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MAY 17-22 | Montreal = Palais des congrés de Montreal

ASNR 2014 PROGRAM CHAIR/PRESIDENT-ELECT - Gordon K. Sze, MD, FACR

THE FOUNDATION OF THE ASNR

The Foundation of the ASNR Symposium 2014: Inflammatory and Infectious Diseases of the CNS
SYMPOSIUM 2014:

m The Role of Inflammation and Infections in Stroke, Seizures, White Matter Diseases, etc.
= Advanced Imaging Techniques in the Evaluation of Inflammatory CNS Diseases
= Infectious Agents for Human Good: Oncolytic Viruses, Viral Vector Gene Therapy and Advanced Imaging

ADDITIONAL NEW EDUCATIONAL COURSE PROGRAM IN 2014 (concurrent program with the Symposium 2014):
Inflammatory and Infectious Diseases

EDUCATIONAL COURSE 2014: with world class speakers including

m  Anne G. Osborn, MD, Thomas P. Naidich, MD, Donald Resnick, MD, James G. Smirniotopoulos, MD, Jeffrey S. Ross, MD,
Kelly K. Koeller, MD, FACR, David M. Yousem, MD, MBA, Laurie A. Loevner, MD, Peter M. Som, MD, Patricia A. Hudgins, MD,
Robert D. Zimmerman MD, FACR, Hugh D. Curtin, MD, M. Judith Donovan Post, MD, FACR, and More...

JUST ADDED... ASNR Introduces Study Groups and Workshops, please visit the ASNR website for more information

m The study groups target areas of critical importance to the field of neuroradiology and are composed of neuroradiologists,
neuroscientists, and investigators from associated disciplines, who are united in their interest in higher level, sophisticated
investigations of these target areas.

m  The workshops are intended to provide a hands-on experience that allows participants to translate knowledge learned at the
ASNR meeting into direct experience that will enable them to perform these studies when they return to their practices.

ANNUAL MEETING:

m One-day MINI SYMPOSIUM on TUMORS - Organized by Girish M. Fatterpekar, MD, MBBS, DNB, Whitney B. Pope, MD, PhD
and Gordon K. Sze, MD, FACR

m One-day MINI SYMPOSIUM on STROKE - Organized by Pina C. Sanelli, MD, MPH and Max Wintermark, MD

Nobel Prize Laureate, Stanley Prusiner, MD, Keynote Speaker,
on Prions and Alzheimer's Disease, Parkinson's Disease, and Other Neurodegenerative Disorders

m  More “Hands-On” Experience Applicable to Your Practices
Young Professionals Programming
Expanded Self-Assessment Module (SAM) Session Programming Throughout the Week

PROGRAMMING DEVELOPED IN COOPERATION WITH THE... A7}
m  American Society of Functional Neuroradiology (ASFNR) David J. Mikulis, MD /Il
American Society of Head and Neck Radiology (ASHNR) Yoshimi Anzai, MD, MPH ll

]

[ ] Amerﬁcan Soc?ety of PeQiatric Neuroradiology (ASPNR) Richard L. Robertson, MD MONTREAL 12014
m American Society of Spine Radiology (ASSR) Meng Law, MD, MBBS, FRACR

m Society of Neurolnterventional Surgery (SNIS) Peter A. Rasmussen, MD ASFNR ASHNR ASPNR ASSR SNIS

TO REQUEST PROGRAMMING AND REGISTRATION MATERIALS FOR THE ASNR 52'° ANNUAL MEETING, CONTACT:

ASNR 52"° ANNUAL MEETING Phone: 630-574-0220
¢/o American Society of Neuroradiology Fax: 630-574-0661 Scan Now
800 Enterprise Drive, Suite 205 Email: meetings@asnr.org : to visit our website

Oak Brook, lllinois 60523-4216 Website: www.asnr.org/2014
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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.
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EDITORIALS

Stretch-Resistant Coils for Intracranial Aneurysms: One Step Forward or
Two Steps Back? W.,. van Rooij and M. Sluzewski

Will A Randomized Trial of Unruptured Brain Arteriovenous
Malformations Change Our Clinical Practice? L. Pierot, J. Fiehler, C. Cognard,
M. Séderman, and L. Spelle

REVIEW ARTICLES

Neuroimaging of Rapidly Progressive Dementias, Part 1:
Neurodegenerative Etiologies A, Degnan and L M. Levy

Neuroimaging of Rapidly Progressive Dementias, Part 2: Prion,
Inflammatory, Neoplastic, and Other Etiologies A Degnan and LM. Levy

EXPEDITED PUBLICATION

WEB-DL Endovascular Treatment of Wide-Neck Bifurcation Aneurysms:
Short- and Midterm Results in a European Study 8. Lubicz, J. Klisch,
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METHODOLOGIC PERSPECTIVES

Utility of Diffusion Tensor Imaging in Evaluation of the Peritumoral Region
in Patients with Primary and Metastatic Brain Tumors  £J. Sternberg,
M.L. Lipton, and J. Burns

PATIENT SAFETY

Acute Intracranial Hemorrhage in CT: Benefits of Sinogram-Affirmed
Iterative Reconstruction Techniques  B. Bodelle, E Klein, N.N.N. Naguib,

R W. Bauer, J.M. Kerl, F. Al-Butmeh, J.L. Wichmann, H. Ackermann, T. Lehnert, TJ. Vogl,
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Improved Quality and Diagnostic Confidence Achieved by Use of Dose-
Reduced Gadolinium Blood-Pool Agents for Time-Resolved Intracranial
MR Angiography S. Dehkharghani, ). Kang, and A.M. Saindane
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Genetics of Alzheimer Disease A.T. Rao, AJ. Degnan, and LM. Levy
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Appropriate Use of CT Perfusion following Aneurysmal Subarachnoid
Hemorrhage: A Bayesian Analysis Approach  RP.Killeen, A. Gupta, H. Delaney,
C.E. Johnson, AJ. Tsiouris, J. Comunale, M.E. Fink, H.S. Mangat, A.Z. Segal, A.Il. Mushlin, and
P.C. Sanelli

Long Insular Artery Infarction: Characteristics of a Previously
Unrecognized Entity A Tamura, T. Kasai, K. Akazawa, Y. Nagakane, T. Yoshida,
Y. Fujiwara, N. Kuriyama, K. Yamada, T. Mizuno, and M. Nakagawa

Toward Patient-Tailored Perfusion Thresholds for Prediction of Stroke
Outcome A Eilaghi, CD. d’Esterre, T.Y. Lee, R. Jakubovic, J. Brooks, RT.-K. Liu,
L. Zhang, RH. Swartz, and R.I. Aviv

Pretreatment Advanced Imaging in Patients with Stroke Treated with IV
Thrombolysis: Evaluation of a Multihospital Data Base J.S. McDonald, J. Fan,
D.F. Kallmes, and H,J. Cloft

Arterial Spin-Labeling Assessment of Normalized Vascular Intratumoral
Signal Intensity as a Predictor of Histologic Grade of Astrocytic
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Histogram Analysis of Intravoxel Incoherent Motion for Differentiating
Recurrent Tumor from Treatment Effect in Patients with Glioblastoma:
Initial Clinical Experience  H.S. Kim, CH. Suh, N. Kim, C.-G. Choi, and S,. Kim

Semiautomated Volumetric Measurement on Postcontrast MR Imaging for
Analysis of Recurrent and Residual Disease in Glioblastoma Multiforme
D.S. Chow, J. Qi, X. Guo, V.Z. Miloushev, F.M. Iwamoto, J.N. Bruce, A.B. Lassman,

LH. Schwartz, A. Lignelli, B. Zhao, and C.G. Filippi

Evaluation of Common Structural Brain Changes in Aging and Alzheimer
Disease with the Use of an MRI-Based Brain Atrophy and Lesion Index:
A Comparison Between TIWI and T2WI at 1.5T and 3T  H. Guo, X. Song,

R. Vandorpe, Y. Zhang, W. Chen, N. Zhang, M.H. Schmidt, and K. Rockwood, for the
Alzheimer’s Disease Neuroimaging Initiative

Volumetric Assessment of Optic Nerve Sheath and Hypophysis in
Idiopathic Intracranial Hypertension ). Hoffmann, C. Schmidt, H. Kunte,
R. Klingebiel, L. Harms, H.-J. Huppertz, L. Liidemann, and E. Wiener

Accuracy of Postcontrast 3D Turbo Spin-Echo MR Sequence for the
Detection of Enhanced Inflammatory Lesions in Patients with Multiple
Sclerosis ). Hodel, O. Outteryck, E. Ryo, A.-L. Bocher, O. Lambert, D. Chéchin,

H. Zéphir, A. Lacour, J.-P. Pruvo, P. Vermersch, and X. Leclerc

INTERVENTIONAL Published in collaboration with
Interventional Neuroradiology

Complications of Endovascular Treatment for Acute Stroke in the SWIFT
Trial with Solitaire and Merci Devices P.T. Akins, A.P. Amar, R.S. Pakbaz,
and J.D. Fields, on behalf of the SWIFT Investigators

Endovascular Treatment of Middle Cerebral Artery Aneurysms with Flow
Modification with the Use of the Pipeline Embolization Device K Yavuz,
S. Geyik, . Saatci, and H.S. Cekirge

Mind the Gap: Impact of Computational Fluid Dynamics Solution Strategy
on Prediction of Intracranial Aneurysm Hemodynamics and Rupture Status
Indicators K Valen-Sendstad and D.A. Steinman

COMMENTARY
Resolving the Issue of Resolution Y. Ventikos

Coiling of Large and Giant Aneurysms: Complications and Long-Term
Results of 334 Cases  N. Chalouhi, S. Tjoumakaris, LF. Gonzalez, A.S. Dumont,
RM. Starke, D. Hasan, C. Wu, S. Singhal, L.A. Moukarzel, R. Rosenwasser, and P. Jabbour
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Socioeconomic Disparities in the Utilization of Mechanical Thrombectomy
for Acute Ischemic Stroke in US Hospitals  W. Brinjikji, A.A. Rabinstein,
J.S. McDonald, and H,J. Cloft

EXTRACRANIAL VASCULAR

Intraplaque High-Intensity Signal on 3D Time-of-Flight MR Angiography Is
Strongly Associated with Symptomatic Carotid Artery Stenosis A Gupta,
H. Baradaran, H. Kamel, A. Mangla, A. Pandya, V. Fodera, A. Dunning, and P.C. Sanelli

CT Angiography Findings in Carotid Blowout Syndrome and Its Role as a
Predictor of 1-Year Survival C-W. Lee, C-Y. Yang, Y.-F. Chen, A. Huang,
Y.-H. Wang, and H.-M. Liu

Multilevel Assessment of Atherosclerotic Extent Using a 40-Section
Multidetector Scanner after Transient Ischemic Attack or Ischemic Stroke
L. Mechtouff, L. Boussel, S. Cakmak, J.-L. Lamboley, M. Bourhis, N. Boublay, A.-M. Schott,
L. Derex, T.-H. Cho, N. Nighoghossian, and P.C. Douek

HEAD & NECK

Clinical Significance of Trochlear Calcifications in the Orbit K Buch,
RN. Nadgir, A.D. Tannenbaum, A. Ozonoff, A. Fujita, and O. Sakai

Prevalence of the Polar Vessel Sign in Parathyroid Adenomas on the
Arterial Phase of 4D CT M. Bahl, M. Muzaffar, G. Vij, JA. Sosa, K. Roy Choudhury,
and J.K. Hoang

Combination Therapy Consisting of Ethanol and Radiofrequency Ablation
for Predominantly Cystic Thyroid Nodules HM. Yoon, J.H. Baek, J.H. Lee,
EJ. Ha, JK. Kim, J.H. Yoon, and W.B. Kim

PEDIATRICS
Left Hemisphere Diffusivity of the Arcuate Fasciculus: Influences of
Autism Spectrum Disorder and Language Impairment  T.P.L. Roberts,

K. Heiken, D. Zarnow, J. Dell, L. Nagae, L. Blaskey, C. Solot, S.E. Levy, J.I. Berman,
and J.C. Edgar

Regional Cerebral Blood Flow in Children From 3 to 5 Months of Age

A.F. Duncan, A. Caprihan, EQ. Montague, J. Lowe, R. Schrader, and J.P. Phillips

Brain MRI Measurements at a Term-Equivalent Age and Their Relationship
to Neurodevelopmental Outcomes  H.W. Park, H.-K. Yoon, S.B. Han, B.S. Lee,
LY. Sung, K.S. Kim, and EA. Kim

CT and MRI of Pediatric Skull Lesions with Fluid-Fluid Levels
S.A. Nabavizadeh, L.T. Bilaniuk, T. Feygin, K.V. Shekdar, RA. Zimmerman, and A. Vossough

SPINE

Frequency of Discordance between Facet Joint Activity on Technetium
Tc99m Methylene Diphosphonate SPECT/CT and Selection for
Percutaneous Treatment at a Large Multispecialty Institution V.T. Lehman,
R.C. Murphy, T,. Kaufmann, F.E. Diehn, N.S. Murthy, J.T. Wald, K.R. Thielen, K.K. Amrami,
J.M. Morris, and T.P. Maus

ONLINE FEATURES (www.ajnr.org)

LETTERS

Comment on “Reproducibility of Cerebrospinal Venous Blood Flow and
Vessel Anatomy with the Use of Phase Contrast—Vastly Undersampled
Isotropic Projection Reconstruction and Contrast-Enhanced MRA”

F. Sisini, A. Taibi, M. Gambaccini, E. Menegatti, and P. Zamboni

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



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

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

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

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

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

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

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

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

Gordon Sze, MD, FACR

Chair, Editor-in-Chief Search Committee
President-Elect

American Society of Neuroradiology
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Cold and Hot

M. Castillo, Editor-in-Chief

ost healthy human beings maintain a core temperature of

37.0°C (98.6°F) regardless of surrounding environmental
conditions. Of course, our temperature normally varies slightly
throughout the day and night, and this depends on when, how,
and where one measures it. Normal human temperature fluctua-
tions tend to be of about 0.5°C up or down. A healthy human
being is said to be “normothermic” or “euthermic.”! Our temper-
ature fluctuates with the circadian cycle as in all other living or-
ganisms (circadian rhythms occur in 24-hour cycles [circa =
around and dian = day]), and in this way, our bodies can keep
track of the duration of normal days over our life span.”

The circadian clock is regulated mostly by daylight, and when
in dark and/or cold environments, organisms compensate by al-
tering their temperatures. Retinal stimulation by daylight is di-
rectly transmitted to the suprachiasmatic nuclei in the hypothal-
amus, which regulates temperature.” When our temperature
increases, hypothalamic neurons induce sweating and cutaneous
vasodilation to dissipate heat. When we get cold, the hypothala-
mus does the opposite and induces shivering that increases heat
production. Thirst is also controlled by the hypothalamus, so if
our temperature increases, we lose fluids and increase our serum
sodium level. Osmotic receptors in the supraoptic nuclei not only
tell our cerebral cortex that we need to drink water but stimulate
the neurohypophysis to produce an antidiuretic hormone that
directly acts on the renal glomeruli, increasing water reabsorp-
tion.* Thirst control involves the fore- and hindbrain (especially
the area postrema). As serum concentration of sodium increases,
phylogenetically ancient brain regions (the cingulate gyrus, third
ventricle, orbitofrontal regions, thalami, midbrain, and hypothal-
amus) become activated on fMRL*

Our temperature is lowest about 2—3 hours before waking up,
so it is not surprising that during the wee hours of the night we
commonly reach for our covers. Conversely, our temperature is
higher in the late afternoon (and this is why fever and malaise
peak at this time when sick). Sleep deprivation, even short-term,
lowers our body temperature, and I remember feeling cold on the
days after I had been up all night as an intern and sitting in the sun
to warm up. The endogenous substances that most affect our
circadian cycle are hormones, and temperature variations in-
duced by them have been used to predict ovulation during the
normal menstrual cycle (also called the circamensal cycle [circa =
around, mensa = month]). Contraceptives suppress the circa-
mensal cycle and result in elevations of temperature of about
0.5°C throughout the entire month.

*NB: | recommend the following wonderful review dealing with issues related to
thirst: McKinley M), Johnson AK. The physiologic regulation of thirst and fluid in-
take. News Physiol Sci 2004;19:1-6.
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PERSPECTIVES

As mentioned previously, our temperature is highest in the
afternoons when it reaches about 37.7°C. Anything above this
threshold is considered as fever. Under normal conditions, our
bodies are capable of dissipating heat to just about 40.0°C, and
above this threshold, one enters the state of hyperthermia and
starts to develop severe headache and altered mental status. Severe
and prolonged hyperthermia results in a heat stroke. Neurologic
abnormalities induced by heat stroke involve the brain (especially
the basal ganglia and thalami), cerebellum, anterior horn cells in
the spinal cord, and peripheral nerves.”> Hemorrhages in the
external capsule and medial thalami may occur. In the cerebel-
lum, the Purkinje cells are especially sensitive to heat, and patients
with hyperthermia may later develop chronic cerebellar atrophy.®

The opposite extreme is hypothermia, which is defined as a
drop of 2.0°C in body temperature (we begin to shiver at about
36.0°C). Hypothermia is generally due to exposure to inclement
weather or is induced for medical procedures. Protective hypo-
thermia is mainly used for the treatment of neonatal encephalop-
athy, cardiac arrest, neurogenic fever, and more recently brain
and spinal cord trauma. For these conditions, the goal is to reach
33.0°C, with the hope that slowing cellular metabolism will be
neuroprotective. Lower temperatures inhibit the influx of ions
(noticeably calcium) into cells, avoid oxidative stress, decrease
free radical production, and, finally, prevent apoptosis. Cooling
may be achieved via invasive means (catheters that pump cold
saline solution into veins) or noninvasively (water blankets and
cool caps that contain crylon gel at —30°C). Cool caps are used for
neonatal encephalopathy but also for less serious problems such
as alopecia induced by chemotherapy (in the latter, the cold re-
sults in decreased scalp blood flow protecting the hair follicles).”
In an intriguing new article published in the American Journal of
Neuroradiology (AJNR), the authors used catheters placed in the
subarachnoid space of swine to cool down the spinal cord without
cooling the entire body.? This and other similar experiments have
shown that the technique is feasible and may spare complications
induced by whole-body hypothermia.

We humans detect temperature changes due to stimulation of
our peripheral thermoreceptors found in the skin and mucosa.
These receptors are nerve fibers that work in tandem—that is,
when exposed to cold, delta fast-speed fibers fire more than the
slower C-fibers that are sensitive to heat, but both work simulta-
neously and the perception of temperature depends on the pro-
portion of each type of fiber that is activated. These fibers enter the
spinal cord and ascend in the spinothalamic tracts to the postero-
lateral thalamic nuclei. From there, the stimuli reach a collection
of organs and nuclei best known as the hypothalamus.

Time for an anecdote: Years ago the Chief of Neurosurgery
and I decided to seal a CSF leak due to a previous transsphenoidal
pituitary adenoma resection with liquid fibrin glue. Under CT
guidance, we proceeded to place a needle through the nose of the
patientinto the breached sellar floor and started injecting the glue.
The patient immediately became severely hypothermic, and a
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control CT showed that our needle was too deep and the glue had
reached the hypothalamus. The patient spent a week in the inten-
sive care unit, and though he completely recovered, it still gives
me goose bumps to think about it.

There is no consensus about the most comfortable tempera-
ture. The way we perceive temperature has a lot to do with the
humidity accompanying it. For example, if the humidity is 0%,
24°Cwill feel like 21°C, while with a 100% humidity, 24°C will feel
like 27°C. The most comfortable humidity levels are between 40%
and 50% (levels also said to prevent upper respiratory tract infec-
tions). In places with extreme outside temperature variations, it is
recommended that inside temperatures be kept at 21°-23°C
(69°~73°F).” In the United States, the Occupational Safety and
Health Administration recommends a range of 20.5°-24.5°C
(68°-76°F) and humidity between 20% and 60% at workplaces."°
Another anecdote: Upon arriving in Panama City, my colleague
and friend, Dr Ilka Guerrero asked me if I had brought a sweater
because the city was about the coldest place on earth. After enter-
ing my hotel, I understood what she meant. Air conditioning
thermostats were kept at 16°C (62°F). Those of us who grew up
elsewhere in warmer latitudes never cease to be amazed by how
cold buildings are kept in the United States (they are even colder
in the United Kingdom where regulations dictate temperature at
the workplace be “reasonable”—that is, 16°C (61°F)!"!

