments, 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 diffu-

sional kurtosis imaging25 represents the minimal extension of

DTI that, in acquisition times compatible with clinical applica-

tion, 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 microarchitec-

ture complementary to that given by fractional anisotropy and

mean diffusivity.25 Using a moderately expanded diffusion-sam-

pling scheme, MK can be obtained simultaneously with conven-

tional 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 cer-

vical 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 abnor-

malities compared with mean diffusivity and fractional anisot-

ropy; 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 Porta-

bility and Accountability Act. Written informed consent was ob-

tained from all participants. For this prospective study, we re-

cruited 21 consecutive patients with clinically definite MS34 who

were referred from the New York University MS Center to our

department for cervical spinal cord MR imaging between August

2009 and March 2010 and who met the following inclusion crite-

ria: 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 pa-

tient: 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 neu-

rologic 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 sec-

tions (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-en-

coding 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,

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.
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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 se-

quence, 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 se-

quence 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 im-

ages 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 pa-

rameters, 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 dif-

fusion 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-in-

terest 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), gener-

ating 20 values for each of the DTI metrics in each subject (alto-

gether 380 SC sections for 19 patients). Of 380 sections, 165 in-

cluded 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 diffusiv-

ity, and MK values were measured. In addition, mean fractional

anisotropy, mean diffusivity, and MK values of normal-appearing

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 sec-

tions 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 aver-

aging 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 perpen-

dicular to the spinal cord were reconstructed, centering on the

C2–3 intervertebral disk, and an established semiautomated tech-

nique was used to measure the cross-sectional cord area.40 The

volume of the cervical cord section between C2 and C4 was eval-

uated by using BrainMask software (http://www.nitrc.org/

projects/brainmask)41 by using 3D edge-detection algorithms, al-

lowing 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 represen-

tative 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. Addition-

ally, 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 con-

trols in terms of the total and regional values of MK, mean diffusivity,

and fractional anisotropy, adjusting for age, sex, and disease dura-

tion, and to compare the 2 groups of patients stratified according to

the EDSS score (group 1: EDSS score � 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 � 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 2. Axial T2 image (A) of the cervical spinal cord at C2 shows the location of ROIs placed in the graymatter of the ventral horns (red) andwhite
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 tensorswere calculated by using in-house software to generatemaps of the derived
parameters, fractional anisotropy, mean diffusivity, and MK.
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The error variance was allowed to differ across subject groups

to remove the unnecessary assumption-of-variance homogeneity.

A paired-sample t test was used to compare WM and GM at the

lesion level with corresponding normal-appearing tissue in terms

of each DKI measure.

Pearson correlations were used to characterize the association

of the DKI measures from the whole cervical spine and from the

GM and WM, separately, with spinal cord volume and area and

EDSS. All P values are reported as 2-sided significance levels with-

out adjustment for multiple comparisons and were considered

statistically significant when P � .05.

RESULTS
Nineteen patients had a median EDSS score of 2.5 (range � 1–6.5).

Mean disease duration from the diagnosis was 7.3 � 5.2 years, while

mean disease duration from symptom onset was 10.1 � 7.8 years.

Fifty-nine T2 hyperintense lesions were identified in 18 of 19 pa-

tients, with a median of 3 lesions per patient (range � 0–8).

Cross-sectional mean MK and frac-

tional anisotropy (both unitless) and

mean diffusivity (�10�3 mm2/s) values

in patients and controls for the whole

cervical spinal cord examined are re-

ported in Fig 3. Compared with con-

trols, fractional anisotropy and MK were

significantly decreased (respectively,

P � .0009 and P � .003) and mean dif-

fusivity was increased (P � .009) in

patients.

In patients with MS, when mean dif-

fusivity, MK, and fractional anisotropy

values of sections with lesions were com-

pared with the values in sections of nor-

mal-appearing spine tissue, the 3 pa-

rameters differed significantly (Table 1):

fractional anisotropy and MK were

lower and mean diffusivity was higher in

lesions than in normal-appearing spine

tissue (all P � .0001).

Mean MK, fractional anisotropy, and mean diffusivity values

of GM and WM ROIs were compared at the C2–3 level in healthy

subjects and patients with MS without visible lesions at that level

(n � 14); the results are reported in Table 2. In patients, normal-

appearing WM fractional anisotropy and normal-appearing GM

MK values were significantly decreased compared with those in

healthy controls while mean diffusivity, GM fractional anisot-

ropy, and WM MK were not significantly different across the 2

groups of subjects.

MK and mean diffusivity values were significantly inversely

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).

The mean cervical cord cross-sectional area measured at C2–3

was 0.93 � 0.06 cm2 in the patient group, significantly lower than

that in the control group (0.94 � 0.08 cm2, P � .04). Mean C2– 4

volume of the cervical spinal cord was 2.70 � 0.34 cm3 in patients

and 2.96 � 0.36 cm3 in controls (P � .7).