Cold inside buildings is a luxury, and it has been documented
that the most expensive stores (Hermes, 20°C) are kept colder than
the least expensive ones (Old Navy, 27°C).'*> Apparently colder
spaces encourage us to buy more and also save electricity. We radiol-
ogists must work in cold environments because computers and mon-
itors (not to forget the view boxes of the past) generate a lot of heat
and reading rooms can only be kept comfortable by lowering the
thermostat. Work productivity is better at stable and slightly lower
temperatures'> but colder temperatures are uncomfortable and the
New York Public Library allows their workers to accrue compensa-
tory time when its temperature drops below 20°C (68°F).

Itisa common belief that heavier individuals are more sensitive to
heat (and conversely will feel cold to the touch), while skinny ones are
sensitive to cold (but will be hot to the touch). Subcutaneous fat
serves as an insulator, but women, who as a general rule have more of
it, are more sensitive to cold than men.'* Malnourished individuals
with little fat may experience hypothermia in temperatures of only
15°-18°C."” An intriguing observation is that hot and cold result in
nearly identical brain responses. (When ice first arrived in Maconda
in Garcia Marquez’s One Hundred Years of Solitude, people could not
tell if it was hot or cold.) With fMRI, the response to noxious hot and
cold stimulation was studied, and it was shown that extreme temper-
atures both activated similar networks.'® While this study and others
confirm the activation of unified neural networks for different inten-
sities of temperature, other studies show that the perception of pleas-
antness or unpleasantness associated with temperature changes oc-
curs in different brain regions.'” More or less neuronal firing in these
areas occurs as temperature changes.

Our feeling of well-being is tied to what we believe is a com-
fortable temperature, and some of our activities are immediately
associated with temperature. Reading by a source of warmth such
as a fireplace comes to mind except when it comes to AJNR, which
I think can be read when it is cold or hot.
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EDITORIAL

Stretch-Resistant Coils for
Intracranial Aneurysms: One Step
Forward or Two Steps Back?

W.J. van Rooij
M. Sluzewski

Endovascular treatment of cerebral aneurysms was boosted by
the introduction of the Guglielmi detachable coil system (Bos-
ton Scientific, Natick, Massachusetts) in 1991. The concept of
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“detachability” made the selective placement of long coils into the
lumen of an aneurysm much safer: Inserted coils could be repo-
sitioned when needed or even withdrawn and replaced by another
coil. When the position of the coil in the aneurysm was satisfac-
tory, the coil could be electrolytically detached. Occasionally, op-
erators experienced unintended unraveling of the primary coil
winding, on withdrawal or retrieval of the coil. This unraveling of
the proximal part of the coil could occur when the distal part was
stuck inside the mesh of previously inserted coils. An unraveled
coil cannot be repositioned, and further withdrawal either leads to
the removal of the remaining part of the coil or to coil fracture,
resulting in thrombogenic coil material left in normal cerebrope-
tal vessels.

To solve this technical problem of coil unraveling and fracture,
manufacturers built in a filament centrally in the primary winding
of the coil. The filament was made of nitinol, polyglycolic acid, or
polypropylene and was attached to the proximal and distal ends of
the coil. These coils were called stretch-resistant (SR) coils. In
these SR coils, the force of withdrawal is transmitted by the inner
filament and not by the winded coil wire itself. The concept of
stretch resistance appealed to many operators and manufacturers,
and all manufacturers currently have ranges of SR coils.

However, later it was suggested from clinical and experimental
studies” that the SR filament had a negative influence on the
physical properties of the coil, such as coil softness, shape mem-
ory, and flexibility. In the experimental study of Miyachi et al,®
various types of SR coils caused hardening and straightening of
the last few millimeters of the coil. The straightening phenome-
non was due to relative SR line shortening and subsequent con-
densation of pitches of the first loops at the coil end. Coil tail
flexibility was lost, and the SR coil for the last part behaved like a
stiff wire. This straightening of the last few centimeters of the coil
caused catheter kickback and thus progressive difficulty in insert-
ing the final part of the coil. This technical issue was specific to SR
coils and did not occur with standard coils.

When the last part of the coil is straightened and cannot be
placed inside the aneurysm, the coil has to be withdrawn. With
more manipulation, the risk of complications increases. In addi-
tion, the handling drawback of SR coils may also result in place-
ment of fewer coils in comparison with standard coils and thus in
lower packing attenuations and possibly more recurrences at fol-
low-up. To test the hypothesis of lower packing attenuations ob-
tained with SR coils by impaired handling, we compared the pack-
ing attenuations of 74 aneurysms treated with newly introduced
SR Galaxy coils (Codman & Shurtleff, Raynham, Massachusetts)
with those of 74 volume-matched aneurysms treated with stan-
dard Trufill/Orbit coils (Codman & Shurtleff) (Table). The re-
cently introduced SR Galaxy coils only differ from the standard
coils in the presence of the SR filament; all other properties are
equal.” The mean packing of aneurysms treated with standard
coils was 29.3%, and the mean packing of aneurysms treated with
new SR Galaxy coils was 25.7%. This difference of 3.6 percentage
points was statistically significant (P = .0021).

The result of this comparison confirmed our personal and
subjective experience in the handling properties of the 2 com-
pared coil types. Standard coils produce less catheter kickback, are
less stiff, and are easier to deliver. While oversizing of the first coil

Clinical and aneurysm characteristics of 74 aneurysms treated
with Galaxy stretch-resistant coils and 74 volume-matched
controls treated with standard Trufill/Orbit coils

P Value
Galaxy Trufill/Orbit (t test)
No. of aneurysms 74 74
Women/men 55:19 45:29
Median age (yr) 57 50.5
Anterior circulation 63 57
Posterior circulation n 17
Ruptured/unruptured 62/12 58/16
Procedural morbidity 2 0
No. of angiographic follow-ups 58 62
Additional treatment 4 3
Aneurysm volume (mm?)
Mean 110 m .98
Median 75 74
SD 110 107
Aneurysm size (mm)
Mean 5.8 6.4
Median 6 6
Range 3-21 3-18
Packing attenuation (%)
Mean 257 293 .0021
Median 25 285
SD 7.0 6.9

is mostly possible with standard coils, with the new SR Galaxy
coils, undersizing is imperative to accommodate the first coil. The
better handling properties of the standard coils, therefore, result
in higher packing attenuations. In our view, the importance of
packing attenuation is 3-fold: First, the relation of high packing
attenuation and stable aneurysm occlusion at follow-up has been
firmly established. Therefore, it is sensible to place as many coils as
possible in a cerebral aneurysm. Second, packing attenuation is
the only objective parameter available in comparing the handling
performance of different types of coils. Finally, high packing at-
tenuations reflect the ease of use and therefore safety: When coils
can be easily and quickly placed inside an aneurysm, the proce-
dure is effective and safe. On the other hand, when coils are diffi-
cult to place with repeated catheter kickbacks, the operator will
likely, after a period of several futile attempts, withdraw the final
coil resulting in lower packing attenuation and increased risk of
complications due to microcatheter manipulations.

Although both experimental and clinical data indicate better
handling and thus better obtained packing attenuations for the
standard coils, most coils available on the market are stretch-
resistant. Apparently, the fear of unintended stretching and un-
raveling of coils during withdrawal generally outweighs the im-
paired handling. In balancing the pros and cons of stretch
resistance, one should know the frequency and impact of the
stretching phenomenon. However, there are no data on the inci-
dence of this technical problem and its clinical implications. In
our experience, stretching and unraveling on withdrawal of the
standard coils can be largely avoided. First, if friction is encoun-
tered during delivery of a coil, it is unsafe to try to force the coil
into the aneurysm: The coil may be damaged or kinked. When
withdrawal is then necessary, unraveling is likely to occur (forced
in = stretched out). Second, if a coil has to be withdrawn, it is
better to withdraw the microcatheter first for a few millimeters to
align the coil with the catheter without kinking at the tip. Third,
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when an aneurysm is completely occluded, it is not necessary to
try to force another (“last”) coil in, with subsequent risk of the
need for retrieval.

With these technical precautions, unraveling of a coil during
withdrawal will be rare. We believe that the drawback of possible
coil stretching and unraveling in standard coils without stretch
resistance is only a minor clinical issue that is outweighed by the
shortcomings of the SR filament in terms of handling, safety, and
obtained packing attenuation.

Standard coils are hardly available on the market any more.
We plead for a renewed appreciation of the better physical prop-
erties of standard coils without SR filaments, so that operators can
choose between standard or SR coils in every coil type.
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EDITORIAL

Will A Randomized Trial of
Unruptured Brain Arteriovenous
Malformations Change Our Clinical
Practice?

L. Pierot, J. Fiehler, C. Cognard, M. Séderman, and L. Spelle

Randomized Trial of Unruptured Brain Arteriovenous mal-

formations (ARUBA) was stopped on April 15,2013, because
of the superiority of the medical management group.' We con-
gratulate the ARUBA investigators for designing this trial and
being able to include 223 patients.

The ARUBA study was designed to determine whether medi-
cal management is superior or noninferior to interventional ther-
apy for the prevention of the composite outcome of death from
any cause or symptomatic stroke in the management of unrup-
tured brain arteriovenous malformations (bAVMs), and whether
it decreases the risk of death or clinical impairment (modified
Rankin Scale score of =2) at 5-year postrandomization. The eval-
uation of the interventional treatment efficacy for bAVM was not
an aim of the study.

The primary end point (death or symptomatic stroke) was
reached in 10% of patients in the medical management group and
in 31% in the interventional therapy group (hazard ratio, 0.27).
Unfortunately, the causes of death (AVM-related or not) were not
given. “Stroke” was defined as “a clinically symptomatic event
(any new focal neurologic deficit, seizure, or new-onset headache)
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that was associated with imaging findings of hemorrhage or isch-

»1

emia.”’ Unfortunately, the respective percentage of patients with
new focal neurologic deficit, seizure, or new-onset-headache was
not given. Imaging findings were also not precisely described, and
the respective number of patients with subarachnoid hemor-
rhage, intraventricular hemorrhage, and parenchymal hematoma
was not given. Ischemic lesions were also not described. Due to
the absence of these data, a precise analysis of the primary end
point is nearly impossible. Additionally, it is also not possible to
correlate the primary end point with the 36-month risk of death
and neurologic disability because no specific information was
provided. In the limited number of patients (87) with 36 months’
follow-up, the risk of death and neurologic disability (modified
Rankin Scale score of =2) was significantly lower for the medical
management (14%) compared with the interventional therapy
(39%) group.

Brain AVMs represent a very heterogeneous group with regard
to clinical presentation (hemorrhage, seizures, headache, focal
neurologic deficit), anatomic characteristics (feeding arteries, ni-
dus, draining veins), and modalities of treatment (surgery, radia-
tion therapy, embolization, or combination of modalities).?™* For
unruptured bAVMs, the strategy of treatment is a matter of de-
bate because the balance between therapeutic risks and the risk of
natural history is difficult to determine and is dependent on sev-
eral factors, including the ones mentioned above.>®

In certain bAVM subgroups with specific anatomic character-
istics (ie, deep location or deep venous drainage), the risk of
bleeding is higher, thus requiring specific treatment strategies or
modalities. However, the clinical outcomes even within a sub-
group of patients will vary depending on the treatment strategies
used because strategy differs as to the mode of action and compli-
cation type and rate.

Indeed, one shortcoming of the study design was inclusion of
a heterogeneous population of AVM types and their treatment
options. The AVM population included 62% of AVMs smaller
than 30 mm; diverse Spetzler-Martin-grade AVMs, including
29% grade 1, 32% grade 2, 28% grade 3, and 10% grade 4; asso-
ciated aneurysms in 16%; and any deep venous drainage in 33% of
cases. Furthermore, the treatment modalities were quite hetero-
geneous: neurosurgery alone (5%); embolization alone (32%);
radiation therapy alone (33%); embolization and neurosurgery
(12%); embolization and radiation therapy (16%); and, finally,
embolization, neurosurgery, and radiation therapy combined
(1%). No details were given regarding the precise modalities of
treatment (glue or Onyx [Covidien, Irvine, California] for embo-
lization; gamma knife or linear accelerator for radiation therapy).
By study design and due to the relatively small population in-
cluded in the trial before stopping, subgroup analyses will not be
conducted.

Therefore, the ARUBA trial data suggest that in a very hetero-
geneous population of patients with AVM with a mix of different
therapeutic approaches, there is a higher short-term risk of death
or stroke. However, the generalizability of ARUBA results is quite
debatable.

Thirty-nine active centers recruited 226 patients during 6
years, with an average rate of inclusion of 1 patient/center/year.
Among the 39 active sites, 7 (18%) included >10 patients; 7



(18%) included 5-10 patients; and 25 (64%) included <5 patients
during the study period. Site selection was based on center expe-
rience, with management of at least 10 bAVMs per year. Given
that some bAVMs treated in the centers would be ruptured, it is
clear that not all unruptured AVMs were included in ARUBA.
This assumption is confirmed by the fact that for 177 patients
(78% of the total randomized), clinicians selected the treatment
outside the randomization process. Finally, the proportion of ran-
domized cases (226) versus screened patients (1740) was quite low
(13%), and the specific reasons (and numbers) for noneligibility
were not given. The data presented above certainly question the
representativeness of the population included in the study.

Data from this study will also impact the physician-patient
conversation and patient management. The treating physician
will have to report that if untreated, the spontaneous AVM rup-
ture rate is 2.2% per year (in ARUBA) and that the risk progres-
sively increases with time (it is certainly useful to evaluate the risk
ofbleedingat 10, 20, 30 years, and later). This rate is similar to that
previously reported in the literature.>> They will also have to
share the result that when patients with brain AVMs are evaluated
as a whole group and with varying treatment modalities, the
short-term risk of death and stroke is higher with interventional
management than with medical management. Additionally, the
physician will have to explain the definition of “stroke” in the
ARUBA trial “as any new focal neurologic deficit, seizure, or new-
onset headache associated with imaging findings of hemorrhage
or infarction.”! He or she will also have to explain that the respec-
tive percentages of different clinical conditions (headache, sei-
zure, new focal neurologic deficit) are unknown. While some pa-
tients might consider a few episodes of seizures or headache an
acceptable price for having the AVM cured and suppressing the
risk of bleeding, others may be reluctant. Patients should know
the rate of death or persistent deficit following either treatment
strategy, but this information cannot be gathered from the data
presented from the ARUBA study.

Additionally, when a patient seeks information about poten-
tial outcomes on the basis of their age, clinical condition, and
AVM anatomy, physicians will not be able to give any guidance
because a detailed analysis of these variables is not available and
will not be conducted. Physicians will also have to explain that the
mean follow-up in ARUBA was only 33.3 months, though the goal
of any interventional treatment is to prevent the risk of AVM
rupture and bleeding for a lifetime.

How should physicians use ARUBA results to make manage-
ment decision in patients with unruptured brain AVMs? Should
they immediately stop any interventional treatment for all pa-
tients with unruptured bAVMs? This is certainly not reasonable
because the study data are from a heterogeneous pool of patients
treated with differing treatment modalities, insufficient precision
and analysis of the data, and very limited follow-up. In fact, 5-year
follow-up may also be insufficient to evaluate the benefit and role
of the interventional therapy option in a life-long threatening
condition. The heterogeneity of patients included in the study will
unfortunately limit the use of these data in the management (in-

terventional treatment or not) of patients with AVMs because the
natural history risk/ therapeutic risk was not evaluated in patients
or AVM subgroups (or AVM subgroups). Although it may be easy
to decide the medical treatment strategy in a 70-year-old man
with a lobar 5-cm AVM with superficial venous drainage and no
associated aneurysm, these data do not help identify the best strat-
egy for a 25-year-old women traveling all over the world and
having a deep-located AVM measuring 2-cm with deep venous
drainage and an intranidal aneurysm. Additionally, due to the
heterogeneity of treatment methods used, ARUBA will also not be
helpful in selecting the best strategy if interventional treatment is
indicated. Therefore, physicians will have to continue to reinforce
their careful decision-making process on the basis of multidisci-
plinary discussions and a precise analysis of the clinical situation
and AVM characteristics.

Finally, ARUBA demonstrates that interventional treatment
of brain AVMs is associated with clinical risks that will occur
immediately or closely after the treatment and that these risks are
higher than those related to the natural history, at least in the
following 33 months. We are looking forward to information
about the clinical status of the patients 20 or 30 years after medical
or interventional treatment. Unfortunately, follow-up of the
ARUBA patients is foreseen for only 5 years. Because subgroup
analysis related to AVM anatomy or therapeutic modalities will
not be conducted in ARUBA, further studies will certainly be use-
ful to determine whether ARUBA results are applicable to all pa-
tients with unruptured AVMs, regardless of their age and clinical
status, the anatomic characteristics of the lesion, and the modal-
ities of treatment used.
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Neuroimaging of Rapidly Progressive Dementias,
Part 1: Neurodegenerative Etiologies
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ABSTRACT

SUMMARY: Most dementias begin insidiously, developing slowly and generally occurring in the elderly age group. The so-called
rapidly progressive dementias constitute a different, diverse collection of conditions, many of which are reversible or treatable. For
this reason, prompt identification and assessment of acute and subacute forms of dementia are critical to effective treatment.
Numerous other entities within this category of presenile rapid-onset dementias are untreatable such as the prion-related diseases.
Neuroimaging aids in the diagnosis and evaluation of many of these rapidly progressive dementias, which include myriad conditions
ranging from variations of more common neurodegenerative dementias, such as Alzheimer disease, dementia with Lewy bodies, and
frontotemporal dementia; infectious-related dementias such as acquired immune deficiency syndrome dementia; autoimmune and
malignancy-related conditions; to toxic and metabolic forms of encephalopathy. This first of a 2-part review will specifically address
the ability of MR imaging and ancillary neuroimaging strategies to support the diagnostic evaluation of rapidly progressive dementias
due to neurodegenerative causes.

ABBREVIATIONS: AD = Alzheimer disease; CBD = corticobasal degeneration; DLB = dementia with Lewy bodies; HD = Huntington disease; MSA = multiple-

system atrophy; PSP = progressive supranuclear palsy

ith the increase of the aging population in the United
States, the accurate recognition of dementia types is be-
coming an important clinical topic. Dementia is marked by cog-
nitive decline, loss of normal memory function, and impairment
in judgment without disruption of consciousness. Clinical histo-
ry-taking, laboratory investigation, and imaging studies should be
used with the aim of ascertaining dementia diagnoses related to
reversible causes and etiologies amenable to treatment and deter-
mining the prognosis for irreversible and progressive illnesses.
Unlike their more typical counterparts, rapidly progressive de-
mentias are also more frequently atypical and heterogeneous in
their clinical presentation, necessitating the use of additional di-
agnostic measures, including MR imaging, to improve diagnosis
when the clinical situation is tenuous.
Thorough clinical evaluation and laboratory investigation are
fundamental for ascertaining progressive dementias, especially
those of more acute onset and in presenile patients (those younger
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than 65 years of age). Laboratory investigations are vital in determin-
ing several of the illnesses within the differential diagnosis of a rapid-
onset dementia, which, for the purposes of this review, is generally 6
months from onset of symptoms to fulminant dementia. As noted in
the differential diagnosis On-line Table, rapidly progressive demen-
tias may present with a wide variety of manifestations and etiologies.

Other forms of rapidly progressive dementia, however, are
better characterized by using advanced imaging methods such as
MR imaging; 1 study of rapidly progressive dementias noted that
MR imaging findings suggested the specific diagnosis in one-third
of cases." Several excellent clinical reviews of the subject discuss
the features of rapidly progressive dementias with supportive lab-
oratory and clinical evaluations, which are abbreviated in this
neuroimaging-focused review.>™*

Neurodegenerative Dementias

Most dementias in general are neurodegenerative, most com-
monly of the Alzheimer type, though there is increasing awareness
with greater imaging and more thorough investigations of non-
Alzheimer disease—related dementias.> A review of cases from a
referral center for suspected prion disease showed that neurode-
generative disease makes up the largest portion of nonprion diag-
noses.* Conditions within this category generally present with a
protracted clinical course of gradual decline in cognitive function.
However, genetic variants of several neurodegenerative demen-



tias may present much more rapidly than their prototypical
presentations.

Early-Onset Alzheimer Disease. Unlike its more common form,
early-onset AD is characterized by a much shorter time course
and greater anatomic and functional alterations.> Imaging find-
ings in early-onset AD are also slightly different from those in
senile AD, with a higher magnitude of atrophy within the occipital
and parietal lobes.” This change is in lieu of the stereotypical hip-
pocampal atrophy; however, the imaging findings common in AD
in general may be observed in cases of early onset, which are
discussed at greater depth elsewhere.® Medial temporal lobe atro-
phy appears to be a great discriminator of AD versus dementia
with Lewy bodies and vascular-related cognitive decline.” Imag-
ing findings within certain subtypes of AD are based on genetic
syndromes such as those with a presenilin-1 mutation that mani-
fests white matter changes (hyperintense on FLAIR) atypical of
AD.»?

In AD, MR spectroscopy may aid in the diagnosis, with a no-
table decrease in N-acetylaspartate and an increase in myo-inosi-
tol and choline in patients with AD and those with presymptom-
atic AD.'"! While it is outside the scope of this review, positron-
emission tomography may offer added diagnostic acumen in
recognizing AD with the use of the newly FDA-approved florbeta-
pir F18 injection (Amyvid; Eli Lilly, Washington, DC), which spe-
cifically binds to B-amyloid."? Effort is also being directed at de-
veloping appropriate targeted MR imaging contrast agents.

As reviewed at greater length elsewhere, several advanced MR
imaging techniques may be useful in making the diagnosis of
AD.>"? DTT s the subject of numerous active research studies and
beyond the scope of this focused review. In brief, there is some
evidence that DTT shows increased diffusivity within the temporal
lobe in AD and may aid in differentiating it from other dementias
such as dementia with Lewy bodies.'* Magnetization transfer im-
aging is one of the latest imaging methods to be applied to AD.
Histopathologic information may be inferred from this method
in light of the correlation between magnetization transfer ratio
and the extent of axonal loss, and these changes may proceed to
gross volume loss.>

Dementia with Lewy Bodies. DLB accounts for a small fraction
of presenile-onset dementia syndromes, constituting only ap-
proximately 4% of presenile dementias, but its rapidity of decline
with an average survival of 3 years places it in the differential
diagnosis of rapidly progressive dementias.>>'> Frequently, neu-
rologic symptoms in DLB are nonspecific and analogous to other
neurodegenerative diseases. Because findings are nonspecific in
DLB (such as atrophy within gray matter of the temporal, parietal,
and occipital lobes), conventional MR imaging is of greatest ben-
efit in ruling out other causes of rapidly progressive dementia
rather than diagnosing DLB specifically.'® Relative preservation
of the medial temporal lobe has been one of the few consistent
findings of volumetric structural studies; another key difference
compared with AD is the preservation of the NAA-to-creatine
ratios on MR spectroscopy.'”'® Recent attempts have been made
to differentiate DLB from AD, and one such study has noted a
lower fractional anisotropy within the white matter of the post-
central gyrus, which correlated with decreased motor function

clinically."* Using DTI, Bozzali et al'® noted decreased fractional
anisotropy in many white matter regions, with relatively modest
involvement of the temporal lobe. Another recent study by Bur-

ton et al'®

reported reduced amygdala volume as a possible
marker of DLB that correlates with the presence of Lewy bodies on
pathology. Although outside the scope of this MR imaging—based
review, reduced dopamine transporter levels in DLB, as shown
with iodine 123 N-(3-fluoropropyl)-2B-carbomethoxy-383-(4-
iodophenyl)-nortropane SPECT, might assist in the diagnosis of
DLB in light of the currently limited role for MR imaging.*°

Frontotemporal Dementia. Frontotemporal dementia, albeit
generally with quicker symptom progression than AD, is a rarer
form of rapidly progressive dementia.” Moreover, some clinical
attributes differentiate it from many other dementias, with a
prominence of personality changes and impaired sociability. Im-
aging can demonstrate the atrophy for which this condition is
named in half of the cases, though early phases of this condition
may be missed and imaging is used with the primary purpose of
excluding other forms of dementia.>*' The “knife edge” sign is
one imaging finding supportive of frontotemporal dementia on
MR imaging and is described as focal atrophy within the anterior
temporal lobe at the level of the temporal horn of the lateral ven-
tricle.’"** One study integrating MR imaging and clinical mea-
sures of dementia demonstrated associations between worsening
of these rating scales and rates of ventricular expansion and
whole-brain volume loss.>

Corticobasal Degeneration. Because CBD may present clinically
with progressive dementia and some of the rare neurologic symp-
toms seen in Creutzfeldt-Jakob disease, such as alien limb and
myoclonus, imaging is essential to distinguish these 2 clinically
similar entities.” Patients with CBD may have atrophy of the cau-
date nucleus, putamen, and some cortical regions (premotor and
superior parietal), usually in an asymmetric pattern (Fig 1).>*¢
Moreover, cerebral atrophy is substantially greater than that seen
in the clinically similar syndrome of progressive supranuclear
palsy.>® There may also be increased signal intensity within the
subcortical white matter.

Progressive Supranuclear Palsy. PSP, a tauopathy frequently in
the same differential diagnosis as CBD, may manifest early with
executive dysfunction or subcortical dementia and then progress
to involve the classic clinical presentation of supranuclear gaze
palsy and motor symptoms.?” Classically described MR imaging
findings typical of PSP were reviewed by Stamelou et al*® and
include the classic “humming bird” or “penguin” sign (Fig 2).>*
These findings are largely related to atrophy within the midbrain,
with involvement of the midbrain, pons, thalamus, superior cer-
ebellar peduncle, and striatum; there may be hypointensity of the
putamen on T2-weighted sequences.>>*® Of clinical importance,
midbrain atrophy on MR imaging correlates with motor defi-
cits.”” Commensurate with midbrain atrophy, there may be dila-
tion of the third ventricle.”® There may also be T2-weighted hy-
perintensity of the tegmentum, corresponding to histopathologic
evidence of neuronal degeneration in this region; this sign appears
to be very specific, but not present in many cases.*®

Because there is much overlap between PSP and CBD visually
on conventional MR imaging, many volumetric studies have at-

AJNR Am J Neuroradiol 35:418-23  Mar 2014 www.ajnr.org 419



FIG 1. Corticobasal degeneration. Imaging performed in an 84-year-old woman with corticobasal degeneration proved on postmortem exam-
ination. A, Axial T2-weighted image shows right-side-dominant atrophy, including the central sulcus (arrow). B, Postmortem examination of this

patient’s brain shows right-frontal-dominant atrophy (arrow).*

FIG 2. Hummingbird or penguin sign. Imaging performed in a 74-year-
old man with PSP. Tl-weighted midsagittal image clearly shows atro-
phy of the midbrain tegmentum (arrow), referred to as the hummin§—
bird or penguin sign. The area of the midbrain tegmentum is 71 mm?.**

tempted to delineate differences between the two, particularly
noting the lesser involvement of cortical atrophy in PSP.>>2%>!
Also in the literature are less validated visual findings indicative of
PSP; a proposed imaging finding is an abnormal superior profile
of the midbrain on sagittal T1 images (Fig 3), in which the normal
convex profile of the midbrain becomes flattened or concave,
which is akin to the subjective hummingbird sign.’® DWI may
demonstrate increased putaminal ADC values, a finding that may
aid in differentiating PSP from Parkinson disease.’

Multiple-System Atrophy. The hallmark feature of this collec-
tion of neurodegenerative diseases of unknown cause, multiple-
system atrophy, is progressive cerebral atrophy, which has been
validated in small groups of patients with serial MR imaging
showing rapid atrophy corresponding with the duration of ill-
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ness.>> Atrophic changes are noted by decreased size on conven-
tional imaging and hypointensity on T2-weighted imaging, par-
ticularly within the lower brain stem, middle cerebellar
peduncles, cerebellum, and putamen.**>* In the pons, there is the
classic imaging finding of the “hot cross bun sign” (Fig 4).>>~”
With this atrophy, there may be a surrounding hyperintense rim
seen on T2 images, which may appear before the hot cross bun
sign, but it is unfortunately nonspecific, with atrophy being more
important in distinguishing MSA from Parkinson disease.>®>®
T2* gradient-echo signal loss within the dorsolateral putamen
reflective of increased iron deposition is highly specific for MSA,
but not always present.”” Serial MR imaging has been used to
characterize the atrophy noted within the pons, being particularly
good at distinguishing MSA and CBD with a 3-fold greater atro-
phy rate, both of which can be differentiated on this basis from
Parkinson dementia and healthy controls.*

DWI may demonstrate increased diffusivity and ADC within
the affected middle cerebellar peduncles, and other authors report
decreased fractional anisotropy matching this finding.>**%*
Putaminal ADC increases likewise exist in MSA, but not Parkin-
son disease, and these values also correlate with clinical mea-
sures.*"***¢ Therefore, DWI and DTI are essential in improving
differentiation between MSA and other similar conditions such as

PSP and Parkinson disease.

Huntington Disease. Because of the CAG triplet repeat propa-
gated in an autosomal dominant fashion, clinicians diagnose HD
on the basis of genetic testing prompted from a family history of
early dementia and extrapyramidal symptoms with the hallmark
of chorea. Clinically, there is mounting evidence for preclinical
cognitive decline preceding any of the motor symptoms of HD.*”
Classic imaging findings reveal atrophy of the caudate nucleus,
with concomitant enlargement of the frontal horns of the lateral
ventricles.”® This reduced size of the caudate nucleus has been
correlated with cognitive performance and precedes motor symp-
toms by many years (Fig 5).*”*® There may be T2 hyperintensity
in the region of the caudate nucleus with this atrophy. Moreover,
the basal ganglia may be hypointense on FLAIR and T2-weighted



CONVEX LINEAR CONCAVE

FIG 3. Abnormal superior profile of the midbrain in progressive supranuclear palsy. Top row: midsagittal Tl-weighted spin-echo sections in
Parkinson disease (A) and PSP (B and C) show the midbrain region. Bottom row: images with outlined profiles of the upper midbrain, which
appears convex in A, linear (flat) in B, and concave in C as a result of midbrain atrophy in PSP.*°

FIG4. Hot cross bunsign. A 48-year-old woman with spinocerebellar ataxia type 6. T2-weighted fast spin-echo MR image (TR/TE/TI, 3600/102/2

ms) shows bilateral symmetric hyperintensity of atrophic middle cerebellar peduncles. The pons with the “cross sign” and cerebellum are also
atrophic, as can be seen in multiple-system atrophy.*®

FIG 5. Caudate atrophy in Huntington disease. A, Illustration of the fitted relationship between caudate volume and age in normal aging (blue)
and patients with Huntington disease according to disease duration (gray) for male subjects with a total intracranial volume of 1500 mL. The black
line shows the predicted trajectory (with the 90% confidence interval [CI] in thick gray) for a patient with HD with motor onset at 45 years of
age. B, Fitted difference (with 90% Cl) in caudate volume between patients with HD and controls according to disease duration. The difference
is statistically significant (P < .05, 1-sided) <14 years before motor onset.*®
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images due to iron deposition, and this finding is thought to con-
stitute an early biomarker for the disease.*” Other advanced MR
imaging methods such as MR spectroscopy at a high-field
strength may aid in showing changes associated with HD with
decreased NAA and creatine within the caudate nucleus and
putamen.5 0

Neuroimaging may prognosticate the onset of disease progres-
sion in HD before the development of symptoms. A recent volu-
metric MR imaging study of patients before the clinical onset of
HD symptoms noted that patients who would develop symptoms
in 1-4 years following their scans demonstrated significantly
smaller striatal volumes when they were still asymptomatic, par-
ticularly within the putamen.>® Other authors suggested that MR
imaging can detect striatal atrophy even up to 20 years before
motor deficits.>* This reduction in striatal volume was previously
hypothesized to serve as a biomarker for likely clinical progression
of HD.? Others have defined more global atrophy in cortical
structures, perhaps later in the disease process, and these findings
are more inconsistent than those involving the striatum.>* From
the wealth of clinical studies performed to date, MR imaging has a
powerful role in the diagnosis and prognostication of HD.

CONCLUSIONS

This first installment of a 2-part review of MR imaging findings in
the diverse clinical manifestation of rapidly progressive dementia
discussed the use of neuroimaging in diagnosing neurodegenera-
tive conditions, ranging from the common aging-associated de-
mentias to uncommon presentations of less prevalent conditions
such as multiple-system atrophy. Newer technologies, such as
amyloid imaging, may aid in distinguishing more unusual neuro-
degenerative causes of rapid cognitive decline and variants of the
more common Alzheimer dementia. MR imaging with selective
use of DWI, DTT, and MR spectroscopy is essential to narrow the
differential diagnosis on the basis of the subtle differences be-
tween neurodegenerative dementias, and it plays a key role in
establishing the diagnosis. The second part of this review will de-
tail the imaging findings seen in a wide range of other causes of
rapidly progressive dementia, including prion, infectious, inflam-
matory, autoimmune, neoplastic, metabolic, and nutritional
conditions.
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Inflammatory, Neoplastic, and Other Etiologies
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ABSTRACT

SUMMARY: Most dementias begin insidiously, developing slowly and generally occurring in the elderly age group. The so-called rapidly
progressive dementias constitute a different, diverse collection of conditions, many of which are reversible or treatable. For this reason,
accurate identification and assessment of acute and subacute forms of dementia are critical to effective treatment; neuroimaging aids
greatly in narrowing the diagnosis of these conditions. This second installment of a 2-part review of rapidly progressive dementias
examines the use of imaging in an assortment of other etiologies in the differential diagnosis, from prion disease and neoplastic-related
conditions to rare metabolic and other conditions such as Wernicke encephalopathy. In these clinical conditions, MR imaging has the
potential to narrow this broad differential diagnosis and, at times, can definitively aid in the diagnosis of certain conditions on the basis of
typical imaging patterns.

ABBREVIATIONS: CJD = Creutzfeldt-Jakob disease; LG = lymphomatoid granulomatosis; SREAT = steroid-responsive encephalopathy with autoimmune thyroid-

itis; SSPE = subacute sclerosing panencephalitis

D ementia features prominently as a common disability among
the elderly and is only expected to increase with the aging
population of developed countries worldwide. Dementia consti-
tutes diverse combinations of a loss of normal executive function
in decision making, a decline in memory encoding and retrieval,
and an impairment of the ability to perform cognitive tasks. In the
first part of this 2-part review of rapidly progressive dementias,
the neurodegenerative conditions that feature prominently in the
differential diagnosis of a presenile or rapidly progressive demen-
tia were discussed. These include the common, inexorable de-
mentias typically associated with old age such as Alzheimer de-
mentia and dementia with Lewy bodies. As with any clinical
evaluation, imaging cannot replace accurate and thorough phys-
ical examination and history, but it contributes greatly to discern-
ing entities within the differential diagnosis of a rapidly progres-
sive dementia.

Rapidly progressive dementias can result from a variety of eti-
ologies, and in this second review article, we discuss the remaining
etiologies summarized in the differential diagnosis On-line Table
cited in Part 1. One striking characteristic of the differential diag-
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nosis for this clinical presentation of dementia is the tremendous
diversity of entities encountered. This review discusses the role of
neuroimaging, particularly MR imaging, in the diagnosis of a
wide array of dementia-inducing conditions, including the fol-
lowing: prion disease such as Creutzfeldt-Jakob disease; infectious
entities such as HIV-associated dementia; autoimmune and in-
flammatory conditions such as Hashimoto encephalopathy; ma-
lignancy-related conditions such as primary CNS lymphoma; and
rare manifestations of other causes such as Wilson disease. In
many of these clinical scenarios, MR imaging plays a deciding role
in clarifying the clinical diagnosis. Other authors have recently
reviewed, in greater detail, the clinical work-up of rapidly pro-
gressive dementias"?; this article will focus on the consideration
of these diseases when examining neuroimaging studies of rapidly
progressive dementias.

Prion Disease

There are several rare disorders in which the pathophysiologic
entity is the prion, a misfolded form of a normally found protein
within the brain, which propagates itself by promoting changes in
the conformation of the normal prion protein. The most com-
mon set of conditions involving the prion is Creutzfeldt-Jakob
disease, which is either inherited in a familial fashion, sporadically
occurring, or acquired through exposure. CJD may fall under
both the neurodegenerative and infectious classifications; the lat-
ter is thought to occur in variant CJD or new-variant CJD, related
to ingestion of mad-cow-infected beef.> Of these types, the spo-



FIG1. DWIin CJD. The most frequent MR imaging lesion patterns were defined by using DWI as the most sensitive technique. Cortex and basal
ganglia hyperintensity was observed in approximately two-thirds (58%), and isolated cortical hyperintensity, in one-third (33%).”

FIG 2. DWIin CJD. Involvement of the frontal and parietal lobes in patients with isolated cortical hyperintensities in the setting of Creutzfeldt-
Jakob Disease. A, Sagittal FLAIR-weighted scan of a 58-year-old patient 3.5 months after the disease onset and 1 week before death shows
signal-intensity increases in the frontal and parietal lobes. B, Axial FLAIR-weighted scan of the same Eatient shows frontal and parietal
signal-intensity increases. C, DWI of the same patient shows frontal and parietal signal-intensity increases.

radic form is the most common, followed by genetic and acquired
forms.” This condition may differ clinically from many other con-
ditions in the differential on the basis of its cerebellar dysfunction
and common presence of myoclonus. Nevertheless, its clinical
overlap with corticobasal degeneration and progressive supranu-
clear palsy necessitates the use of imaging to differentiate it from
other rapidly progressive dementias.

The imaging findings typical of CJD, while observed on T2-
weighted and FLAIR sequences, are best seen by using high-b-
value DWT and are confirmed with reciprocal changes on ADC
images.*® DWI typically demonstrates hyperintensities within
the basal ganglia, the thalamus, and cortex (Figs 1 and 2).” The
“hockey stick ” or “pulvinar ” sign, which is formed by the con-
fluent hyperintensity within the dorsomedial thalamus and the
posterior thalamus (pulvinar), is thought to be indicative of vari-

ant (infectious acquired) CJD, though these signs may be seen in
other forms of CJD.*° These imaging changes are much more
sensitive and specific than previous noninvasive clinical methods
for CJD diagnosis, including the presence of CSF protein 14-3-3
and periodic sharp waves on electroencephalography or neuron-
specific enolase.”” For this reason, imaging findings are essential
in making the diagnosis of CJD, despite their not being included
in earlier clinical criteria.'”

Infection-Related Etiologies

In younger patients with dementia symptoms, both infectious
and inflammatory-related conditions are much more frequent
than the neurodegenerative diseases. Encephalitis and other in-
fections of the CNS are generally hyperacute in onset; when cog-
nitive decline is present, these cognitive symptoms are likewise
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hyperacute in onset. In addition, encephalopathic symptoms with
marked confusion and neuropsychiatric manifestations also
point clinically to this diagnosis, as do non-neurologic manifes-
tations of infection such as cutaneous or respiratory presenta-
tions. Readers are referred to the work of Almeida and Lauten-
schlager'' for a thorough clinical discussion of dementia
associated with infections.

Encephalitis. The diagnosis of encephalitis in the acute setting
may prove problematic: Clinical symptoms are generally nonspe-
cific and may involve a variety of neurologic symptoms or none at
all. While rarely presenting with dementia acutely, rapidly pro-
gressive dementia in younger individuals merits consideration of
encephalitis. Even rapid polymerase chain reaction laboratory
tests of herpes simplex may have negative findings in the very early
stages of encephalitis, which make ancillary work-up imperative.

MR imaging can reveal pathologic changes manifest as FLAIR
and T2 hyperintensity within the temporal (particularly, medial),
insular, and inferior frontal cortices in patients with herpes en-
cephalitis.">'? Tn the much less common Japanese encephalitis,
these abnormalities tend to be seen in subcortical gray matter
regions.'” Patchy enhancement with gadolinium administration
indicates nonspecific inflammatory changes generally seen in en-
cephalitis. DWT augments the evaluation of encephalitis with ear-
lier detection of changes than on conventional imaging, though it
may not be as sensitive later in the clinical course.'”"'® Restricted
diffusion occurs in herpes encephalitis during the acute phase and
appears less often in Japanese encephalitis, though other authors
demonstrated diffusion changes in the thalamus in this condi-
tion.'®'” Moreover, magnetic-susceptibility-sensitive sequences
(eg, gradient recalled-echo, susceptibility-weighted, and suscep-
tibility angiography) may detect focal hemorrhage associated with
sequelae of CNS infection.