Table 1: The mean of DKI/DTI measures of the whole spinal cord over sections with lesions
(n� 145) and over sections of normal-appearing spine tissue (n� 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

Note:—NAST indicates normal-appearing spine tissue; FA, fractional anisotropy; MD, mean diffusivity.
a Only data from subjects with lesions (n� 18) were included in the computations.
b P values are fromANCOVA, comparing lesions to normal-appearing spine tissue in terms of the indicatedDKImeasure
adjusted for age, sex, and disease duration.
c FA and MK are unitless. MD is measured in�10�3 mm2/s.

Table 2: The mean of DKI measures at the C2–3 level in patients with MS and controls
Measure Location Controls Patients with MS P Valuea

FA GM 0.81� 0.11 0.70� 0.19 .4
WM 0.63� 0.07 0.52� 0.07 .01

MD GM 0.56� 0.08 0.72� 0.21 .1
WM 0.86� 0.14 0.99� 0.13 .06

MK GM 1.16� 0.13 1.11� 0.09 .006
WM 1.15� 0.17 1.08� 0.12 .08

Note:—FA indicates fractional anisotropy; MD, mean diffusivity.
a P values are from ANCOVA, comparing patients with normal-appearing spine tissue at the C2–3 level (n � 14) with
controls in terms of WM and GM DKI measures adjusted for age, sex, and disease duration.

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.
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Finally, we did not find any significant correlation of SC, MK,

fractional anisotropy, and mean diffusivity values with either

spine volume or spine area, except for the WM MK and cervical

spine volume (r � 0.58 and P � .0089).

Likewise, no significant correlations were found among any

MK, fractional anisotropy, and mean diffusivity values and EDSS.

However, when the patients were stratified into 2 groups on the

basis of the median EDSS score, more disabled patients (group 2)

showed significantly lower fractional anisotropy and MK and

higher mean diffusivity of the total cervical SC after correcting for

age, sex, disease duration, and number of lesions. Most interest-

ing, the locally sampled GM region showed lower MK and frac-

tional anisotropy and higher mean diffusivity in the more dis-

abled class, while the locally sampled WM did not show

significant differences between the EDSS groups. Total and re-

gional SC MK, fractional anisotropy, and mean diffusivity values

from the 2 groups of patients are compiled in Table 3.

DISCUSSION
The spinal cord is frequently involved in MS, and it is a clinically

eloquent site of damage with a relevant contribution to the accu-

mulation of irreversible physical disability.42 There is growing

evidence indicating that MS tissue damage in both the brain and

SC is not limited to WM but also involves the GM.13 Our DKI

study in patients with MS showed extensive cervical spinal cord

damage and particularly more severely at the lesional level than in

normal-appearing tissue. This is in agreement with previous DTI

studies that found decreased fractional anisotropy values and in-

creased mean diffusivity values in the cervical SC of patients with

MS in comparison with healthy controls.16,20 The pathologic sub-

strate underlying the changes in DTI metrics is represented by

demyelination and axonal loss occurring in spinal cord T2-visible

lesions and in normal-appearing tissue.43,44 Both demyelination

and axonal loss lead to an increase of the extracellular volume,8

which is reflected by reduced fractional anisotropy and increased

mean diffusivity. In addition, intracellular abnormalities that de-

termine the formation of new barriers, such as cell debris, inflam-

matory changes, and gliosis, restrict water isotropically and can

cause reductions in fractional anisotropy.8

More recently, several pathologic studies8-11,45 demonstrated

that extensive demyelination and neuronal loss occur in the SC

GM. Although neuronal loss appears to be predominantly related

to local GM plaques, interneuron atrophy occurs in both myelin-

ated and demyelinated areas.46 In line with these findings, our

study showed a significant decrease of

MK in the SC normal-appearing GM of

patients compared with controls. Al-

though 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 reso-

lution of conventional T2-weighted

scans and the degeneration of GM neu-

rons secondary to axonal transactions in

the WM. Although we did not find a sig-

nificant association between SC lesion

count and GM MK (r � 0.3, P � .1),

there was a trend toward a significant positive association between

the decrease of WM MK and that of GM MK (r � 0.44, P � .06),

suggesting a possible interplay between injury in WM and GM.

While in WM, fractional anisotropy was sensitive to disease-

related tissue damage and there was a trend toward significance

for mean diffusivity and MK, in GM, only MK was significantly

different between patients and controls, suggesting that it could

be a more sensitive metric for evaluating the GM than mean dif-

fusivity and fractional anisotropy. While standard DTI metrics

can characterize the diffusion of water molecules in 3D space, they

are not able to provide more specific information about its mi-

croenvironment. For example, mean diffusivity can indicate that

the average water diffusion distance is small, but it cannot differ-

entiate whether the small diffusion distance is due to a more vis-

cous environment or the presence of more barriers, such as cell

membranes.25 A decrease in MK more clearly represents a reduc-

tion in diffusional heterogeneity; in the case of spinal cord tissue,

this is very likely associated with degenerative changes and neu-

ronal shrinkage.25,26,29,47 Hence, MK is a more natural indicator

of tissue microstructural properties because diffusional non-

Gaussianity is a direct consequence of the presence of barriers and

compartments.

The lack of correlation between average mean diffusivity and

MK in the GM of our patients and the poor correlation between

the 2 metrics in lesional SC further supports the notion that MK of

the GM can provide information about the underlying tissue mi-

croarchitecture that is different and complementary to that ob-

tained with conventional DTI.

We did not find a significant correlation between any of the

DKI-derived metrics in the global and regional cervical SC and the

EDSS score. This result may be influenced by the small sample size

and the narrow range of EDSS scores for most patients. However,

when the patients were stratified on the basis of the median EDSS

score into 2 groups with high and low disability, more disabled

patients showed significant differences in total SC and GM DKI

metrics compared with less disabled patients. This finding sug-

gests that the severity of SC GM damage might have a role in the

development of irreversible disability and is consistent with the

results of previous MR imaging studies of SC GM by using mag-

netization-transfer imaging.12,14

This study has some limitations. The number of patients en-

rolled allowed us to investigate the potential of a new MR imaging

technique such as DKI, but it is relatively low, and our results will

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

Note:—FA indicates fractional anisotropy; MD, mean diffusivity; WC, whole cord.
a Group 1: EDSS score� 2.5; group 2: EDSS score� 3.0.
b P values are fromANCOVA, comparing groups 1 and 2 in terms of the indicated DKI measure adjusted for age, sex, and
disease duration.
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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 espe-

cially 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, al-

though 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 con-

trols is not entirely attributable to partial volume effects. Further-

more, 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 inter-

pretation of MK changes in the GM of the MS spinal cord will be

available when the pathologic substrates are identified by post-

mortem high-resolution MR imaging and/or quantitative histo-

pathologic 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 simul-

taneously 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 pre-

liminary, 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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10. Gilmore CP, Bö L, Owens T, et al. Spinal cord gray matter demyeli-
nation in multiple sclerosis—a novel pattern of residual plaque
morphology. Brain Pathol 2006;16:202– 08

11. Gilmore CP, Geurts JJ, Evangelou N, et al. Spinal cord grey matter
lesions in multiple sclerosis detected by post-mortem high field MR
imaging. Mult Scler 2009;15:180 – 88

12. Agosta F, Absinta M, Sormani MP, et al. In vivo assessment of cervi-
cal cord damage in MS patients: a longitudinal diffusion tensor
MRI study. Brain 2007;130:2211–19

13. Farrell JA, Smith SA, Gordon-Lipkin EM, et al. High b-value q-space
diffusion-weighted MRI of the human cervical spinal cord in vivo:
feasibility and application to multiple sclerosis. Magn Reson Med
2008;59:1079 – 89

14. Zackowski KM, Smith SA, Reich DS, et al. Sensorimotor dysfunc-
tion in multiple sclerosis and column-specific magnetization
transfer-imaging abnormalities in the spinal cord. Brain
2009;132:1200 – 09

15. Inglese M, Bester M. Diffusion imaging in multiple sclerosis: re-
search and clinical implications. NMR Biomed 2010;23:865–72

16. Agosta F, Benedetti B, Rocca MA, et al. Quantification of cervical
cord pathology in primary progressive MS using diffusion tensor
MRI. Neurology 2005;64:631–35

17. Benedetti B, Valsasina P, Judica E, et al. Grading cervical cord dam-
age in neuromyelitis optica and MS by diffusion tensor MRI. Neu-
rology 2006;67:161– 63

18. Ciccarelli O, Wheeler-Kingshott CA, McLean MA, et al. Spinal cord
spectroscopy and diffusion-based tractography to assess acute dis-
ability in multiple sclerosis. Brain 2007;130:2220 –31

19. Clark CA, Werring DJ, Miller DH. Diffusion imaging of the spinal
cord in vivo: estimation of the principal diffusivities and applica-
tion to multiple sclerosis. Magn Reson Med 2000;43:133–38

20. Hesseltine SM, Law M, Babb J, et al. Diffusion tensor imaging in
multiple sclerosis: assessment of regional differences in the axial
plane within normal-appearing cervical spinal cord. AJNR Am J
Neuroradiol 2006;27:1189 –93

21. Ohgiya Y, Oka M, Hiwatashi A, et al. Diffusion tensor MR imaging of
the cervical spinal cord in patients with multiple sclerosis. Eur Ra-
diol 2007;17:2499 –504

22. Reich DS, Smith SA, Zackowski KM, et al. Multiparametric magnetic
resonance imaging analysis of the corticospinal tract in multiple
sclerosis. Neuroimage 2007;38:271–79

23. Valsasina P, Rocca MA, Agosta F, et al. Mean diffusivity and frac-
tional anisotropy histogram analysis of the cervical cord in MS pa-
tients. Neuroimage 2005;26:822–28