HIV and AIDS-Related Dementias
The occurrence of dementia in HIV-infected individuals ranges
from 1in 10 to 1 in 3. HIV dementia may be considered a subcor-
tical dementia with cognitive slowing, motor retardation, and im-
paired memory.'' Fortunately, successful treatment with antiret-
roviral therapy has the potential to ameliorate cognitive
symptoms and sometimes reverse cognitive deficits in HIV de-
mentia.! For this reason, identification and establishment of an
appropriate treatment regimen is of paramount importance. Im-
aging is also vital to ensure that no other AIDS-related CNS con-
ditions are present, such as primary CNS lymphoma, progressive
multifocal leukoencephalopathy (seen as demyelinating white
matter lesions on MR imaging), or toxoplasmosis (with multiple
deep gray matter lesions).'® With cognitive decline in the setting
of HIV infection, volumetric studies observed atrophy by using
MR imaging.'® These changes are not generally apparent on con-
ventional MR imaging on an individual basis. DTT may, however,
show reduced fractional anisotropy inversely correlated with viral
loads.'®*' Magnetization transfer ratios also appear different
when comparing HIV-infected patients to controls."®

MR spectroscopy can also detect changes that reflect dementia
symptoms in HIV-infected patients, regardless of neuroanatomic
changes; a recent study by Ernst et al*> demonstrated reductions
in parietal gray matter glutamate in subjects with HIV with cog-
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nitive deficits. Others have implicated decreased concentrations
of NAA and combined glutamate and glutamine in HIV-infected
patients with reductions in cortical, hippocampal, and subcortical
volume, respectively.4

Neuroborreliosis. CNS manifestations related to Lyme disease
caused by Borrelia burgdorferi are rare; contentious; and largely
related to cranial nerve involvement, polyradiculopathy, or neu-
ropsychiatric manifestations. Acute dementia in this setting has
been previously reported, and though infrequent, may place this
condition on the differential list of rapid-onset dementias.>> An
extensive review by Hildenbrand et al** discussed the neuroimag-
ing findings and the clinical syndrome of neuroborreliosis in
greater detail. Rarely, encephalomyelitis may develop from spiro-
chete infiltration into the brain, as indicated by tumefactive white
matter lesions.”® Traditionally, more commonly seen in Lyme
disease with CNS involvement are nonspecific FLAIR abnormal-
ities predominantly within the frontal cortex; on the other hand,
more recent, systematic investigation suggests that this is an un-
common occurrence with only 10% of patients with neuroborre-
liosis demonstrating T2 hyperintense foci.>**” These lesions may
mimic a demyelinating process; thus, in cases in which multiple
sclerosis is considered a reasonable alternate explanation for T2
foci, DTT and magnetization transfer imaging are helpful in dem-
onstrating the absence of occult white matter injury in Lyme dis-
ease in juxtaposition to multiple sclerosis.*®

Other Infectious Dementias. Of importance but rarely rapid in
progression is tertiary syphilis, which should be clinically deter-
mined by using appropriate laboratory testing with rapid plasma
reagin testing performed in all suspected patients with rapid or
presenile dementia. Cognitive decline is the most common neu-
rologic symptom in tertiary syphilis. Early MR imaging reports
describe focal hyperintensities on T2-weighted images in an arte-
rial distribution, in keeping with meningovascular pathophysiol-
ogy.>® Multiple areas of ischemia and infarction are thought to
result from endarteritis in some cases of fulminant neurosyphi-
lis."® Cerebral gummatous disease may also occur in neurosyph-
ilis, with lesions that are hypointense on T1- and hyperintense on
T2-weighted images.®

Other infectious etiologies such as fungal encephalitides may
present with dementia, but as with most infections of the central
nervous system, they also tend to present with neurologic dys-
function and other clinical features more often than simple de-
mentia. There are reports of Cryptococcus neoformans as a caus-
ative agent of rapidly progressive cognitive dysfunction, with 1
case even misdiagnosed as Alzheimer disease.’® Neurocysticerco-
sisisrare in the developed world, but in places where it is endemic,
it may present with dementia in a small fraction of cases."'

Another infectious form of sudden dementia, typically seen in
amuch younger population of children and adolescents (in com-
parison with the remainder of conditions discussed in this article)
is subacute sclerosing panencephalitis, which is a rare condition
caused by the measles paramyxovirus, occurring months to years
after infection. MR imaging findings are generally normal early in
SSPE and may progress to involve high T2 signal within white
matter or hyperintense lesions in the parietal and temporal lobes
in the acute stage and then progress to involve atrophy and deep



and cortical gray matter changes.’’*> MR spectroscopy in later
stages of SSPE reveals decreased NAA, consistent with neuronal
loss and elevated choline, lipid, and lactate concentrations consis-
tent with inflammation.** More recent work indicates the use of
DTT; notably, DTT detects reductions in fractional anisotropy
even within normal-appearing white matter on conventional im-
aging, suggesting subtle disruption of white matter tracts in the
early stages of SSPE.>

Inflammatory and Autoimmune Conditions

Inflammatory and autoimmune conditions are often associated
with diverse clinical symptoms and an amorphous presentation.
They constitute the second largest group of rapidly progressive
dementias in 2 large cohorts but are a much smaller portion of

another group of presenile rapid dementias.*¢

Multiple Sclerosis. Nearly 1 in 20 patients with MS manifest de-
mentia, but the prevalence of other cognitive disturbances is
much more common and subtle.”” Most imaging reports of this
phenomenon attribute the cognitive decline to the presence of
nonspecific neuroanatomic atrophy, without particular observa-
tion of an affected structure.”® The reason for this generalized
atrophy has been discussed and examined at great length—even
in normal-appearing white matter in MS, there are detectable
correlates of neuronal loss with decreased NAA on MR spectros-
copy within both normal white and gray matter in patients with
MS.*® Moreover, these measures of atrophy in patients with MS
correlate with the progression of disability and were reviewed at
great length by Anderson et al.”® Nevertheless, dementia in the
setting of patients with known MS should be evaluated as with any
other rapidly progressive dementia, with MS-related dementia as
a diagnosis of exclusion.

Hashimoto Encephalopathy. This condition related to Hashimoto
thyroiditis is also referred to as steroid-responsive encephalopa-
thy with autoimmune thyroiditis, which explains the nature of
this syndrome that is believed to be related to a cross-reaction
between autoimmune antithyroid antibodies and neurons, result-
ing in generalized CNS inflammation and neurologic impair-
ment.>*® Most interesting, patients may not demonstrate overt
thyroid dysfunction at the time of neurologic presentation. MR
imaging findings, as with many of these autoimmune conditions,
are frequently normal (60% of cases) or nonspecific in nature,
involving FLAIR and T2 abnormalities within subcortical white
matter and contrast enhancement of the meninges.*>*' Making
the diagnosis of SREAT is important because early initiation of
corticosteroid pharmacotherapy yields symptom resolution and
reversal of imaging findings.*'

Neurosarcoidosis. Asa systemic granulomatous disease, sarcoid-
osis may simulate many neurologic disorders, and likewise, imag-
ing of neurosarcoidosis is complex.** Neurologic involvement is
also relatively common in neurosarcoidosis, with approximately 1
in 4 patients with sarcoidosis demonstrating CNS involvement at
postmortem examination.*> When present, the most frequent ab-
normalities observed on MR imaging are periventricular T2-
weighted hyperintense lesions, enhancing granulomas, and lepto-
meningeal enhancement similar to that seen in meningitis.****
Dural masses may be seen, which are T2 hypointense; contrast

enhancement may be mistaken for meningioma, without a clini-

cal history of sarcoidosis.*’

Vasculitides. Primary CNS vasculitis is a rare entity, but systemic
vasculitides may also present with CNS manifestations with cog-
nitive deficits in half of patients.*>*® Vasculitides can be differen-
tiated from many other dementias in that there are frequently
concomitant cerebrovascular events seen on MR imaging, with
hemorrhage and infarct more likely present.” FLAIR and T2-
weighted hyperintensities are also prevalent in vasculitis, thicken-
ing of the vessels and extramural enhancement are more defini-
tive findings, and findings of gadolinium enhancement within the
meninges are not as commonplace as generally thought on the
basis of the results of a large observational study.*>

Other Inflammatory and Autoimmune Conditions. Celiac dis-
ease, an intolerance of food products containing gluten, often
with the presence of autoantibodies to the enzyme tissue transglu-
taminase, may present with neurologic symptoms, including de-
mentia, though those reported are quite varied, ranging from
chronic headaches to ataxia.*”*® Oddly, these symptoms can oc-
cur without gastrointestinal involvement and may improve with
dietary changes.*® MR imaging of the brain may reveal hyperin-
tense T2-weighted posterior white matter foci with a reported
prevalence of 1 in 5 in patients with celiac disease in 1 study,
independent of the presence of neurologic symptoms.*>° Most
interesting, measured cerebral perfusion on SPECT imaging in 1
small study was significantly lower within several brain regions in
patients with untreated celiac disease, while there was no signifi-
cant difference between patients adhering to dietary restriction
and controls.”" These findings suggest a process by which patients
may sustain hypoperfusion with resultant brain injury, generating
lesions visible on conventional MR imaging. Nevertheless, the
evidence for and mechanism of neurologic involvement and the
importance of MR imaging findings in celiac disease are contro-
versial topics without conclusions.

Malignancy-Related Conditions

Paraneoplastic CNS Involvement. There are a number of para-
neoplastic neurologic disorders with a diverse set of clinical pre-
sentations that may present with cognitive impairment or demen-
tia. The most common symptoms that may suggest this condition
in the differential diagnosis of rapidly progressive dementia in-
volve retrograde and anterograde amnesia. The diagnosis of this
condition is relatively straightforward in patients with established
cancer (particularly, small cell lung cancer, germ cell tumors, thy-
moma) but must also be considered in the setting of occult ma-
lignancy as well. Paraneoplastic limbic encephalitis (Fig 3)°* is the
most classic paraneoplastic disorder with anterograde memory
impairment being most prominent; imaging reveals increased sig-
nal within the mesial temporal lobes.*' FLAIR hyperintensities
within the caudate, anterior putamen, and sometimes the medial
temporal lobe have been reported in the setting of paraneoplastic
syndrome in small cell lung cancer with anti-CV2 antibodies.””
Half of those patients with autoimmune dementia diagnosed with
CSF autoantibodies will have a paraneoplastic syndrome. Other
authors recommend the use of FDG-PET for any patient sus-
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FIG 3. Acute limbic encephalitis. A 26-year-old man with underlying precursor T-cell acute
lymphoblastic leukemia developed generalized seizures, had short-term memory loss, and was
disoriented in time and place 1 month after undergoing unsuccessful allogeneic bone marrow
transplantation. At autopsy, multifocal subacute polioencephalomyelitis in the brain regions
that were shown as affected on MR images confirmed the diagnosis of paraneoplastic limbic
encephalitis with neuronal loss. Initial MR images were obtained 1day after the first generalized
seizure occurred. A, Axial FLAIR image (TR/TE, 9000/110 ms; T, 2261 ms) shows a slightly elevated
signal intensity of both hippocampal formations (black arrows) and amygdala (white arrows). B,
Coronal conventional T2-weighted turbo spin-echo image (TR/TE/NEX, 4462 ms/120 ms/3)

shows no signal-intensity abnormality.>”

pected of having autoimmune dementia to potentially diagnose
underlying malignancy.”*

Lymphoma. Primary CNS lymphoma is a malignancy of in-
creased recognition and prevalence related to its presence in
AIDS. Most of its neurologic manifestations are more related to
mass-effect symptoms, but dementia has also been observed,
thereby adding this neoplasm to the differential diagnosis of rap-
id-onset dementias.>® Early diagnosis is important for averting
the need for extensive resection with poorer outcomes.>® MR im-
aging categorically reveals solitary or multiple supratentorial mass
lesions with minimal edema, generally isointense-to-mildly hy-
perintense on T1-weighted imaging and hypointense on T2-
weighted images, and almost always with enhancement.'*>” Sol-
itary lesions are more common in immunocompetent
individuals.'* Of importance, the lesion is capable of crossing the
corpus callosum, forming a “butterfly” lesion.”” There may also
be diffuse extension of the white matter signal change classified as
“lymphomatosis cerebri. ” This form of diffusely infiltrating CNS
lymphoma would be more likely to present as a progressive
dementia.’

The clinical diagnosis of CNS lymphoma is frequently prob-
lematic, with nondiagnostic studies leading ultimately to the ne-
cessity of brain biopsy for definitive diagnosis; imaging may pro-
vide ancillary support to clinical evidence.”> MR spectroscopy may
be particularly helpful in identifying a neoplastic pattern of me-
tabolite concentrations evidenced by large choline concentrations
with lipid and lactate present.'* MR perfusion may clarify diag-
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nosis in contrast to other tumors in that
primary lymphoma in the brain has lower
relative cerebral blood volume.>® Like-
wise, DWI with ADC maps demonstrate
low ADC values compared with glioblas-
toma and metastatic lesions.’® Brain thal-
lium-201 SPECT may be combined with
toxoplasma serology to improve diagnos-
ticaccuracy in excluding this potential in-
fectious etiology with focal CNS mass
lesions.”®

Intravascular lymphoma, a rare non-
Hodgkin lymphoma, may likewise gener-
ate neurologic symptoms, including sub-
acute dementia, concomitantly with
cerebrovascular events.> As a result of its
intravascular source, CNS involvement is
characterized by diffuse T2-weighted hy-
perintensity with patchy enhancement
and, on occasion, edema.?*® There are
some diffusion changes consistent with
ischemia in the setting of intravascular
lymphoma.®® Angiography in these pa-
tients does not aid in the diagnosis be-
cause intravascular lymphoma appears
consistent with vasculitis as a result of the
intravascular malignancy.” An antemor-
tem diagnosis of intravascular lymphoma
is particularly difficult.

Metastatic CNS Involvement. As with any intracranial process
and as the most common cause of brain tumors, metastatic dis-
ease may present with rapidly progressive dementia, particularly
in the setting of multifocal cortical involvement as has been re-
ported in a few cases of rare miliary cerebral metastases presenting
with subacute dementia.®’**> Some patients have been reported to
develop dementia during treatment as a result of metastatic dis-
ease, which could be mistaken for a side effect of therapy (partic-
ularly radiation therapy).®* In each of these cases, diagnosis of the
underlying cause of the dementia is often elusive until postmor-
tem neuropathology. The imaging of most brain lesions consis-
tent with metastatic cancer, aside from miliary spread, is more
straightforward, and recognition is important so that patients
may benefit from radiation therapy.®> Imaging of brain metasta-
ses requires a dedicated review of its own.®® Briefly, MR imaging
generally reveals multiple lesions with a propensity for the gray-
white matter junctions with T2 hyperintensity consistent with
extensive edema.®” Some of these lesions may hemorrhage, as may
be evidenced by T1 hyperintensity. DWI and DTT aid in distin-
guishing metastases from other lesions such as abscesses in the
setting of cystic metastasis with a relative lack of restricted diffu-
sion (bright on ADC, dark on DWI); DTI demonstrates displace-
ment of white matter fibers in metastasis.®®

Lymphomatoid Granulomatosis. Lymphomatoid granulomato-
sis, a B-cell lymphoma caused by the Epstein-Barr virus with
prominent CNS involvement as a result of angiodestructive
pathophysiology, is one condition that has been reported to pres-



ent with dementia in a presenile population.®® Generally, pulmo-
nary manifestations exist in almost all patients with CNS mani-
festations of LG; this unusual constellation may provide the
clinical clue necessary to make this diagnosis, whereas those cases
with exclusively neurologic involvement are particularly difficult
to diagnose.”® Multifocal involvement on brain MR imaging is
commonplace, with punctate or linear T2 hyperintensities within
perivascular spaces with corresponding enhancement on T1 post-
contrast images, particularly within frontal and parietal re-
gions—a finding not exclusive to LG and seen in angiitis and
neurosarcoidosis but distinguishable from CNS lymphoma,
which most often presents as a solitary lesion.”®”? These regions
of enhancement correspond on histopathology to granulomatous
infiltrates of lymphoid cells and precede hemorrhage.”””* Ring-
like enhancement may also appear in the lesions of LG.”* Imaging
may demonstrate temporal lobe atrophy, perhaps related to lym-
phocytic infiltration into cerebral blood vessels causing microvas-
cular occlusion and resultant ischemia.®®”> Most interesting, re-
search has borne out the importance of MR imaging in this
malignancy with evidence that clinical imaging is more sensitive
than CSF analysis.”

Toxic, Nutritional, and Metabolic Etiologies

Most nutritional deficiencies that may manifest with neurologic
symptoms are slowly progressive. The triad of dermatitis, diar-
rhea, and dementia, while rarely clinically observed now, charac-
terizes pellagra or niacin deficiency. The role of imaging in this
grouping of conditions is much more problematic than in the
aforementioned diagnoses because imaging findings, if present,
are generally nonspecific and may only offer a glimpse of the cor-
rect diagnosis, which may be more readily obtained with thor-
ough history-taking and laboratory studies.

Toxic Causes of Dementia-Like Symptoms. Most cases of neuro-
toxic exposure are clinically marked by fulminant encephalo-
pathic symptoms of acute onset with a clear source rather than by
symptoms of a rapidly progressive dementia. Nevertheless, there
are certain imaging features that may support these toxic (gener-
ally heavy metal) exposures as the source of neurologic symp-
toms. T1-weighted hyperintensity within the basal ganglia implies
deposition of metals such as iron or manganese.”® This finding on
MR imaging has been reported in the globus pallidus of individ-
uals exposed to manganese from their occupation as miners who
developed cognitive impairment.”” The imaging findings in many
other exposures are not well-established, and clinical suspicion
and appropriate laboratory investigations remain the cornerstone
of evaluation of these forms of progressive dementia.

Wernicke Encephalopathy (Thiamine Deficiency). Clinically, the
memory loss and cognitive symptoms seen in Wernicke enceph-
alopathy are accompanied by ophthalmoplegias and ataxia; how-
ever, as already mentioned, several conditions within the spec-
trum of rapidly progressive dementia share these symptoms.
Moreover, acute Wernicke encephalopathy is underappreciated,
particularly in nonalcoholic patients.”® Imaging clues may im-
prove recognition of this underdiagnosed clinical entity, with ex-
cellent specificity of findings on MR imaging.”® There may be
T2-weighted and FLAIR hyperintensity within the area around

the third ventricle, periaqueductal regions, and bilateral thalami
(particularly dorsomedial) in Wernicke encephalopathy—a find-
ing that has been reported even in nonalcoholic cases.”®®"®!
Moreover, serial imaging illustrates remission of these changes
with successful treatment.*> DWI improves the neuroimaging
evaluation and appears more sensitive to the presumed ischemic
and cytotoxic pathophysiology of Wernicke encephalopathy in
these regions, evidenced by restricted diffusion.®’ Therefore, clin-
ical imaging demonstrating gadolinium enhancement or DWI
abnormalities within the mammillary bodies and periaqueductal
regions and thalami can be of clinical utility in clarifying the di-
agnosis.”®®" These imaging findings may conveniently correlate
with the presence of hemorrhagic necrosis within these structures.
Ancillary imaging with MR spectroscopy may show decreased or

normal NAA with the notable presence of lactate.®*%>

Wilson Disease. Impaired copper transportation in this auto-
somal recessive disorder may precipitate either liver disease or
neurologic dysfunction, which in the absence of liver disease,
presents later in early adulthood. For this reason, progressive de-
mentia with or without other neurologic findings may occur in an
atypical age group with Wilson disease. Classically seen on MR
imaging is the accumulation of copper within the putamen and
thalami reflected by T2-weighted hyperintensity without evi-
dence of restricted diffusion.®® A few reports have described the
presence of high signal intensity in T2-weighted images of the
tegmentum and red nuclei to form the “face of the giant panda”
and, inferiorly within the pons, to form the “face of the panda
cub,” with relative hypointensity of the central portion with adja-
cent hyperintensity within the aqueduct.**® While these imag-
ing findings may suggest impaired copper transportation as a
cause, ultimately laboratory studies of copper and ceruloplasmin
facilitate a definitive diagnosis.

Other Conditions. Metabolic diseases such as mitochondrial dis-
ease may also present with a characteristically subcortical demen-
tia; there is impairment in attention and rousability early in the
disease process that differentiates them from dementias. Promi-
nent potential causes of subacute dementia are mitochondrial
myopathy, encephalopathy, lactic acidosis, and strokelike epi-
sodes (MELAS). Imaging findings early in this disease may reveal
cortical hyperintensities on FLAIR and T2-weighted images in a
gyriform pattern.'> DWT also depicts these lesions characteristic
of MELAS as hyperintense regions of the cortex.”