24. van Hecke W, Nagels G, Emonds G, et al. A diffusion tensor imaging
group study of the spinal cord in multiple sclerosis patients with
and without T2 spinal cord lesions. J Magn Reson Imaging
2009;30:25–34

25. Jensen JH, Helpern JA. MRI quantification of non-Gaussian water
diffusion by kurtosis analysis. NMR Biomed 2010;23:698 –710

26. Wu EX, Cheung MM. MR diffusion kurtosis imaging for neural
tissue characterization. NMR Biomed 2010;23:836 – 48

AJNR Am J Neuroradiol 34:1846–52 Sep 2013 www.ajnr.org 1851



27. Falangola MF, Jensen JH, Babb JS, et al. Age-related non-Gaussian
diffusion patterns in the prefrontal brain. J Magn Reson Imaging
2008;28:1345–50

28. Hui ES, Cheung MM, Qi L, et al. Towards better MR characteriza-
tion of neural tissues using directional diffusion kurtosis analysis.
Neuroimage 2008;42:122–34

29. Lu H, Jensen JH, Ramani A, et al. Three-dimensional characteriza-
tion of non-gaussian water diffusion in humans using diffusion
kurtosis imaging. NMR Biomed 2006;19:236 – 47

30. Grossman EJ, Ge Y, Jensen JH, et al. Thalamus and cognitive impair-
ment in mild traumatic brain injury: a diffusional kurtosis imaging
study. J Neurotrauma 2012;29:2318 –27

31. Raab P, Hattingen E, Franz K, et al. Cerebral gliomas: diffusional
kurtosis imaging analysis of microstructural differences. Radiology
2010;254:876 – 81

32. Jensen JH, Falangola MF, Hu C, et al. Preliminary observations of
increased diffusional kurtosis in human brain following recent ce-
rebral infarction. NMR Biomed 2011;24:452–57

33. Hori M, Fukunaga I, Masutani Y, et al. New diffusion metrics for
spondylotic myelopathy at an early clinical stage. Eur Radiol
2012;22:1797– 802

34. Polman CH, Reingold SC, Edan G, et al. Diagnostic criteria for mul-
tiple sclerosis: 2005 revisions to the “McDonald Criteria.” Ann Neu-
rol 2005;58:840 – 46

35. Reese TG, Heid O, Weisskoff RM, et al. Reduction of eddy-current-
induced distortion in diffusion MRI using a twice-refocused spin
echo. Magn Reson Med 2003;49:177– 82

36. Jones DK, Horsfield MA, Simmons A. Optimal strategies for mea-
suring diffusion in anisotropic systems by magnetic resonance im-
aging. Magn Reson Med 1999;42:515–25

37. Skare S, Li T, Nordell B, et al. Noise considerations in the deter-
mination of diffusion tensor anisotropy. Magn Reson Imaging
2000;18:659 – 69

38. Tabesh A, Jensen JH, Ardekani BA, et al. Estimation of tensors and

tensor-derived measures in diffusional kurtosis imaging. Magn
Reson Med 2011;65:823–36

39. Freund P, Wheeler-Kingshott C, Jackson J, et al. Recovery after spi-
nal cord relapse in multiple sclerosis is predicted by radial diffusiv-
ity. Mult Scler 2010;16:1193–202

40. Losseff NA, Webb SL, O’Riordan JI, et al. Spinal cord atrophy and
disability in multiple sclerosis: a new reproducible and sensitive
MRI method with potential to monitor disease progression. Brain
1996;119(pt 3):701– 08

41. Mikheev A, Nevsky G, Govindan S, et al. Fully automatic segmenta-
tion of the brain from T1-weighted MRI using Bridge Burner algo-
rithm. J Magn Reson Imaging 2008;27:1235– 41

42. Rashid W, Davies GR, Chard DT, et al. Increasing cord atrophy in
early relapsing-remitting multiple sclerosis: a 3 year study. J Neurol
Neurosurg Psychiatr 2006;77:51–55

43. DeLuca GC, Ebers GC, Esiri MM. Axonal loss in multiple sclerosis: a
pathological survey of the corticospinal and sensory tracts. Brain
2004;127:1009 –18

44. Mottershead JP, Schmierer K, Clemence M, et al. High field MRI
correlates of myelin content and axonal density in multiple
sclerosis: a post-mortem study of the spinal cord. J Neurol
2003;250:1293–301

45. Bot JC, Blezer EL, Kamphorst W, et al. The spinal cord in multiple
sclerosis: relationship of high-spatial-resolution quantitative
MR imaging findings to histopathologic results. Radiology
2004;233:531– 40
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Is Severe Pain Immediately after Spinal Augmentation a
Predictor of Long-TermOutcomes?

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 immedi-
ately after vertebroplasty (� 4 h). “Severe” painwas defined as at least 8 of 10with the 10-point VAS. Outcomeswere 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

Spinal augmentation procedures, including vertebroplasty and

kyphoplasty, have been used widely for palliation of pain-

related osteoporotic and pathologic compression fractures of the

spine. The literature abounds with both prospective and retro-

spective 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.

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 manage-

ment 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 pres-

ence of severe pain immediately after spinal augmentation proce-

dures or the need for immediate postprocedure analgesics pre-

dicts 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 ret-

rospective study. A vertebroplasty patient data base maintained at
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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 immedi-

ate 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 (demograph-

ics; 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 (unilat-

eral vs bilateral transpedicular approach, number of augmenta-

tions performed, distribution of cement, and complications), and

postprocedural descriptors (pain severity and medications ad-

ministered 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 re-

corded 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 �8 (“se-

vere pain group”) and those whose pain scores were � 8 (“non-

severe pain group”) in the 3 hours after the vertebroplasty proce-

dure. “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.

Statistical Analysis
We performed statistical analyses by using JMP (version 9; SAS

Institute, Cary, North Carolina). Continuous variables were pre-

sented 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 prepro-

cedure median VAS rest pain scores (5 [IQR, 2–7]) compared

with the nonsevere pain group (3 [IQR, 1– 6]) (P � .0208). Me-

dian 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 pa-

tients in the pain medication group with chronic fractures who

were not treated because they were not amenable to vertebro-

plasty compared with the control group (59 [44%] of 133 vs 83

[28%] of 296; P � .0013). Patients in the pain medication group

Table 1: Vertebroplasty patient and procedure characteristics
Type of Pain Pain Medication

All Severe Nonsevere P Value Given Not Given P Value
No. patients 429 69 360 133 296
Patient characteristics
Age (median, IQR) 75 (65–82) 75 (65–82) 75 (65–83) .99 75 (65–83) 75 (65–82) .66
Female (%) 257 (40) 41 (59) 216 (60) .99 88 (66) 169 (57) .09
No. with chronic, untreated fractures (%) 142 (33) 27 (39) 115 (32) .27 59 (44) 83 (28) .0012
No. with fractures because of malignancy (%) 74 (18) 15 (24) 59 (17) .21 25 (20) 49 (18) .49
Median VAS rest pain score (IQR) 4 (1–6) 5 (2–7) 3 (1–6) .0208 3 (1–6) 4 (1–6) .54
Median VAS activity pain score (IQR) 9 (7–10) 10 (8–10) 8 (7–10) .0263 10 (8–10) 9 (7–10) .0022
Median pain duration (months, IQR) 2 (1–4) 2 (1–3) 2 (1–4) .76 1 (1–3) 2 (1–4) .0317
No. receiving pain medication (%) 401 (99) 60 (98) 341 (99) .56 126 (99) 275 (99) .99
Median pain medication score (IQR) 3 (3–3) 3 (3–3) 3 (3–3) .85 3 (3–3) 3 (3–3) .0058
Vertebroplasty procedure characteristics
Median cement volume (mL) (IQR) 3.5 (2.0–5.0) 3.5 (2.0–5.0) 3.2 (2.0–4.6) .88 3.7 (2.0–5.0) 3.0 (2.0–4.5) .15
Unilateral needle placement (%) 306 (77) 46 (74) 260 (78) .51 89 (75) 217 (78) .51
Median no. levels treated (IQR) 1 (1–2) 1 (1–2) 1 (1–2) .84 1 (1–2) 1 (1–2) .28
3� levels treated (%) 48 (11) 11 (16) 37 (10) .21 22 (17) 26 (9) .0205
Complications (%) 95 (23) 17 (25) 78 (22) .75 30 (23) 65 (22) .99
Cement embolus (%) 19 (4) 4 (6) 15 (4) .53 7 (5) 12 (4) .62
Extravertebral leakage (%) 75 (17) 12 (18) 63 (18) .87 22 (17) 53 (18) .89
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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 med-

ication 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 med-

ication 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 no-

pain-medication group (P � .25 and P � .67, respectively). How-

ever, a significantly higher percentage of patients had worsened

medication scores (ie, from a score of 1 for over-the-counter nar-

cotics 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 postproce-

dure, 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. Med-

ication 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 com-

pared with the nonsevere pain group (11 [38%] of 29 vs 39 [27%]

of 147; P � .26).