Osmotic myelinosis is another potential cause of rapidly pro-
gressive dementia but will generally present more acutely and in-
volve decreased levels of consciousness that exclude it from the
rapidly progressive dementias. Central pontine myelinolysis is
visible as a trident-shaped increased T2 signal intensity with spar-
ing of the corticospinal tracts.”® Extra-pontine myelinolysis, while
rarer, may have T2 prolongation and DWI signal increases in the
basal ganglia, thalamus, or cerebellum. The involvement of sub-
cortical structures is an uncommon occurrence, but nevertheless

1 has been reported.”®!

CONCLUSIONS
Presenile and rapidly progressive dementias are a diverse collec-
tion of conditions ranging from reversible to intransigent and
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rapidly progressive. Distinctions within this heterogeneous group
are best accomplished with a careful and thorough clinical and
laboratory examination and may be greatly aided by the use of
neuroimaging, particularly MR imaging. We discussed, in the first
part of this review, the more frequently encountered neurodegen-
erative causes of dementia, and in this second installment, we
conclude our discussion of rapidly progressive dementias with a
review of prion, infectious, inflammatory, autoimmune, neoplas-
tic, and other conditions. The need for further investigation in
several areas of clinical investigation of all these conditions is par-
ticularly important, especially because a large number of these
conditions have overlapping imaging and clinical findings that
obfuscate accurate diagnosis. Both the clinician and radiologist
alike should be open to the possibility of alternate diagnoses in the
setting of rapidly progressive presenile dementias, particularly be-
cause several diseases within this group benefit from urgent and
specific treatment.
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WEB-DL Endovascular Treatment of Wide-Neck Bifurcation
Aneurysms: Short- and Midterm Results in a European Study
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ABSTRACT

BACKGROUND AND PURPOSE: Flow disruption with the WEB-DL device has been used safely for the treatment of wide-neck bifurcation
aneurysms, but the stability of aneurysm occlusion after this treatment is unknown. This retrospective multicenter European study
analyzed short- and midterm data in patients treated with WEB-DL.

MATERIALS AND METHODS: Twelve European neurointerventional centers participated in the study. Clinical data and pre- and postoperative
short- and midterm images were collected. An experienced interventional neuroradiologist independently analyzed the images. Aneurysm
occlusion was classified into 4 grades: complete occlusion, opacification of the proximal recess of the device, neck remnant, and aneurysm remnant.

RESULTS: Forty-five patients (34 women and 11 men) 35-74 years of age (mean, 56.3 = 9.6 years) with 45 aneurysms treated with the WEB
device were included. Aneurysm locations were the middle cerebral artery in 26 patients, the posterior circulation in 13 patients, the
anterior communicating artery in 5 patients, and the internal carotid artery terminus in 1 patient. Forty-two aneurysms were unruptured.
Good clinical outcome (MRS < 2) was observed in 93.3% of patients at the last follow-up. Adequate occlusion (complete occlusion,
opacification of the proximal recess, or neck remnant) was observed in 30/37 patients (81.1%) in short-term follow-up (median, 6 months)
and in 26/29 patients (89.7%) in midterm follow-up (median, 13 months). Worsening of the aneurysm occlusion was observed in 2/28
patients (7.1%) at midterm follow-up.

CONCLUSIONS: The results suggest that the WEB endovascular treatment of wide-neck bifurcation aneurysms offers stable occlusion in
aclass of aneurysms that are historically unstable. Additionally, our data show that opacification of the WEB recess can be delineated from
true neck or aneurysm remnants.

ABBREVIATIONS: WEB-DL = WEB Dual Layer; WEB-SL = WEB Single Layer; WEB-SLS = WEB Single Layer Sphere; CLARITY = Clinical and Anatomical Results in the
Treatment of Ruptured Intracranial Aneurysms.

Endovascular treatment is now the first-line approach for both ~ new endovascular approaches, including balloon-assisted coiling,
stent-assisted coiling, flow diversion, and flow disruption.”
The WEB (Sequent Medical, Aliso Viejo, California) is an in-

trasaccular device designed to disrupt the intra-aneurysmal flow

ruptured and unruptured aneurysms.'* However, the limita-
tions of standard coiling have contributed to the development of

at the level of the neck.®”® Several devices are now available in the
WEB family: WEB-DL and the more recently introduced WEB-SL
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and WEB-SLS. Initial experience with the WEB-DL has shown the
clinical utility of this device in wide-neck bifurcation aneurysms
with high technical success and low acute morbidity and mortal-
ity.”” Also, the initial WEB-DL literature suggests good efficacy,
with a high percentage of adequate occlusion (complete occlusion
or neck remnant) in the postoperative period and in short-term
follow-up. In the largest series, a significant number of neck rem-
nants were observed at follow-up (56.7%).° This was due, in part,

O Indicates open access to non-subscribers at www.ajnr.org
Ei Evidence-Based Medicine Level 2.
http://dx.doi.org/10.3174/ajnr.A3869



to the shape of the WEB-DL. The proximal surface of the
WEB-DL is not flat but has a recess, which is concave from the
direction of the parent artery. The WEB-DL and its recess con-
form to the aneurysm on the basis of the physician’s WEB-DL size
choice. For example, the physician may choose to minimize the
WEB-DL parent vessel protrusion by allowing the recess to form
within the aneurysm sac; however, this contributes to the appear-
ance of a neck remnant, though this remnant is located centrally
and proximally relative to the WEB-DL. Alternatively, with a dif-
ferent WEB-DL size choice, the recess can be removed and the
proximal portion of the WEB-DL resides in the neck/parent vessel
interface as a flow divider.

Aneurysm coil recanalization is an important issue in endo-
vascular therapy, with approximately 20% of coiled aneurysms
recanalized and 10% retreated.'® As previously shown, wide-neck
aneurysms are highly prone to recanalization."'

The goal of this retrospective, multicenter, European study
was to analyze the midterm clinical outcome, short- (3-8
months) and midterm (=9 months) anatomic results after
WEB-DL aneurysm treatment, and the stability of the treatment
as well as the rate of retreatment. A point of particular interest
was to determine whether the opacification of the proximal
recess was stable with time or was a feature promoting aneu-
rysm recanalization.

MATERIALS AND METHODS

Population

The study received institutional review board approval, and ac-
cording to the design of the trial, informed consent was waived.
European neurointerventional centers were selected if the center
treated at least 1 patient with the WEB-DL and the treatment
occurred 1 year before the data collection cutoff date (May 2013).
Twelve European centers participated in the study. In these cen-
ters, a total of 67 patients were treated at least 1 year before the
cutoff date.

WEB-DL Device

The self-expanding WEB-DL is a globular, braided nitinol mesh.
The device is composed of inner and outer braids held together by
proximal, middle, and distal radiopaque markers. The WEB-DL
implant is deployed— or retrieved before detachment—in a man-
ner similar to that of conventional endovascular coil systems by
using microcatheters with an internal diameter of =0.027 inches
(WEB-DL width between 5 and 8 mm) or =0.032 inches
(WEB-DL width between 9 and 11 mm). Once the device is de-
ployed, it is fully retrievable. If a satisfactory position is achieved,
electrothermal detachment is instantaneous. New WEB single-
layer devices, in 2 shapes, were recently developed and introduced
in the European market (WEB-SL and WEB-SLS), but they were
not used in this series.

Procedural Modalities

In each institution, the indication for treatment and its technique
(surgery or endovascular treatment) was decided on a case-by-
case basis by a local multidisciplinary team, including neurosur-
geons, neuroanesthesiologists, neurologists, and neuroradiolo-
gists. The selection of aneurysms treated with the WEB-DL device

was performed autonomously in each center by the interventional
neuroradiologists according to aneurysm characteristics (aneu-
rysm status, aneurysm location and size, neck size).

Aneurysms were treated with the WEB-DL by using tech-
niques similar to those used in the treatment of aneurysms with
coils (eg, general anesthesia, intraoperative treatment with intra-
venous heparin, single or double femoral approach). Pre-, intra-,
and postoperative antiplatelet therapy was managed in each cen-
ter as indicated for typical endovascular treatment with coils (or
stent and coils if this approach was a potential alternative
treatment).

After accurate evaluation of aneurysm anatomy (aneurysm
morphology, aneurysm transverse diameter and height, and neck
size) by the treating physician using MR angiography and digital
subtraction angiography, whether the treatment with WEB-DL
was indicated and the appropriate device sizing were determined.

After positioning a guiding catheter into the internal carotid
artery or vertebral artery, we catheterized the aneurysm by using a
microcatheter and chose the WEB-DL size according to aneurysm
measurements and positioned it in the aneurysmal sac per meth-
ods described in Pierot et al (2013).” A control angiogram was
obtained to check the position of the device in the aneurysm and
to evaluate flow stagnation inside it. XperCT (Philips Healthcare,
Best, the Netherlands) and DynaCT (Siemens, Erlangen, Ger-
many) are complementary acquisitions produced by a flat panel
detector, which facilitate the visualization of the device after de-
ployment because it is not completely visible on fluoroscopy.
However, these were only used in a limited number of patients in
the present series. If the position was not satisfactory, the device
was resheathed and repositioned. If the size was not appropriate,
the device was resheathed and another device was deployed into
the aneurysm. When the right-sized device was correctly posi-
tioned, a final DSA run was performed. Treatment with ancillary
devices (balloon, coils, and stent) was performed if deemed nec-
essary by the treating physician.

Data Collection

Each center completed a patient file with the following data: pa-
tient age and sex, aneurysm status (ruptured/unruptured), aneu-
rysm characteristics including location classified into 4 groups
(internal carotid artery, middle cerebral artery, posterior circula-
tion, anterior communicating artery), size and neck size, date of
the procedure, occurrence of a complication during or after the
procedure, use of an additional device during the procedure
(coils, remodeling balloons, stents, or flow diverters), and modi-
fied Rankin Scale score at discharge and at last follow-up.

Pre- and postoperative short-term (3—8 months) and mid-
term images (at least 9 months) were collected. For DSA, frontal,
lateral, and working views were collected as well as 3D angiogra-
phy when available. For MRA and CT angiography, frontal, lat-
eral, and working-view reconstructions were collected. MRA or
CTA examinations were used exclusively when DSA was not
performed.

Data Analysis
The collected patients included those from the earliest
WEB-DL clinical experience (first patient treated in October
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FIG1. The drawings show the scale used for the anatomic results. A, Complete occlusion (grade
A). There is no contrast inside the aneurysm. B, Complete occlusion with opacification of the
proximal recess (grade AB). There is no contrast inside the aneurysm but contrast fills in the
central area below the WEB-DL. C, Neck remnant (grade B). There is contrast at the aneurysmal
wall but no contrast in the aneurysm or WEB-DL. D, Aneurysm remnant (grade C). There is contrast

in the neck and in the aneurysm or WEB-DL.

2010), which did not have the benefit of the procedural and
device learning curve. Therefore, to evaluate the anatomic re-
sults in a homogeneous population with typical indications for
WEB-DL, the patients were included if their aneurysm met the
following criteria:

Located at a bifurcation: ICA, MCA, anterior communicating
artery, basilar artery, posteroinferior cerebellar artery
Nonthrombosed

With a wide neck (=4 mm)

With a maximum diameter of =12 mm.

An independent reader who has experience with the WEB-DL
but with no patient in the present series (J.-Y.G.) analyzed the
images (pre- and postoperative and short-term and midterm fol-
low-up) by using a 4-grade scale: complete occlusion, complete
occlusion with opacification of the proximal recess of the device,
neck remnant, and aneurysm remnant. He also analyzed the evo-
lution of aneurysm occlusion between short- and midterm fol-
low-up and classified it as improved, stable, or worsened.

Clinical data were reviewed by the 2 principal investigators of
the study (B.L. and L.P.), who requested further clinical data if

necessary.
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RESULTS

Patient and Aneurysm Populations
Between October 2010 and May 2012,
sixty-seven patients with 67 aneurysms
were treated with the WEB-DL device in
the 12 participating centers. According
to the criteria defined in “Materials and
Methods,” 22 patients with 22 aneu-
rysms were excluded for the following
reasons: neck of <4 mm in 11 patients,
aneurysm not located at a bifurcation in 4
patients, aneurysm size of >12 mm in 3
patients, and partially thrombosed aneu-
rysms in 2 patients. Two other patients
were excluded due to the lack of clinical
information.

Finally, the population of the study
was 45 patients (34 women and 11 men),
35-74 years of age (mean, 56.3 = 9.6
years), with 45 aneurysms treated with
the WEB-DL device.

Aneurysm locations were the MCA in
26 patients, posterior circulation in 13 pa-
tients (including 11 patients with basilar
artery aneurysms and 2 with posterior in-
ferior cerebellar artery aneurysms), ante-
rior communicating artery in 5 patients,
and ICA terminus in 1 patient. Three an-
eurysms were ruptured, and 42 were un-
ruptured. Aneurysm size was <5 mmin 5
patients, 5-10 mm in 38 patients,and >10
mm (and <12 mm) in 2 patients.

Treatment Modalities

The treatment was conducted in a standard way in 38 patients
with 1 device deployed in the aneurysm. In 1 patient, 2 WEB-DL
devices were deployed in the aneurysm due to the aneurysm
shape. In 4 patients, stent placement was used as an additional
treatment due to WEB-DL protrusion (3 patients) and to throm-
boembolic complication treated with abciximab and stent (1 pa-
tient). One patient had an additional treatment with coils, and
one, with coils and glue (see below).

Technical Issues, Complications, and Clinical Outcome

In 1 patient with a basilar artery aneurysm, a premature detach-
ment of the device was observed when attempting to retrieve it
because it was not an appropriate size. The device was easily re-
moved by using standard maneuvers.

Four thromboembolic complications were observed during
the treatment with the WEB-DL and were treated with intra-ar-
terial administration of rtPA in 1 patient, IV administration of
eptifibatide in 1 patient, IV abciximab and stent in 1 patient, and
IV abciximab in 1 patient. In these 4 patients, the mRS score at
discharge was 0 in 2 patients, 1 in 1 patient, and 2 in 1 patient. At
last follow-up, the mRS score was 0 in 3 patients and 1 in 1 patient.

One patient with an MCA aneurysm had an intraoperative



rupture. The WEB-DL was deployed in a daughter sac, which was
ruptured. The rupture was treated with coils and glue, and 1
branch of the MCA bifurcation was occluded, inducing an MCA
infarct. The patient had an mRS score of 3 at discharge and last
follow-up. This case was already published in Lubicz et al.?

One patient with multiple aneurysms was treated successfully
with the WEB-DL for a large symptomatic posterior inferior cer-
ebellar artery aneurysm, but 4 months after the WEB-DL proce-
dure, the patient underwent surgical clipping of an MCA aneu-

FIG 2. A 7l-year-old woman with an unruptured right MCA. A, Preoperative DSA shows the
wide-neck MCA aneurysm.. B, Postoperative DSA shows no more intra-aneurysmal flow. C, Six-
month follow-up DSA shows the complete occlusion of the aneurysm. D, Twelve-month fol-

low-up DSA shows the stability of the complete occlusion.

rysm and developed aphasia and hemiparesis due to partial
postsurgical occlusion of the MCA bifurcation (mRS 3). One pa-
tient with a ruptured aneurysm died 2 weeks after the treatment
due to the severity of the subarachnoid hemorrhage (World Fed-
eration of Neurosurgical Societies grade 4 before treatment).
Overall clinical outcome results at last follow-up were as fol-
lows: 39 patients with mRS 0, three patients with mRS 1, two
patients with mRS 3 (unrelated to the WEB-DL treatment in 1
patient), and 1 patient with mRS 6. The 2 patients with mRS 3 at
follow-up were mRS 0 before treatment.
The patient with mRS 6 (ruptured aneu-
rysm) was World Federation of Neuro-
surgical Societies grade 4 before treat-
ment. Overall, good clinical outcome
(mRS = 2) was observed in 42/45 pa-
tients (93.3%).

Retreatment
Four of 45 patients (8.9%) were re-
treated within months following the ini-
tial WEB-DL treatment. Two of these re-
treatments were planned according to
aneurysm morphology and were part of
the treatment strategy. In a 52-year-old
woman with a right MCA aneurysm of
>10 mm with a wide neck, the WEB-DL
device was placed in the fundus and the
neck was intentionally not completely
occluded. Four months after the initial
treatment, an additional treatment was
performed with a stent and coils to close
the neck. A similar approach was per-
formed in a 47-year-old woman with an
MCA aneurysm. The fundus was oc-
cluded with a WEB-DL, and the neck,
with coils 7 months later.

Two retreatments were unplanned.
In a 57-year-old man with a 10-mm
basilar artery aneurysm, the WEB-DL
was undersized. A thromboembolic

FIG 3. A 57-year-old man with an unruptured anterior communicating artery aneurysm. A, Preoperative DSA shows the wide-neck anterior
communicating artery aneurysm. B, Six-month DSA shows an opacification of the proximal recess of the device. C, Twelve-month DSA shows

the stability of this opacification.
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FIG4. A71-year-old woman with an unruptured right MCA aneurysm. A, Preoperative DSA shows
the MCA aneurysm with a wide neck. B, Postoperative DSA shows a small residual opacification of
the aneurysm neck with complete disappearance of flow in the dome. C, Seven-month 3D-DSA
shows an opacification of the proximal recess of the device. D, Twelve-month 3D-DSA shows that

this opacification is quite stable.

complication occurred intraoperatively in the left P1 segment and
was treated with abciximab and stent placement. At 3 months, the
aneurysm remnant was depicted, and it was retreated at 5 months
with stent and coils. In a 39-year-old man, a wide-neck 7-mm
MCA aneurysm recanalized 2 months after the treatment with an
undersized (in height) WEB-DL. The aneurysm remnant was
treated with coils 2 months after the initial treatment.

Short-Term Anatomic Outcome

Because the goal of the study was to evaluate the quality and sta-
bility of aneurysm occlusion after WEB-DL treatment, the 6 pa-
tients with additional coiling and/or stent placement were not
included in the evaluation. One patient had no short-term fol-
low-up imaging, and 1 patient died (see above). Finally, 37/45
patients (82.2%) were evaluated in the short-term. Short-term
follow-up was obtained from 2 to 8 months after the initial treat-
ment (mean, 5.0 = 2.3 months; median, 6 months). Modalities of
short-term follow-up were DSA in 33 patients, MRA in 3 patients,
and CTA in 1 patient.

Complete aneurysm occlusion was obtained in 9/37 patients
(24.3%) (Fig 1); opacification of the proximal recess with com-
plete occlusion of the aneurysm, in 12/37 patients (32.4%) (Figs 2
and 3); neck remnant, in 9/37 patients (24.3%) (Figs 4 and 5); and
aneurysm remnant, in 7/37 patients (18.9%). Adequate occlusion
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(complete occlusion, opacification of
the proximal recess, or neck remnant)
was observed in 30/37 patients (81.1%).

Midterm Anatomic Outcome

Because the goal of the study was to eval-
uate the quality and stability of aneu-
rysm occlusion after WEB-DL treat-
ment, 9 patients with additional coiling
and/or stent placement or retreatment
were not included in the evaluation (1
patient had both additional treatment
and retreatment). One patient died (see
above), and 6 patients refused midterm
follow-up examinations. Finally, 29/45
patients (64.4%) were evaluated in the
midterm. Midterm follow-up was ob-
tained from 9 to 28 months after the ini-
143 = 7.0
months; median, 13 months). Modali-

tial treatment (mean,

ties of midterm follow-up were DSA in
22 patients and MRA in 7 patients.

Complete aneurysm occlusion was
obtained in 8/29 patients (27.6%);
opacification of the proximal recess with
complete occlusion of the aneurysm, in
12/29 patients (41.4%); neck remnant,
in 6/29 patients (20.7%); and aneurysm
remnant, in 3/29 patients (10.3%). Ade-
quate occlusion (complete occlusion,
opacification of the proximal recess, or
neck remnant) was observed in 26/29
patients (89.7%).
Evolution between Short- and Midterm Follow-Up
Among the 29 patients with midterm follow-up, 1 had no short-
term follow-up. Thus, the evolution of aneurysm occlusion was
evaluable in 28 patients. In 26/28 patients (92.9%), aneurysm oc-
clusion was stable (Fig 1). In 2/28 patients (7.1%) with neck rem-
nants at 3 months, a worsening of the aneurysm occlusion was ob-
served in midterm follow-up, with an aneurysm remnant in both
cases (Fig 5).