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, immedi-

ate postprocedure pain presented with greater baseline pain com-

pared 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 re-

ported 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 anal-

gesics. Taken together, these findings are highly relevant to spinal

augmentation practitioners, as they can reassure patients that se-

vere, 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 occur-

rence 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 guid-

ance. 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 ame-

nable 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 com-

pared with patients who had fewer levels treated; however, the

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

All Severe Nonsevere
P
Value Given Not Given

P
Value

One-month follow-up
No. patients (% lost to follow-up) 399 (7) 68 (1) 331 (8) 123 (8) 276 (7)
No. patients with pain scores 369 61 308 113 256
Median VAS rest pain score (IQR) 0 (0–3) 2 (0–3) 0 (0–3) .16 0 (0–2) 0 (0–3) .25
Median VAS activity pain score (IQR) 4 (0–6) 3 (0–5) 4 (0–6) .25 3 (0–6) 4 (0–6) .67
No. patients with pain medication scores 383 60 323 119 264
Median pain medication score (IQR) 3 (0–4) 3 (0–4) 3 (1–4) .17 3 (1–4) 3 (0–4) .33
Change in pain medication score from
prevertebroplasty
Unchanged (%) 99 (26) 12 (20) 87 (27) .34 31 (26) 68 (26) .99
Improved (%) 167 (43) 21 (35) 146 (45) .16 52 (43) 115 (44) .99
Worsened (%) 117 (31) 27 (45) 90 (28) .0097 36 (31) 81 (31) .99

One-year follow-up
No. patients (% lost to follow-up) 307 (28) 46 (33) 261 (28) 100 (25) 207 (30)
No. patients with pain scores 288 44 244 93 195
Median VAS rest pain score (IQR) 0 (0–2) 0 (0–3) 0 (0–2) .0247 0 (0–3) 0 (0–2) .43
Median VAS activity pain score (IQR) 3 (0–6) 4 (0–6) 3 (0–6) .17 3 (0–6) 3 (0–6) .78
No. patients with pain medication scores 176 29 147 59 117
Median pain medication score (IQR) 3 (1–4) 3 (1–4) 3 (1–4) .30 3 (1–4) 3 (1–4) .65
Change in pain medication score from
prevertebroplasty
Unchanged (%) 63 (36) 9 (31) 54 (37) .67 25 (42) 38 (32) .24
Improved (%) 63 (36) 9 (31) 54 (37) .67 23 (39) 40 (34) .62
Worsened (%) 50 (28) 11 (38) 39 (27) .26 11 (19) 39 (33) .0514
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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 verte-

broplasty procedures, Hodler et al16 described that immediate

postprocedural pain relief was the best predictor of midterm out-

come 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 postpro-

cedure. 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 ver-

tebroplasty.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 verte-

broplasty is likely necessary, as subjective assessment of pain scales

is subject to substantial interobserver and intraobserver variabil-

ity. 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 ques-

tions 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 proce-

dure, 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 num-

ber of patients who had immediate postprocedure relief had re-

current pain symptoms at the short- or long-term follow-up sec-

ondary 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 pa-

tients with no severe pain. Patient and procedural characteris-

tics did not predispose patients to having immediate severe

pain after vertebroplasty.
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ORIGINAL RESEARCH
SPINE

Physiology-BasedMR Imaging Assessment of CSF Flow at the
ForamenMagnumwith a ValsalvaManeuver

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�15-second acquisition time was used to assess CSF flow in 8
healthy participants at the foramenmagnumat rest, during, and immediately after a controlled Valsalvamaneuver. CSFmean 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�56 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: Bothmethods showed 1) a decrease from baseline inV�CSF andApp during Valsalva and 2) an increase inV�CSF andApp immediately
after Valsalva comparedwith valuesmeasured both at rest and during Valsalva.Whereas fast cine-PC produced a single CSF flowwaveform
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

Invasive 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

patients with foramen magnum obstruction such as Chiari I mal-

formation, 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. Al-

though 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 approxi-

mately 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 ab-

normalities.7-14 The 1 exception is a 2006 abstract by Wentland et

al15 reporting CSF flow during rest and Valsalva by using an un-

dersampled projection reconstruction method with data acquisi-
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tion times of as little as 16 heartbeats. For healthy participants,

however, only minimal differences in flow were seen.

Our purpose was to evaluate the ability of MR imaging to

assess the CSF flow response to a Valsalva maneuver. To deter-

mine this, we studied healthy participants and compared the as-

sessed CSF flow response with that which can be inferred from

known invasive craniospinal differential pressure measurements

in healthy participants.1

At first, we used a standard 2D cine-PC method with phase

encoding and with a combination of undersampling and acceler-

ation techniques to produce CSF flow images in approximately 15

seconds. We used this fast 2D cine-PC method to measure CSF

flow before, during, and after a Valsalva maneuver. Even with

these improvements in speed, the resultant images of CSF flow as

a function of heart phase are nonetheless weighted averages of the

phasic behavior over all of the cardiac cycles during the roughly

15-second data acquisition. Thus, the cine-PC method does not

capture heartbeat-to-heartbeat transient behavior during the Val-

salva maneuver, as demonstrated in the invasive pressure mea-

surements of Williams.1 Therefore, we also investigated a second

method, that is, a work-in-progress real-time 1D PBI method

with a temporal resolution of �56 ms. Cine-PC has superior spa-

tial resolution compared with PBI but with a trade-off of longer

data acquisition time than PBI. Because these 2 methods are quite

different, they do not lend themselves to direct comparison.

Therefore, we report here on the strengths and weaknesses of each

in the evaluation of Valsalva-related changes in CSF flow at the

foramen magnum.

MATERIALS AND METHODS
Nine healthy participants (mean age, 34.0 � 11.1 years; 4 women)

underwent MR imaging on a 3T scanner (Achieva; Philips Health-

care, Best, the Netherlands). Institutional review board approval

was obtained for this Health Insurance Portability and Account-

ability Act– compliant prospective study, and each participant

signed an informed consent. None of the participants had a his-

tory of cardiovascular or neurologic disorders.

CSF Flow-Imaging Sequences
CSF flow pulsations were assessed with 2

different techniques. The first flow-im-

aging technique was a fast cine-PC se-

quence that was achieved by use of a

combination of parallel imaging (sensi-

tivity encoding factor � 2.1), half Fou-

rier 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 re-

peated at 7 cm/s in a single patient be-

cause of aliasing. The sequence was ret-

rospectively gated to the heartbeat via

electrocardiographic leads.

The second flow-imaging technique was PBI. This pulse sequence

excites a narrow cylinder or “pencil” region and has been described in

detail previously.16,17 Because this sequence is not available for rou-

tine clinical use, a research version was used. The sequence consisted

of a nominal 20-mm diameter cylindrical excitation by using a 2D

spatially localized radio-frequency pulse with 8-turn spiral gradients,

followed by a bipolar velocity-encoding gradient and a readout gra-

dient applied along the axis of the cylinder (pencil beam). PBI thus

provides spatial resolution only along the axis of the cylinder. The

pencil beam was 64 mm in length, with a velocity encoding of 5 cm/s

along the superior to inferior direction. Other imaging parameters

were TR, 25–28 ms; TE, 3.8 ms; and flip angle, 10°. The bipolar phase-

encoding gradient was alternated on sequential TRs, making the ef-

fective temporal resolution 2 � TR (ie, 50–56 ms). No gating was

used, but HR (from the electrocardiogram) and respiration (from

the respiratory bellows) were continuously monitored by using the

scanner’s physiologic recording system.

Confirmation of Bipolar Phase-Encoding Gradient
Velocity Encoding
Using a MR imaging compatible flow pump (Compuflow 1000;

Shelly Medical Technologies, Ontario, Canada), we performed a

phantom study. The pump was programmed to provide waveforms

with various shapes, flow rates, and amplitudes (in the physiologic

range of CSF flow rates and amplitudes). The MR-measured flow in

the phantom experiments was in excellent agreement (� 5%) with

the actual flow programmed in the pump.

Valsalva Maneuver
A nonmagnetic mechanical bellows device was designed and built to

perform a controlled Valsalva maneuver in the MR imaging environ-

ment (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 ex-

tension to a mark on the cylinder. The participant was asked to

FIG 1. Schematic ofValsalva device used for experiments. Participantsweredirected to exhale into
theplastic tubingwith sufficient force tohold theendof thebellows at the40-cmH2Omarkon the
clear plastic cylinder. This provided a consistent and reproducible Valsalva-generated pressure.
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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 an-

atomic 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 acquisi-

tion 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.

Image Analysis
QFLOW software (Phillips) was used to analyze the cine-PC data.

Analysis of resting, Valsalva, and post-Valsalva images was per-

formed 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 vol-

umes), and oscillatory App (sum of the absolute value of the max-

imal systolic and diastolic flow rates).

PBI data were analyzed by custom software written in Matlab

(MathWorks, Natick, Massachusetts). CSF flow waveforms of av-

erage 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 res-

piration 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, Illi-

nois), with P � .05 considered significant. Because only 2 partici-

pants underwent scanning with PBI, statistical analyses were not per-

formed. 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 differen-

tial 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 phys-

iologic 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 pe-

riod 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 6.4-

cm-long excitation cylinder, we focused on measurements re-

stricted 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 sim-

ilar to those observed with fast cine-PC, simultaneous real-time

display of respiration made it straightforward to observe the pre-

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.
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cise timing of the Valsalva as well as the coincident heartbeat-to-

heartbeat variations in both V� CSF and App.

Qualitative Comparison with Previous Invasive Pressure
Measurements
Both flow-imaging methods showed a CSF flow response to Val-

salva consistent with invasive craniospinal differential pressure

measurements by Williams,1 (Fig 4, trace 4). The advantage of

measuring CSF flow in real-time with PBI compared with fast

cine-PC can be most appreciated by comparing the On-line figure

with Fig 4. Here, similarities between transient changes in CSF

flow waveforms during the resting, Valsalva, and post-Valsalva

periods and the craniospinal differential pressure tracing (trace 4)

are most apparent.

DISCUSSION
The results show that both fast cine-PC and PBI can be used to

assess changes in CSF flow in response to a physiologic challenge,

and lead to objective analysis of differences in response. CSF flow

between the head and the spine decreases during Valsalva and

increases past the resting flow rate in the post-Valsalva period.