All patients with opacification of the proximal recess at 3—6
months had a stable aneurysm occlusion at midterm follow-up
(Figs 2 and 3).

DISCUSSION

Our retrospective study analyzed the midterm clinical outcome,
and the short- and midterm results of the first WEB-DL—treated
patients with wide-neck, bifurcation intracranial aneurysms in 12
European centers. This study included patients treated during the
individual and global procedure/device learning curve; however,
the data suggest several interesting aspects of WEB-DL intrasac-
cular flow disruption.

Overall the midterm clinical follow-up showed a very high rate
of patients with good clinical outcome (93.3%), given that 1 pa-
tient had an mRS score of 3 due to surgical treatment of another
aneurysm. This good midterm clinical outcome confirms what



FIG 5. A 60-year-old woman with an unruptured basilar artery aneurysm. A, Preoperative 3D-
DSA shows the aneurysm, which is wide-neck. B, Postoperative DSA shows contrast stagnation in
the WEB and aneurysm; C, 3-month DSA shows a neck remnant. D, 9-month DSA shows the

reopening of the aneurysm with a remnant.

was observed in previous WEB-DL series and compares favorably
with outcomes of other sophisticated techniques like stent place-
ment and flow diversion.”*'*'*

At the beginning of the global experience with WEB-DL, indi-
cations for treatment with the WEB-DL device were not precisely
known and some aneurysms were initially treated that are now
not typically treated with the WEB-DL device. Anatomic results
were analyzed in patients with aneurysms that are now typical
indications for WEB-DL (wide-neck, bifurcation aneurysms with
an average width of >4 mm but <12 mm).

Because this series reflects the initial experience with the de-
vice, it is clear that the physicians had no technical experience and
may have made some technical errors, for example in the sizing of
the device, which is an important issue, likely explaining the rate
of additional treatments performed during the initial procedures
as well as the rate of retreatment observed in the months following
the initial treatment. To accurately analyze the efficacy of the
WEB-DL device alone, patients with aneurysms treated with
WEB-DL and additional treatment were not included in the anal-
ysis of the anatomic results. For the same reason, patients with
aneurysms retreated during the follow-up period were not in-
cluded in the anatomic analysis.

The present series shows that in this group of complex wide-
neck bifurcation aneurysms, appropriate occlusion was obtained
in a high percentage of cases in the short- (81.1%) and midterm
(89.7%) results. The treatment was quite stable with time, with

worsening of the occlusion status in only
7.1% between short- and midterm fol-
low-up. Most important, all aneurysms
with opacification of the proximal recess
at short-term follow-up had stable oc-
clusion at midterm follow-up.

As was previously shown, neck size is
a critical factor for aneurysm recanaliza-
tion and midterm anatomic results in
aneurysms treated with coils. In the
Clinical and Anatomical Results in the
Treatment of Ruptured Intracranial An-
eurysms (CLARITY) study—dealing
with ruptured aneurysms—aneurysm
neck size was identified as the single
most important factor in the quality of
aneurysm occlusion at midterm fol-
low-up after standard endovascular
treatment.'! In this series, adequate oc-
clusion was obtained in the whole pop-
ulation (narrow and wide-neck aneu-
rysms) in 80.4% at midterm follow-up
after bare platinum coil treatment. In
wide-neck aneurysms, the rate of ade-
quate occlusion was 68.2%, which is
much lower than the 89.7% observed in
the present series. Also in the review of

Ferns et al'®

dealing with narrow and
wide-neck aneurysms, the rate of ade-
quate occlusion at follow-up was only
83.4%, lower than the percentage in the
present series.

With WEB-DL treatment, aneurysm occlusion was stable (be-
tween short- and midterm follow-ups) in most aneurysms
(92.9%), and worsening of aneurysm occlusion was observed in
only 7.1% of cases. Worsening was exclusively observed in aneu-
rysms with a neck remnant at short-term follow-up. In the CLARITY
study,"" worsening of aneurysm occlusion was observed in 51.1%
of aneurysms in the whole group and in 62.1% in wide-neck an-
eurysms. Most interesting, the specific pattern “complete occlu-
sion with opacification of the proximal recess” was not modified
between short- and midterm follow-up, and it can be considered
complete aneurysm occlusion.

The rate of retreatment in the present series (8.9%) is slightly
higher than that reported in CLARITY (6.2%),"" but it was
slightly lower than that calculated in the Ferns et al review
(10.3%).° As previously mentioned, the present series dealt with
the first cases treated in the 12 participating centers and clearly
during the learning curve. In 2 retreatments, the WEB-DL device
was undersized in the initial treatment; this result clearly reflected
thelack of experience. In 2 other complex aneurysms, retreatment
with coils was initially planned, with the WEB-DL device being
used to modify the shape of the neck. Because these 2 cases are not
true retreatments, the retreatment rate is, in fact, 2/45 aneurysms
(4.4%), which is quite acceptable in the specific population of the
series.

Our study has several limitations. First, the series is retrospec-
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tive and has a limited number of patients (n = 45), and midterm
follow-up was not available for all (29/45). However, because it is
a new endovascular treatment, it was important to have a rapid
and accurate preliminary evaluation of the quality and stability of
aneurysm occlusion in the midterm. A second limitation is that
short- and midterm anatomic evaluations were conducted by us-
ing different modalities (mostly DSA and MRA). However, recent
publications confirm the value of MRA in the follow-up of intra-
cranial aneurysms.'>'® A third limitation is that only the
WEB-DL (and not WEB-SL and WEB-SLS) was evaluated.

CONCLUSIONS

In this series dedicated to clinical and anatomic follow-up of com-
plex, wide-neck bifurcation aneurysms, treatment with the
WEB-DL was associated with a high rate of good clinical outcome
(93.3%) and appropriate occlusion in short- and midterm follow-
ups (respectively, 81.1% and 89.7%) and limited worsening of the
aneurysm occlusion between short- and midterm follow-ups
(7.1%). Opacification of the proximal recess was not associated,
in short- or midterm follow-up, with aneurysm recanalization
and can be grouped with “complete occlusion.” Moreover, the
presence of the WEB-DL recess can be delineated from true neck
remnant and/or true aneurysm remnant by its central and prox-
imal location relative to the WEB-DL.
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METHODOLOGIC PERSPECTIVES

Utility of Diffusion Tensor Imaging in Evaluation of the
Peritumoral Region in Patients with Primary and Metastatic

ABSTRACT

Brain Tumors

EJ. Sternberg, M.L. Lipton, and J. Burns

SUMMARY: In the brain, diffusion tensor imaging is a useful tool for defining white matter anatomy, planning a surgical approach to

space-occupying lesions, and characterizing tumors, including distinguishing primary tumors from metastases. Recent studies have at-

tempted, with varying success, to use DTI to define the extent of tumor microinfiltration beyond the apparent borders on T2-weighted

imaging. In the present review, we discuss the current state of research on the utility of DTI for evaluating the peritumoral region of brain

tumors.

ABBREVIATIONS: FA = fractional anisotropy; MD = mean diffusivity; Tll = tumor infiltration index

alignant brain tumors such as glioblastoma multiforme

have an infiltrative pattern of growth, often invading the
surrounding tissue."> Actual tumor margins can extend micro-
scopically for several centimeters past the radiographically de-
tected margin of disease.” Furthermore, infiltrative brain tumors
are surrounded by extensive areas of edema, as detected on T2-
weighted imaging. The transition between the tumor edge and
peritumoral edema is ambiguous. In metastatic tumors, this peri-
tumoral edema is thought to consist of pure water, which can
obscure tumor borders. However, the peritumoral edema of in-
filtrative tumors such as glioblastoma multiforme has often been
shown to contain tumor cells that have spread into the edematous
tissue.* Conventional imaging techniques such as MR imaging
and CT are not able to detect this minute cellular infiltration, and
studies show that tumor cells have been demonstrated beyond
tumor borders as defined by these modalities.>® This limitation
of conventional CT and MR imaging presents a serious challenge
for treatment planning. In successful surgical resection or biopsy
with adjuvant therapy, the tumor must be excised to the greatest
extent possible while minimizing injury to nearby healthy tissue.
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Standard imaging techniques tend to underestimate the extent of
tumor involvement, a problem that can lead to suboptimal treat-
ment and a worse prognosis.”

Studies of animal models provide insight into the mecha-
nisms of change in DTT metrics and imply that DTT may have a
role in more precisely defining the extent of tumor cell infil-
tration. Among other applications, DTT has been successfully
used in animals for mapping white matter tracts,'’ for charac-
terizing the directionality of diffusion within tumors,'" and as
a marker of pathologic states such as demyelination.' Several
animal studies have also used DTI to detect tumor microinfil-
tration into surrounding tissue, by using histologic analysis as
the criterion standard.’®'* For example, Lope-Piedrafita et al
(2008)"> implanted glioma cells (C6) into the brains of 6 adult
rats and, by using DTT metrics, showed that fractional anisot-
ropy (FA) values in the tissue contralateral to the tumor were
relatively high and did not change significantly with time,
while the FA values adjacent to the tumor, though they were
initially similar to those of the contralateral side, tended to
decrease as the tumor grew. This reduction in fractional an-
isotropy became significant by day 6 of growth, suggesting that
as the tumor grew, cancer cells infiltrated the tissue surround-
ing the tumor. The introduction of these more randomly dis-
tributed cells among white matter axons caused a reduction in
the uniformity of water diffusion within tissue, leading to
lower FA values of the peritumoral white matter on DTI.

In a similar study, Kim et al (2008)'° used DTI to monitor
the growth of rapid-growing F98 and the slower growing
9L tumor models in rats. In evaluating the peritumoral regions,
they found that due to tissue compression from rapid growth,
the coefficient of planar anisotropy was higher surrounding
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Summary table of DTI studies of the peritumoral region

Criterion

Article No. Design Measures Tumor types Standard Conclusion®
Deng et al, 2010%’ 20 Prospective cohort study FA, ADC Primary [] Metastasis [] Extra-axial Tissue Yes
Wang et al, 2009%® 49 Retrospective analysis FA, p,q, L Primary [] Metastasis [] Extra-axial None Yes
Price et al, 2006*° 20 Prospective cohort study FA, p, q Primary [X] Metastasis [] Extra-axial Tissue Yes
Sinha et al, 2002" 9 Prospective cohort study FA, MD Primary [] Metastasis [] Extra-axial None No
Provenzale et al, 2004?® 17 Retrospective analysis ~ FA, ADC Primary [] Metastasis [X] Extra-axial None Yes
Lu et al, 2003%° 24 Prospective cohort study FA, MD Primary [X] Metastasis [] Extra-axial None Yes
Lu et al, 2004** 40 Retrospective analysis FA, MD, TlI Primary X Metastasis [X] Extra-axial None Yes
Price et al, 2003% 20 Prospective cohort study RAI Primary [X] Metastasis [] Extra-axial None Yes
Sundgren et al, 2006”28 Prospective cohort study FA, ADC Primary [X] Metastasis [] Extra-axial Follow-up Yes
van Westen et al, 2006 30 Prospective cohort study FA, ADC Primary X] Metastasis [X] Extra-axial Tissue, cytology No
Kinoshita et al, 2010*° 14 Retrospective analysis FA, ADC, TIl XI Primary X Metastasis X] Extra-axial None No
Tropine et al, 2004? 12 Prospective cohort study FA, MD Primary [] Metastasis [X] Extra-axial None Inconclusive

Note:—p indicates pure isotropic vector component; g, pure anisotropic vector component; L, total magnitude of the diffusion tensor; RAI, relative anisotropy index.
@ Whether the study data suggest that DTI has utility in determining the extent of brain tumor infiltration.

FIG 1. The peritumoral region and corresponding imaging modalities.
beyond the bulk tumor into vaguely concentric subdivisions of the peritumoral region, including
the transitional zone (1), the region of tumor infiltration (2), the peritumoral edema (3), and even

the normal-appearing white matter (4).

both tumors than in the tumor itself. Similarly, also due to
mass effect, the tertiary eigenvalue was lower in the 9L peritu-
moral region compared with the tumor body. In contrast, de-
spite the faster growth of F98 tumors, the tertiary eigenvalue in
their peritumoral region was higher than that of the tumor
body. It was suggested that this was due to infiltration of tumor
cells into the peritumoral tissue, and this hypothesis was sup-
ported by histologic analysis of tumor invasiveness.'®
Findings in animal models suggest that DTT may have a role in
human tumor characterization. A number of studies have at-
tempted to use DTI to more precisely delineate the margins of
brain tumors in humans and detect changes in the normal-ap-
pearing tissue surrounding malignant gliomas that are not detect-
able on conventional MR imaging. There is good early investiga-
tional evidence to support the use of DTI in evaluating the
peritumoral region; therefore, focused research in this regard will
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be needed. The purpose of this review is
to highlight the available literature as a
basis for further research.

Literature Search Approach and
Results
Using variations of the search term “diffu-
sion tensor imaging brain tumor,” we ac-
quired our raw list of articles from the
PubMed data base. For completeness, we
also looked for relevant articles cited by
these publications. Our search yielded 252
articles that discussed DTT. Of those, there
were 5 animal studies, 35 case reports, 2
letters, 1 meta-analysis, 137 randomized
controlled trials, 21 retrospective studies,
and 51 reviews. In terms of content, 33 ar-
ticles concerned the peritumoral region;
108, white matter tractography and/or
surgical approach; 46, bulk tumor charac-
terization; and the rest covered miscella-
Tumor cells can extend  neous topics. Of the peritumoral articles,
12 directly addressed the question of
whether DTT has utility in evaluating tu-
mor infiltration in the peritumoral region
(Table). These studies typically used
ROIs and an expert rater to evaluate DTI results. A notable limi-
tation in discussing these studies is that they are not consistent in
precisely which subdivision of the peritumoral region (Fig 1) they
address. FA values vary depending on location, such as whether
they are measured in compact or noncompact regions of tissue.
This must be taken into account in any DTI analysis so as not to
compromise the specificity of study results.

Finally, the tractography results reviewed here are based on
deterministic algorithms. Other approaches, such as probabi-
listic tractography and multishell AMRI, may overcome obsta-
cles to tractography such as crossing-fiber zones and abnormal
tissue. While these techniques may improve the delineation of
tract-based ROIs in the peritumoral region, this review specif-
ically focuses on assessments of scalar metrics of anisotropy
because these comprise the methods that have been reported to
date.



FIG 2. Schematic illustrating the factors behind the comparable
change in peritumoral FA. A, Water content contributing to de-
creased FA in metastatic lesions. B, Water content and axonal
disorganization contributing to decreased FA in high-grade glio-
mas. Reprinted from Lu et al.°

Distinguishing Primary Brain Tumors from Metastases
Brain tumors, regardless of whether primary or metastatic, are
surrounded by some degree of vasogenic edema, detectable as
hyperintensity on T2-weighted images. Diffusion metrics have
been shown to be altered within this surrounding edema, com-
pared with internal controls, in both high-grade gliomas and met-
astatic tumors, reflecting the presence of, at minimum, increased
extracellular water. It has been shown further, by using DWI, that
the diffusivity of the peritumoral edema varies depending on the
characteristics of the tumor it encompasses. High-grade gliomas
are associated with edema of high trace value (mean diffusivity
[MD], computed by averaging the diagonal elements of the ma-
trix'”), whereas the low-grade gliomas or nonglial tumors are as-
sociated with edema of low trace value. Morita et al (2005)'®
found a similar range of anisotropy in both types of edema, yet the
diffusivity was much greater in the edema surrounding high-
grade gliomas. They concluded that the “higher diffusivity of wa-
ter molecules within the area of edema associated with high-grade
gliomas is likely to reflect destruction of the extracellular matrix
ultrastructure by malignant cell infiltration.”*® This conclusion
was supported by a subsequent study by Kimura et al'® by using
changes in glutamate levels (as a marker of the integrity of the
extracellular matrix) as the central measure. Figure 2 illustrates
the factors behind comparable changes in peritumoral FA.
Current research demonstrates that surrounding both pri-
mary brain tumors and metastatic tumors, there is an increase in
mean diffusivity and a decrease in FA compared with normal-
appearing white matter, measurements best explained by in-
creased extracellular water. The greater the amount of free water
in tissue, the greater the magnitude of diffusion will be (increased
MD) and the more disorganized the diffusion becomes (de-
creased FA)."” Lu et al (2003)*° found that the peritumoral MD of
metastatic lesions was greater than that of gliomas, while the peri-
tumoral FA between the 2 tumor types demonstrated no signifi-
cant difference. This finding implies that the reduced FA sur-
rounding gliomas can be attributed not only to increased
extracellular water but also to axonal disorganization caused by
infiltration of the tumor beyond its detectable margin.

FIG 3. Graph of Tll values in meningiomas and metastases compared
with TlIs in gliomas. The mean TII of meningiomas and metastases is
zero, with a 95% Cl between —15 and 15. The mean TIl of gliomas is 64,
with a 95% Cl between 38 and 90. Reprinted with permission from Lu
S, Ahn D, Johnson G, et al. Diffusion-tensor MR imaging of intracranial
neoplasia and associated peritumoral edema: introduction of the tu-
mor infiltration index. Radiology 2004;232:221-28 2

Distinguishing Tumor Extension from Edema of the
Peritumoral Region

External support for this notion that reduced FA in peritumoral
edema is a marker of tumor infiltration comes from the Sundgren
et al (2006)" study of recurrent and nonrecurrent brain tumors.
Tumors that have great infiltrative potential are more likely to
recur than tumors lacking such potential.>* Sundgren et al mea-
sured the FA values in the normal-appearing white matter bor-
dering the peritumoral edema of recurrent and nonrecurrent tu-
mors. These investigators reported significantly lower FA values in
the normal tissue surrounding recurrent tumors compared with
nonrecurrent tumors,”' suggesting the presence of microinfiltration
by the recurrent tumors into the peritumoral white matter. This hy-
pothesis could be neatly reconciled with the known correlation be-
tween tumors of high infiltrative capacity and the associated recur-
rence risk. Earlier work has similarly shown that changes in DTI
metrics can identify subtle white matter disruption due to occult
infiltration by aggressive cancers.”

In a second study in 2004, Lu et al** looked retrospectively at DTI
data from 40 patients and attempted to determine whether the MD
and FA could be used to distinguish intra-axial from extra-axial le-
sions, metastatic lesions from gliomas, and high-grade (World
Health Organization grades III-IV) from low-grade (World Health
Organization grade II) gliomas. However, to better define the extent
of tissue infiltration, these investigators used a third metric that they
termed the “tumor infiltration index (TII),” which was calculated
from DTI data by the following formula:

TII = (FAexp — FAobs)10°,

where FAexp is the expected FA for the corresponding MD, assuming
no tumor infiltration (as determined by a linear regression analysis of
such data) and FAobs s the currently measured FA. Thus, in order for
the results to be consistent with those of the above study, the TII of
noninfiltrative tumors should be approximately zero, while the TII of
infiltrative tumors should be considerably higher. That is indeed the
outcome achieved. Gliomas had a mean TII of 64, while metastases
and meningiomas had a mean TII of 0 (Fig 3).
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FIG 4. FA and MD results from a patient with glio-
blastoma. A, Placement of ROIs. Arrangement of
images and ROIs as in Fig 1A. B, FA (upper graph)
and MD (lower graph) values and SD boxplots in
high-grade gliomas. Numbers 1-5 correspond to
ROIs as indicated in Fig 3A. Reprinted with per-
mission from Tropine et al.?®

A number of other studies have emerged that lend support to
the notion that DTT metrics might be a useful marker of tumor
infiltration into the surrounding tissue. For example, Tropine et
al (2004)* found a reduction of FA in the peritumoral, T2 signal-
enhancing region of glioblastomas compared with meningiomas
and concluded that this may be an indicator of tumor cell infil-
tration, though they questioned the reliability of such a test given
the evidence available. DTT results from a patient with glioblas-
toma are shown in Fig 4.

A similar study by Provenzale et al (2004)* further demon-
strated the efficacy of DTI in differentiating normal and tumor-
infiltrated peritumoral tissue. The investigators found that mean
FA values in peritumoral hyperintense regions were 43% of the
normal white matter value for gliomas and 65% of the normal
white matter value for meningiomas (P = .05), while the mean FA
values for normal-appearing white matter neighboring the tu-
mors were 83% of the normal value for patients with gliomas and
100% of the normal value for those with meningiomas (P =
.01).2° In other words, there was a noticeable but statistically in-
significant difference in FA in the hyperintense regions of gliomas
and meningiomas. However, the magnitude of the decrease in FA
in the normal-appearing, neighboring white matter was signifi-
cant: The decrement was greater in patients with glioma (P = .01).
The fact that DTT analysis reveals a disparity in the FA of peritu-
moral normal-appearing tissue and that this disparity is greater in
the tissue neighboring the gliomas than in neighboring meningi-
omas perhaps implies that DTT has the potential to detect tumoral
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infiltration that cannot be discerned by
standard MR imaging techniques.

Recent evidence further supports the
notion that DTI, specifically the FA value,
is a useful tool in precisely delineating tu-
mor margins. Deng et al (2010)*” corre-
lated fractional anisotropy with the dis-
tance from visible tumor margins in
gliomas and found that the value in-
creases as the distance from the tumor in-
creases. In addition, by obtaining tissue
samples from the regions of interest as de-
termined on MR imaging, these investiga-
tors observed a negative association be-
tween FA values from the peritumoral
edema of gliomas and the degree of tumor
infiltration (categorized as mild, moder-
ate, severe, or no infiltration).?” These re-
sults are consistent with past findings that
a reduction in FA in the peritumoral re-
gion could be used as a quantitative index
of tumor cell infiltration.

In addition to FA and MD, several
eigenvalues derived from DTI have been
successfully used for studying the extent
of brain tumor infiltration. These include
the pure isotropic component (p), the
pure anisotropic component (q), and
the total magnitude of the diffusion ten-
\/p* + ¢~ It has
been found, for example, that by using the pure diffusion compo-

sor (L), where L =

nents, one can distinguish gross tumor (reduction of g > 12%
from contralateral region) from tumor infiltration (increase p >
10% from contralateral region).>® These metrics may perhaps
strengthen the role of DTI in the analysis of the peritumoral
region.

Limitations of DTI in Delineating Tumor Margins

In contrast to those studies discussed previously, several studies
did not find conclusive evidence of the utility of DTI for detecting
tumor infiltration. In a study of 9 patients by Sinha et al (2002),"?
the FA values were significantly different in only 7 of the 9 patients
studied and DTI was not found to have any advantage over the
more conventional diffusion-weighted MR imaging (the FA dif-
ferences paralleled the diffusivity differences and did not add any
additional insight). With such a small study population, however,
this result may not be representative.

A larger study conducted by van Westen et al (2006)'* mea-
sured the tumor-to-brain ratios of FA and ADC in T2 hyperin-
tense regions surrounding gliomas, meningiomas, and metastases
and the adjacent normal-appearing white matter of 30 patients.
They found no difference among the 3 tumor types in terms of
ADC magnitude, the lesion-to-brain ratios of ADC, the FA mag-
nitude, the lesion-to-brain ratio, or FA within the peritumoral
areas with T2 signal changes. Furthermore, they found no differ-
ence in the ADC or tumor-to-brain ratios of FA in the adjacent
normal-appearing white matter. van Westen et al, therefore, con-



cluded that the FA was not helpful in identifying tumor-infil-
trated edema. In addition, Kinoshita et al (2010)°° re-evaluated
the utility of the previously discussed tumor infiltration index in
14 patients, comparing DTI with ''C-methionine PET, which has
been shown to have utility in identifying tumor infiltration.’" In
glioma cases (n = 8), the mean TII ranged from —127 to 96, with
an overall mean of 5.4 = 65. On the other hand, the TII for me-
ningiomas (n = 5) and metastatic brain tumors (n = 1) ranged
from —24 to 44, with an overall mean of 6.8 * 29. However, these
differences were not statistically significant—a finding that ques-
tions TII (a measure derived from the FA) as a tool for distin-
guishing tumor-infiltrated edema from vasogenic edema. How-
ever, voxel-by-voxel comparison of TII and "C-methionine PET
in the areas of gliomas demonstrating T2-signal hyperintensity
showed a positive correlation between the two modalities. This
suggests that though TII may perhaps be unable to delineate tu-
mor infiltration within vasogenic edema, it is still useful for iden-
tifying tumor cell infiltration into nonedematous regions.>* It has
been further suggested that ' C-methionine PET could be used as
an adjunctive study with DTI to help distinguish tumor-infil-
trated edema from typical vasogenic edema.>

The concern may arise that the integration of results from
multiple diffusion MRI studies creates the potential for systematic
bias due to differences in data acquisition and analysis methods
among studies. This concern is germane when quantitative mea-
sures are compared across studies. However, when study param-
eters (such as hardware, software, data acquisition, and analysis
methods) are standardized across all subjects within a study, as in
the articles reviewed herein, this concern is minimized, provided
that the temporal stability of the diffusion MRI measurement is
maintained during the period of data acquisition for the study
sample. Because this review was based on the assessment of the
findings of other studies but does not compare their quantitative
measurements, this concern should be minimal in the context of
this review.

CONCLUSIONS

From the evidence discussed above (Table), we contend that DTI
is a sophisticated and useful tool to aid in the delineation of tumor
margins and the detection of brain tumor infiltration. The evi-
dence suggests that decreased fractional anisotropy in peritu-
moral tissue, compared with the corresponding contralateral
brain region, is an indicator of tumor invasion past the tumor
borders as detected on T2-weighted images. Although the archi-
tecture of the tissue can be highly variable and therefore create
inconsistent or nonspecific results, the use of adjunctive DTI met-
rics can improve the quality of findings and facilitate accurate and
specific conclusions.

We believe that the technique is promising but that the litera-
ture is currently insufficient to establish a definitive clinical role
for DTI in the characterization of the peritumoral region. The
primary reason for this is that though there have been many stud-
ies of the utility of DTI for this novel purpose (Table), few have
used a criterion standard such as tissue histopathology to confirm
their results. Future studies by using a criterion standard could lay
the groundwork for an eventual meta-analysis that could conclu-
sively quantify the overall effectiveness of the technique. In addi-

tion, automated translation of DTT metrics to visual anatomic maps
may make the process of evaluating the peritumoral region by using
DTI more uniform and therefore more clinically relevant. We expect
that continued research in this area will further advance the quality
and utility of DTT for delineating tumor extent.
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ORIGINAL RESEARCH
PATIENT SAFETY

Acute Intracranial Hemorrhage in CT: Benefits of
Sinogram-Affirmed Iterative Reconstruction Techniques

B. Bodelle, E. Klein, N.N.N. Naguib, R.W. Bauer, J.M. Kerl, F. Al-Butmeh, J.L. Wichmann, H. Ackermann, T. Lehnert, T,J. Vogl, and B. Schulz

ABSTRACT

BACKGROUND AND PURPOSE: Acute intracranial hemorrhage represents a severe and time critical pathology that requires precise and
quick diagnosis, mainly by performing a CT scan. The purpose of this study was to compare image quality and intracranial hemorrhage
conspicuity in brain CT with sinogram-affirmed iterative reconstruction and filtered back-projection reconstruction techniques at stan-
dard (340 mAs) and low-dose tube current levels (260 mAs).

MATERIALS AND METHODS: A total of 94 consecutive patients with intracranial hemorrhage received CT scans either with standard or
low-dose protocol by random assignment. Group 1(n=54; mean age, 64 * 20 years) received CT at 340 mAs, and group 2 (n=40; mean age,
57 *+ 23 years) received CT at 260 mAs. Images of both groups were reconstructed with filtered back-projection reconstruction and 5
iterative strengths (S1-S5) and ranked blind by 2 radiologists for image quality and intracranial hemorrhage on a 5-point scale. Image noise,
SNR, dose-length product (mGycm), and mean effective dose (mSv) were calculated.

RESULTS: In both groups, image quality and intracranial hemorrhage conspicuity were rated subjectively with an excellent/good image
quality. A higher strength of sinogram-affirmed iterative reconstruction showed an increase in image quality with a difference to filtered
back-projection reconstruction (P < .05). Subjective rating showed the best score of image quality and intracranial hemorrhage conspi-
cuity achieved through S3/54-5. Objective analysis of image quality showed in an increase of SNR with a higher strength of sinogram-
affirmed iterative reconstruction. Patients in group 2 (mean: 744 mGycm/1.71 mSv) were exposed to a significantly lower dose than those
in group 1(mean: 1045 mGycm/2.40 mSv, P < .01).

CONCLUSIONS: S3 provides better image quality and visualization of intracranial hemorrhage in brain CT at 260 mAs. Dose reduction by
almost one-third is possible without significant loss in diagnostic quality.

ABBREVIATIONS: DLP = dose-length product; FBP = filtered back-projection reconstruction; HU = Hounsfield units; ICH = intracranial hemorrhage; SAFIRE =
sinogram-affirmed iterative reconstruction

t present, CT of the brain is the imaging technique of choice

for evaluation of an intracranial hemorrhage (ICH). CT im-

aging adds valuable information regarding the extent and severity

of an ICH. Every effort should be made to accurately detect ICH
because of the higher mortality rate without treatment.

CT examinations account for only a minority of radiologic

procedures but represent a significant portion of the radiation
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dose received from all medical procedures.'® Because of the po-
tential radiation risk through ionizing radiation and because CT is
frequently in use for patients with head trauma, every effort
should be made to keep the dose as low as reasonably achievable.

Many approaches to reduce patient dose have been investi-
gated including routine use of automated exposure control soft-
ware, and reduction of tube current and tube potential. Reducing
the tube current is eventually limited by increased noise leading to
a decrease in image quality. Recently, iterative reconstruction
techniques for CT have been introduced to decrease image noise
as an alternative to the standard filtered back-projection (FBP)
method.” "' Earlier versions of iterative reconstruction algo-
rithms required a high amount of computational calculating time
and could not be used in this form for emergency radiologic pro-
cedures.'” The second generation of iterative reconstruction pro-
cesses, sinogram-affirmed iterative reconstruction (SAFIRE), is
now commercially available. SAFIRE estimates the noise content
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FIG 1. CT images of a 67-year-old man with intracerebral bleeding acquired with tube current—time product of 340 mAs (upper row) and a
48-year-old man with subarachnoid hemorrhage acquired with tube current—time product of 260 mAs (lower row), each with FBP and 5-strength

of the SAFIRE technique.

in raw data caused by fluctuations in neighboring voxels and sub-
tracts the noise stepwise in several validation loops. The result of
the first correction loop is compared with the “master data,” and
an updated image is generated for the next iteration, leading to
further noise reduction. Offered by various vendors, this tech-
nique should be able to reduce the necessary radiation dose by
35%-76% while maintaining equivalent image quality.">'* For
this purpose, we conducted this study to compare the SAFIRE
algorithm and FBP regarding image quality and detectability of
ICH and reduction of radiation dose in brain CT scanning.

MATERIALS AND METHODS

Patient Selection

This study was approved by our institutional review board. The
data analyzed in this study were acquired in a timeframe of 8
months. In this timeframe, all patients referred for CT of the brain
were examined either with the standard CT protocol (group 1) or
with the new protocol with reduced mAs (group 2) by random
assignment. All consecutive patients with ICH were included: 54
patients from group 1 and 40 patients from group 2.

Examination Techniques

All patients underwent the examination on multidetector row CT
scanners (Somatom Definition Flash/AS; Siemens, Erlangen, Ger-
many). CT protocol settings followed the manufacturer’s recom-
mendations. The parameters were kept constant, except the tube
current—time products; 340 mAs was the standard scan parameter
and 260 mAs was the new parameter for this study, as recom-
mended by the manufacturer. The CT was acquired in axial image
orientation, 48-mm detector coverage (4 X 20 X 0.6 mm), a small
field of view, and 120 kVp. Images from the top to the base of the
anterior cranial fossa were evaluated.

Image Reconstruction

Images of both tube current levels (340 mAs and 260 mAs)
were reconstructed with a medium smooth kernel (H30s, J30s)
into 4-mm sections by use of FBP and 5 different blending
strengths of SAFIRE (S1-S5), which led to a total of 6 image
datasets as shown in Fig 1. All image sets were sent for process-
ing to a PACS workstation (Centricity 4.1; GE Healthcare,
Dornstadt, Germany).
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Dose Estimates

For the estimation of radiation doses, we recorded the dose-
length product (DLP in mGycm) and the effective tube current-
time product (effective mAs) from the patient protocol, which is
automatically generated after the end of an examination and
stored in the PACS of our department. The effective dose was
calculated as the product of DLP and the normalized value of
effective dose per DLP for the head (0.0023 mSv mGy-1 cm-1;
European guideline on quality criteria for CT, European Com-
mission, EUR 16262).

Subjective Image Quality

All CT image datasets were displayed in random order on a diag-
nostic monitor for the assessment of subjective image quality and
with all images displayed on constant window settings (window
width, 80 Hounsfield units [HU]; window level, 40 HU). These
datasets were reviewed by 2 radiologists with experience in neu-
roradiology in a blinded manner. The overall image quality of
brain structures and the image quality and identifiable properties
of cerebral hemorrhage were ranked by use of a 5-point scale (1 =
worst image quality, 2 = fair image quality, 3 = moderate image
quality, 4 = good image quality, 5 = best image quality). The
subjective image quality ratings from FBP and SAFIRE S1-S5 at
each level of tube current—time product were compared with stan-
dard FBP at 340 mAs and FBP at 260 mAs.

Objective Analysis of Image Quality

As measures of image quality, 4 ROI measurements were per-
formed on a PACS workstation by use of a circle tool with a di-
ameter of 3—6 mm for the ROIs. The measurements were per-
formed by a radiologist with 1 year of experience in CT of the
brain. Image noise (IN) was determined as the standard deviation
of air in the level of the frontal lobe. Mean attenuation values (A)
and standard deviation were measured in the GM and WM in the
superior frontal gyrus and in the center of the ICH: cerebral, epi-
dural, subdural, and subarachnoid hemorrhage. The measure-
ments for 6 image datasets of each patient were recorded and
displayed in HU. On the basis of these measurements, SNR was
determined according to the following equation:

SNR = A/IN



Table 1: Subjective image quality rating (1 = worst, 5 = best) for brain structures and intracranial hemorrhage for filtered
back-projection and 5 strengths (S1-S5) of sinogram-affirmed iterative reconstruction technique

Rating Brain Structures

Rating Intracranial Hemorrhage

e e e 340 mAs 260 mAs 340 mAs 260 mAs
Technique K K K K

FBP 28+04 0.71 20+08 0.59 25+07 0.9 21+08 0.67

Ny 35+ 0.6% 0.71 2.9 + 0.6 0.48 315 + 0.8° 0.85 2.8 + 0.8 0.9

S2 44+06 0.77 37+07° 0.51 3.8+07° 0.82 34+07° 0.75

S3 45+ 05° 0.47 47 +05° 0.62 439 £ 07° 0.80 40+07° 072

S4 32+ 0.7%¢ 0.86 34+ 1.0 0.55 4.65 * 0.6 0.81 4.65 *+ 0.5° 0.61

S5 2.0 £ 07°¢ 0.64 2.5 +0.9°¢ 0.37 444 +07° 0.81 4.68 * 0.6° 0.55

Note:—? P > .05 when compared with standard FBP at 340 mAs; ® P > .05 when compared with FBP at 260 mAs; < P > 0.1 when compared with the same image reconstruction

technique at different tube current—time product.

Interobserver agreement (slight [k < 0.3], moderate [k = 0.3-0.7], good agreement [k > 0.7]).

Table 2: Objective image quality measurements with SNR and image noise for filtered back-projection and 5 strength (S1-S5) of

sinogram-affirmed iterative reconstruction technique

Image Reconstruction SNR White Matter SNR Gray Matter SNR Intracranial Hemorrhage Image Noise
Technique 340 mAs 260 mAs 340 mAs 260 mAs 340 mAs 260 mAs 340 mAs 260 mAs
FBP 159 + 485 150+29*  251*65° 210+38 38.2 + 11.6°¢ 344 =743 176 1.97
S 194 +56> 17.0+31PP° 299+69 237+38P° 456+128 39.0 £ 7.6*° 142 172
S2 219 £57° 189 £3.6* 340*66 266*48° 521+ 13.9¢ 43.6 = 9.6*¢ 121 1.55
S3 239+69 20.8 =41 377 £91 291+53 571£16.5 47.9 =10. 116 141
S4 260+ 6.8 227 £ 46 411296 31761 632+193 523 £11.2 1.03 1.30
S5 299*73 254+58 465*+94 355*75 712 +20.2 584 +13.4 0.89 117

Note:—? P > .05 for SNR when compared with standard FBP at 340 mAs; ® P > .05 for SNR when compared with FBP at 260 mAs; < P > .05 when compared with the same image
reconstruction technique at different tube current—time product (mAs = tube current X seconds).

The objective image quality ratings from FBP and SAFIRE
S1-S5 at each level of tube current—time product were compared
with standard FBP at 340 mAs and FBP at 260 mAs.

Statistical Analysis

Computer-based statistical analyses were performed with dedi-
cated software (BiAS 9.17; Epsilon, Frankfurt, Germany). Patient
age, image noise, SNR, subjective image quality, and DLP were
expressed as mean values and standard deviations. Age and DLP
were tested by use of the Wilcoxon-Mann-Whitney U test. For
SNR and subjective image quality rating, the Fisher exact test with
a Bonferroni-corrected P value was used. A P value of < 5% was
considered to be statistically significant. Interobserver agreement
of subjective image quality rating was assessed with the Cohen
weighted k analysis. Definitions of levels of agreement on the basis
of k values were as follows: k < 0.3 indicated slight agreement;
Kk = 0.3-0.7, moderate agreement; and k > 0.7 meant good
agreement.

RESULTS

Patient Characteristics

In group 1 with the standard protocol, 54 patients with a mean age
of 64 * 20 years (age range, 17-90 years) were included. In group
2, with a reduced tube current-time product of 260 mAs, 40 pa-
tients with a mean age of 57 % 23 years (age range, 16—95 years)
were included. No significant differences regarding age were
found concerning patient characteristics.

Subjective Image Quality Measurements

Subjective image quality was rated for FBP and SAFIRE S1-S5 at
each level of tube current—time product. Data are summarized in
Table 1. Subjective overall image quality of brain structures was
rated with excellent interobserver agreement for both readers for

group 1 at 340 mAs (k = 0.91) and group 2 with 260 mAs (k =
0.80). In a likewise fashion, the image quality with visibility of
ICH in group 1 and group 2 was rated subjectively with a good
interobserver agreement (k = 0.92 and k = 0.9, respectively). The
score for image quality of brain structures increased with a higher
strength of SAFIRE at each level of tube current—time product up
to S3 and for image quality of ICH up to S4-S5. The best score for
the image quality of brain structures was achieved with SAFIRE S3
with significant difference to the FBP reconstruction in each
group (P < .05). The best score for the visualization of ICH was
achieved with SAFIRE S4 and S5 with significant difference to the
FBP reconstruction in each group (P < .05). The difference be-
tween standard FBP at 340 mAs and SAFIRE 1 blending at 260
mAs had no predominant statistical significance for image quality
of the brain structures and ICH (P > .05). When compared with
1 reconstruction technique on its own (FBP or SAFIRE S1-S5)
between both tube current—time products, there was no statisti-
cally significant difference (P > .1) for S3-S5 depicting brain
structures and for S1-S5 depicting ICH conspicuity.

Objective Image Quality Measurements

Statistical results of the objective image quality measurements are
summarized in Table 2. Image noise was higher (P > .05) in group
2 (260 mAs) than in group 1 (340 mAs) for all reconstruction
techniques. Image noise decreased with higher strength of
SAFIRE; therefore, SNR increased with a higher strength of SAFIRE
at each level of tube current—time product (mAs). The difference
between FBP and SAFIRE 1 was statistically significant (P < .05)
for SNR GM and ICH at 340 mAs, whereas no significant differ-
ence was reached for examination at 260 mAs. No statistically
significant difference was shown for SNR WM at SAFIRE 1 for
both groups. SNR of SAFIRE 3 up to 5 at 260 mAs and 340 mAs
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was higher than FBP at each level of tube current—time product
(P < .05).The highest SNR was reached with SAFIRE 5 in each
group. When compared with 1 reconstruction technique on its
own (FBP or SAFIRE S1-S5) between both tube current—time
products, there was no statistically significant difference (P > .05)
for FBP, S1 and S2 depicting WM, and FBP and S2 depicting ICH.