These findings are consistent with previous experiments per-

formed by Williams1 by using simultaneous invasive measure-

ments of CSF pressure in the head and

spine. Table 2 shows the expected respira-

tory and cardiovascular changes as well as

expected changes in intracranial and spi-

nal pressure and CSF flow in 4 phases of

the Valsalva maneuver.1,18 During perfor-

mance of the Valsalva maneuver (phases

I–II), spinal CSF pressure increases be-

cause of transmission of high intratho-

racic pressure and consequent distension

of the epidural veins.1 The intracranial

pressure also increases, but this increase is

much less because of the associated de-

crease in cardiac output and reduced sys-

tolic arterial inflow to the head.1,18 The

higher spinal pressure relative to intracra-

nial 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

collapse of the epidural veins. However,

increased cardiac output and cranial arte-

rial inflow momentarily increase intracra-

nial pressure above resting value, result-

ing in the post-Valsalva rebound.1 The

higher intracranial pressure relative to spinal pressure increases

CSF flow across the foramen magnum.

Although fast cine-PC was able to show changes in CSF flow

averaged during its 15-second acquisition time, PBI captured

many dynamic features of CSF flow, including transients syn-

chronized with the beginning and end of the Valsalva. In addition,

our PBI results show that it is possible to noninvasively demon-

strate heartbeat-to-heartbeat changes in CSF flow induced by

differences in craniospinal pressure during Valsalva.1 This

finding is evident by comparing CSF flow changes seen in the

On-line Figure to invasive pressure measurements of Wil-

liams1 shown in Fig 4 (trace 4). Specifically, the gradual de-

crease in pressure during the Valsalva followed by the sharp

rebound in pressure fluctuation amplitude on its termination

is mirrored in the flow behavior revealed by the PBI approach.

This is consistent with flow, especially in its transient behavior,

being driven by corresponding fluctuations in pressure in the

spinal column coincident with the heartbeat. It is important to

note that these transient flow changes associated with the onset

and termination of the Valsalva maneuver are seen with PBI

and not with cine-PC. Finally, unlike fast cine-PC, PBI can

simultaneously assess changes both above and below the level

FIG 3. Cardiac cycle–dependent CSF flow before, during, and after a Valsalva maneuver in 1
participant by using fast cine-PC imaging. Flow in milliliters per second is shown as a function of
time, 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-
bounding to values larger than resting.

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)

R VAL P-VAL R vs VAL VAL vs P-VAL R vs P-VAL
Mean CSF V�CSF (mL) per cardiac cycle 0.57� 0.24 0.37� 0.17 0.68� 0.19 �.001 �.001 �.05
App (mL/s) 4.51� 1.61 3.52� 1.59 5.28� 1.49 �.007 �.001 �.01
Heart rate (beats/min) 67.1� 10.4 78.5� 9.9 64.22� 6.6 �.002 �.001 NS

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

induced 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 de-

scribe 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 phys-

iologic challenge to assess the CSF pressure dynamics.1,2,4,6,21 Be-

cause 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 ampli-

tudes 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 ap-

proach 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 individu-

alized 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 circula-

tion between the head and the spine secondary to obstruction

of the foramen magnum.3,6,9-11,13,25,26 Williams and oth-

ers1,4-6 have previously demonstrated this in patients with

Chiari I malformation. On the basis of these results, we hy-

pothesize that in patients with Chiari I malformation with a

significant foramen magnum obstruction, the immediate post-

Valsalva 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 physi-

ologic 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 ma-

neuver. 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

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 fluidpressure recordings. I. Tech-
nique, physiology, and normal results. Acta Neurochir (Wein) 1981;
58:167–85 with kind permission from Springer Science and Business
Media.
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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 measure-

ments. 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 trans-

late measured average velocity over the pencil beam cross-sec-

tion to flow. On the contrary, PBI captures transient changes in

flow that cine-PC cannot. We believe that the real-time capa-

bility of PBI may be necessary to detect transient CSF flow

changes in a pathologically altered Valsalva response in a pa-

tient population.
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FULL-TIME DIAGNOSTIC AND INTERVENTIONAL NEURORADIOLOGIST: Vancouver, BC, Canada

Vancouver Coastal Health (VCH) is seeking a full-time academic Neuroradiologist with fellowship training in interventional Neuroradiology to join a dynamic
group of 26 academic radiologists providing general and subspecialty diagnostic and interventional radiological services to the Vancouver General Hospital and
UBC Hospital, both integral parts of the University of British Columbia hospital system.

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 Neuroradi-
ologists (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 disabil-
ities, 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)
899 West 12th Avenue 899 West 12th Avenue
Vancouver, BC Canada V5Z 1M9 Vancouver, BC Canada V5Z 1M9
hugueouellette@gmail.com john.mayo@vch.ca
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Applications are being accepted in any area of research related to neuroradiology. Appli-
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