Radiation Dose

Patients examined with a tube current of 260 mAs were exposed to
significantly less radiation dose than the group examined with 340
mAs (260 mAs: mean DLP, 744 = 80 mGycm; 340 mAs: mean
DLP, 1045 = 108 mGycm; P < .01). Even the calculated mean
effective dose was lower at 1.71 mSv (260 mAs) compared with
2.40 mSv (340 mAs).

DISCUSSION

Previous studies have applied the standard deviation to assess the
objective image quality.®'® To assess the objective image quality
in the brain and to compare the level of the signal with the level of
background noise, we applied the SNR of selected ROIs to WM
and GM and the region with ICH as a measurement of objective
image quality. Ren et al'” showed a possible reduction of the tube
current-time product down to 200 mAs on CT of the brain with
the adaptive statistical iterative reconstruction technique without
focus on ICH. Because of ethical reasons, we followed the manu-
facturer’s recommendations. With reduction of the tube current—
time product from the standard 340 mAs down to 260 mAs, the
mean effective dose decreased from 2.40—1.71 mSv, which results
in a relevant reduction of 29%, higher than the 20.4% calculated
by Korn etal,'® and similar to Ren et al'” and Kilic et al'® with 30%
and 31% dose reductions, respectively.

Compared with the FBP reconstruction technique, all iterative
reconstruction techniques increased SNR heterogeneously by
13%-—88%, depending on the algorithm strength and tube cur-
rent—time product. These results are similar to those of Schulz et
al'? for CT of the paranasal sinus and Leipsic et al” for coronary
CT angiography. There was no significant difference for SNR be-
tween FBP and SAFIRE S1 for group 2 at 260 mAs. Therefore, we
concluded that SAFIRE 1 could not provide a better noise reduc-
tion than FBP in lower-dose examination at 260 mAs. We came to
the conclusion that SAFIRE 3-5 is able to reduce noise and in-
crease objective image quality in standard brain CT even with a
lower tube current—time product.

SAFIRE 3 was rated best for overall image quality of the brain
at both mAs levels, with the best k value of 0.62 for examination at
260 mAs. SAFIRE 4 -5 was rated best for the visualization of ICH,
and we conclude that the higher noise reduction leads to a better
demarcation of lesions with rich contrast. The use of the SAFIRE
1 reconstruction technique with a reduced tube current—time
product of 260 mAs could achieve the same image quality as a
standard examination at 340 mAs. SNR at 340 mAs is still higher
than in low-dose examination at 260 mAs, but it does not affect
radiologic diagnosis significantly. For standard use, we recom-
mend a protocol at 260 mAs with an iterative algorithm. The
benefit of higher SNR at 340 mAs can be assumed for postopera-
tive or therapeutic cerebral status. An appropriate examination
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protocol should be reserved for patients with a relevant medical
history.

Although the SNR increases with a higher strength of SAFIRE,
the subjective image quality with SAFIRE S$4 and S5 is worse than
with SAFIRE S3. We deduce that a high SAFIRE strength does not
necessarily imply a good image quality. This phenomenon is sim-
ilar to what has been reported in previous studies. Increased im-
age blurring has been discussed in several publications that inves-
tigated iterative reconstruction techniques.”'*>'*?%?! Silva et al*
suggested that the diminished noise manifests as an oversmooth-
ing of the images. Singh et al® thought that higher blending pro-
portions of iterative reconstruction to FBP could substantially
change the texture and characteristics of the images. As discussed
before, SAFIRE offers a better reconstruction technique for the
detection of ICH than FBP, and it can be assumed that a better
reconstruction technique with SAFIRE reconstruction leads to a
lower false-negative value of the detection of ICH, better treat-
ment, and a possible reduction of radiation risk. Although the «
value varied for the subjective image qualities, the variation ten-
dency of the 2 radiologists was consistent, probably because of
different diagnostic experience and different understanding
about the scales. These differences cannot be avoided, but in a
randomized and blinded manner, they can be minimized.

For the future, iterative algorithms should be used for the de-
tection of ICH. This should be accompanied by a lowering of the
false-negative rate for the detection of ICH. SAFIRE 3 is the choice
for evaluation of brain structures and SAFIRE 5, the choice for
evaluation of ICH at both mAs levels. Inexperienced readers are
recommended to use SAFIRE 3 for evaluation of the brain struc-
tures and SAFIRE 5 for evaluation and detection of ICH in com-
bination. To optimize the processing time, experienced readers
should rely on the SAFIRE 3 algorithm at 260 mAs for evaluation
of the brain structures and detection of ICH with 1 reconstruction
algorithm. The benefit of SAFIRE 5 compared with SAFIRE 3
concerning the conspicuity of ICH would not affect radiologic
diagnosis significantly for experienced readers.

There were limitations to our study. First, we could not per-
form an intrapatient comparison, but we had 2 groups with no
significant difference regarding age, and all patients were referred
for assessment of ICH. Second, the measurement by ROI did not
provide information for the whole brain. However, with essential
ROIs we received valid results as evidence for the subjective image
quality in the whole brain. For future studies, SAFIRE can be used
in combination with other dose-reduction techniques, for in-
stance, automatic tube-current modulation, as proposed by
Smith et al** as an effective dose-reduction method or automatic
tube-voltage modulation.

CONCLUSIONS

SAFIRE improves image quality and visualization of ICH on head
CT with a normal-dose and a low-dose protocol. For standard
use, we recommend a protocol at 260 mAs with a SAFIRE algo-
rithm with the benefit of a reduction in radiation dose by approx-
imately 29%. For evaluation in patients with postoperative or
therapeutic cerebral status, a benefit at 340 mAs can be assumed.
SAFIRE 3 showed an increased image quality for evaluation of
brain structures and SAFIRE 5 for ICH conspicuity compared



with the FBP reconstruction technique at both mAs levels. The
use of SAFIRE 3 at 260 mAs is recommended for evaluation of
brain structures and detection of ICH, optimizing processing
time for experienced readers. For unexperienced readers,
SAFIRE 5 at 260 mAs should be used for evaluation of ICH in
combination with SAFIRE 3 for evaluation of brain structures.
SAFIRE should be used to diminish the false-negative rate.
Therefore, a better detection with an iterative algorithm can
result in better treatment.

Disclosures: Ralf Bauer—UNRELATED: Payment for Lectures (including service on
speaker bureaus): Seimens AG. ). Matthias Kerl—UNRELATED: Payment for Lectures
(including service on speaker bureaus): Siemens AG. J. Matthias Kerl and Ralf Bauer
are consultants for Siemens Medical Care.
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ORIGINAL RESEARCH
PATIENT SAFETY

Improved Quality and Diagnostic Confidence Achieved by Use
of Dose-Reduced Gadolinium Blood-Pool Agents for
Time-Resolved Intracranial MR Angiography

S. Dehkharghani, . Kang, and A.M. Saindane

O=

ABSTRACT

BACKGROUND AND PURPOSE: Time-resolved MRA with the use of bolus injection of paramagnetic agents has proved valuable in
neurovascular imaging. Standard contrast agents have limited blood-pool residence times, motivating the development of highly
protein-bound blood-pool agents with greater relaxivity and longer intravascular residence, affording improved image quality at
lesser doses. This study represents the first comparison of blood-pool agents to standard agents in time-resolved cerebral MRA.

MATERIALS AND METHODS: One hundred datasets were acquired at 1.5T by use of a standardized, time-resolved MRA protocol. Patients
received either unit dosing of a standard extracellular agent at 0.1 mmol/kg or a blood-pool agent at 0.03 mmol/kg. Peak arterial and
venous enhancement phases were identified and subsequently scored qualitatively by use of a 4-point Likert scale, with attention to 6
vascular segments: 1) intracranial ICA; 2) MCA M, 3) MCA M2; 4) MCA M3; 5) deep cerebral veins; and 6) dural venous sinuses.

RESULTS: Fifty MR angiographies were acquired with each agent. No significant differences were found between agents in generation of
uncontaminated arteriograms. Blood-pool agents, at 67% dose reduction, were of significantly greater quality across most vascular
segments, including ICA (P = .019), M2 (P = .003), and M3 (P < .01). Superiority in the M1 segment approached significance (P = .059).
Significantly better venographic quality was noted for deep venous structures (P = .016) with the use of blood-pool agents.

CONCLUSIONS: Blood-pool agents provide superior demonstration of most intracranial vessels in time-resolved MRA compared with
standard agents, at reduced doses. The greater relaxation enhancement and more favorable dosing profile make blood-pool agents
superior to standard agents for use in cerebral time-resolved MRA.

ABBREVIATIONS: TR-MRA = time-resolved MRA; BPA = blood-pool agents; SCA = standard contrast agents; DAVF = dural arteriovenous malformation

Time-resolved MRA (TR-MRA) techniques have shown great
potential as noninvasive approaches to probing vascular flow
in a temporally sensitive manner.'~ Efforts to rapidly image con-
trast kinetics have benefited from acquisition schemes aimed at
accelerated data collection, primarily through the use of parallel
receive algorithms and novel k-space trajectories."”* Inherent to
most time-resolved techniques is the intravenous bolus injection
of paramagnetic agents, providing relaxation enhancement of
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blood T1."* Growing concerns regarding the safety profile of such
agents, particularly in the setting of renal insufficiency, can limit
their widespread use.® The small molecular size of many gado-
linium-based vascular contrast agents results in limited blood-
pool residence times; thus, the motivation for development of
blood-pool agents (BPA) exhibiting higher protein binding
and prolonged vascular dwelling.*”"® Some BPA formulations
have been observed to augment T1 relaxation enhancement at
1.5T in water, plasma, and, blood, owing to the multiple para-
magnetic ions attached to each macromolecule.” Their phar-
macokinetic profiles may therefore afford flexibility in allow-
ing for smaller administered doses at theoretically comparable
diagnostic quality.

The first BPA, gadofosveset trisodium (Vasovist; Bayer Scher-
ing Pharma, Berlin, Germany—European, Asian rights; Lantheus
Medical Imaging, Billerica, Massachusetts—North American,
Australian rights) was approved for use in the United States in
2008, and previously in Europe in 2005.* By comparison to the
100-second distribution phase half-life of standard extracellular



Table 1: Analysis of enhancement kinetics: BPA versus SCA

enhancement at 1.5T (see Discussion

Category BPA SCA PValue  section). Bolus infusion in both proto-
Presence of uncontaminated arterial phase,* % 68 £ 47 68 £ 47 1 cols was followed immediately by 25-30
Peak arter?al phase'; (sub) 6.96 = 1.63 6.15 = 1.84 .023 mL normal saline flush at 2 mlL/s.
Peak arterial phaseb(unsub) 6.96 = 1.63 6.15 £ 1.84 .023 Postinjection delay and sequence trig-
Peak venous phase” (sub) 8.52 = 1.64 8.0 £ 1.68 J23 . bed i q
Peak venous phase® (unsub) 8.52 = 1.64 8.0 £1.68 J23 geru.lg wer.e prescrt e. 1n an automate
Peak venous—peak arterial phase® (sub) 156 = 1.07 1.88 =119 161 fashion, without user input, by the scan-
Peak venous—peak arterial phase® (unsub) 1.56 = 1.07 1.86 =118 186 ner/sequence manufacturer. The dy-

Note:—All values are reported as mean * standard deviation; sub, unsub reflect background subtracted and non-

subtracted volumes.
@ Percentage of cases with uncontaminated arteriographic phase (see text).
® Expressed in terms of average, time-resolved phase number.

gadolinium chelates, gadofosveset achieves a mean initial plasma
half-life of 29 minutes in the distribution phase through reversible
albumin binding.'"*

Past studies have investigated the use of BPA for steady-state
MRA, with attention to the theoretic advantages of prolonged
vascular residence for high-resolution angiography; however,
more recent investigations have demonstrated the advantages of
BPA for TR-MRA, exploiting their profile for peripheral and tho-
racic first-pass MRA and focused imaging during the equilibrium
phase.*'*"'” We propose to compare the qualitative efficacy of
BPA with alow protein—bound, standard contrast agent (SCA) in
time-resolved cerebral MR angiography.

MATERIALS AND METHODS

Imaging Protocol

One hundred TR-MRA datasets divided equally between BPA and
SCA were acquired on clinical 1.5T systems (Signa HDxH; GE
Healthcare, Milwaukee, Wisconsin) by use of body transmit and
signal reception with a dedicated 8-channel head coil. Patients
were selected continuously from an electronic query of the radi-
ology informatics system for the primary field of time-resolved
brain MRA between November 2010 and September 2012. Insti-
tutional review board approval was obtained for this investiga-
tion. The administered agent was selected arbitrarily at the time of
examination and without a predefined or set pattern of prescrip-
tion. Most patients underwent TR-MRA for either known or sus-
pected aneurysm, known or suspected dural arteriovenous mal-
formation (DAVEF), aneurysm after treatment (after either
endovascular coil or Pipeline Embolization Device [Covidien, Ir-
vine, California]), or DAVF after embolization. Imaging evalua-
tion included a product iteration of 3D time-resolved imaging of
contrast kinetics (TR = 4.5 ms; TE = min; flip angle = 35°; fre-
quency field of view = 17 cm; matrix = 256 X 160 zero-filled and
interpolated to 512 X 512; averages, 0.75; bandwidth, 62.5 KHz;
array spatial sensitivity encoding technique acceleration factor =
2) yielding 10 or 12 dynamic, temporally discrete postcontrast
phases at approximately 4.0-second temporal update.

TR-MRA in all patients was performed after the injection of
either a low protein—bound SCA gadobenate dimeglumine
(MultiHance; Bracco Diagnostics, Princeton, New Jersey), pre-
scribed at 0.1 mmol/kg and 2 mL/s injection rate, or the BPA
gadofosveset trisodium at 0.03 mmol/kg and 1.5 mL/s injection
rate. Slower injection rates for BPA were used to ameliorate sel-
dom-reported midsection burning and discomfort at higher rates as
well as to optimize the biophysical profile of gadofosveset relaxation

namic data generated by the time-re-
solved imaging of contrast kinetics
sequence are presented in numbered
temporal datasets. The scan baseline re-
flects the simultaneous initiation of the
sequence and initiation of contrast injection, both occurring un-
der fully automated parameters prescribed by the scanner/se-
quence manufacturer, and without user input. Before contrast/
sequence triggering, a noncontrast mask is acquired for
subtraction. Background subtraction of the precontrast imaging
volume was performed in-line during acquisition, allowing for
production of both background-subtracted and unsubtracted
TR-MRA volumes.

Image Analysis

All data were analyzed by the consensus evaluation of 2 neurora-
diologists, both with subspecialty certification in neuroradiology.
Both readers were blinded to the administered agent at the time of
review. Evaluation was performed as follows: for each examina-
tion, background-subtracted and unsubtracted maximum inten-
sity projection volumes (temporal frames) were simultaneously
evaluated for identification of the temporal phase displaying peak
arterial and venous enhancement. Any temporal discordance be-
tween the 2 volumes was recorded, and the presence or absence of
an uncontaminated (ie, free of venous enhancement) angio-
graphic phase was specifically noted for each case. Peak enhance-
ment phases were determined from the proximal branches of the
circle of Willis and transverse sinuses for arterial and venous
phases, respectively, and numeric temporal phase was recorded
for analysis. Peak enhancement phases and qualitative analysis of
TR-MRA (see below) was generally assessed by inspection of the
bilateral anatomy; however, for cases in which large vascular ab-
normalities, shunt physiology, or artifacts related to stent place-
ment confounded this methodology, characterization was limited
to the disease-free or untreated side.

After determination of peak arterial and venous phases, the
corresponding axial source volumes were selected for further
qualitative analysis. For both phases, subtracted and unsubtracted
source data were synchronized to allow for the simultaneous anal-
ysis of TR-MRA quality, with attention to 6 vascular segments: 1)
cavernous and supraclinoid ICAs; 2) MCA M1 segment; 3) MCA
M2; 4) MCA M3; 5) deep venous system (vein of Galen, internal
cerebral veins, thalamostriate veins); and 6) superficial venous
system (transverse, sigmoid, and superior sagittal sinuses). The
above vascular segments were inspected and scored by the follow-
ing Likert-type scale proposed by Frydrychowicz et al'*: 0 = se-
verely limited, nondiagnostic examination; 1 = fair, diagnosis
possible but limited; 2 = good, diagnosis readily possible; and 3 =
excellent diagnostic quality.
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FIG 1. Patient (71-year-old man) undergoing successive TR-MRA, spaced approximately 1 year apart, for evaluation of previously coiled left
ophthalmic artery aneurysm. Images obtained after injection of SCA (A-D) and obtained with BPA (E-H). Background-subtracted (A and E) and
unsubtracted (B and F) axial MIP volumes from SCA and BPA TR-MRA, respectively; C,G,D, and H are background-subtracted axial source MRA
images from peak arterial phases derived from SCA (phase 7) and BPA (phase 9) examinations. Note the improved demonstration of mid and
distal MCA branches in both hemispheres with administration of the blood-pool agent.

Images were further characterized for artifact-related degrada-
tion, including motion, ghosting, and residual aliasing or other
artifacts related to parallel acceleration or the view sharing pro-
cess. Scoring for artifactual degradation was performed as follows:
0 = severe degradation precluding diagnosis; 1 = moderate arti-
facts, diagnosis possible but limited; 2 = minor artifacts not af-
fecting diagnosis; and 3 = no artifacts. Binary assessment of back-
ground subtraction quality for each case was rendered as
satisfactory or unsatisfactory.
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Statistical Analysis

Categoric data, including the binary determination of the pres-
ence versus absence of an uncontaminated arteriographic
phase—specifically if the peak arteriographic phase was uncon-
taminated—as well as the presence or absence of satisfactory back-
ground suppression were assessed by Fisher exact test. Phase of peak
arterial and peak venous enhancement, as well as the qualitative anal-
ysis of vessel segments and artifactual degradation, were treated as
continuous variables, and analyzed by Student ¢ test.



Table 2: Qualitative analysis of image quality: BPA versus SCA

BPA angiograms were of generally

BPA? SCA® PValue  greater quality across all interrogated
Arterial segment vascular segments (Table 2), with aver-
ICA (sub) 274+ 0.56 242+076 019 age rating compared with SCA on un-
ﬁf‘(s(zg)wb) 522 f 82 ;Zg f 8?18 2272 subtracted volumes as follows: ICA =
M1 (unsub) 280 + 0.45 262 + 049 o059  288+0.33versus2.56+0.61, P=.002;
M2 (sub) 238 + 075 2.00 + 078 015 M2 = 2.62 * 0.57 versus 2.24 * 0.69,
M2 (unsub) 2,62 £ 0.57 224+ 0.69 .003 P = .003; M3 = 2.44 * (.58 versus
M3 (sub) 218 £ 077 1.56 = 0.93 <.001 1.76 = 0.92, P < .001 (Fig 2). A trend
Ve?nAju(s::gjsw)ent 244 = 0.58 176 =092 =001 toward superiority of BPA, not reaching
Superficlal fsub) 294 + 0.24 296 + 0.20 650 statistical significance, was observed for
Superficial (unsub) 2.98 + 014 2.96 + 02 562 the Ml segment of the MCA: 2.8 * 0.45
Artifactual degradation versus 2.62 * 0.49, P = .059; subtracted
Deep (sub) 2.80 04 2.60 = 0.53 037 volumes similarly showed significantly
ey 278 05 4= 055 71 mproved qualty on BPA angiograms
Unsubtracted 2.82 + 0.44 274 + 053 473 formost segments.
Subtraction® Whereas significant differences in
Subtraction 0.98 + 0.14 0.92 £ 027 172 quality were not identified between the

Note:—All values are reported as mean = standard deviation; 0 indicates nondiagnostic; 1, diagnosis possible but

limited; 2, good; 3, excellent; sub, unsub, subtracted and nonsubtracted.
# Qualitative designation of diagnostic quality derived from 4-point scale (see text).
®Indicates percentage of cases for which background subtraction was satisfactory.

RESULTS

Ninety-two patients (69 women, 23 men; age, 16—97 years; me-
dian = 61.5 years) constituted the study population. Eight pa-
tients underwent multiple scans; specifically, 1 patient underwent
4 TR-MR angiographies (3 with SCA, 1 with BPA), 5 patients
underwent 2 TR-MRA (1 each with SCA and BPA), and 2 patients
underwent scanning twice with SCA. No subjects received BPA on
more than a single scanning session. All available scans for all
patients within the accrual period were analyzed, irrespective of
administered agent.

All datasets were complete and deemed to be satisfactory for
assessment. Patients undergoing scanning with SCA were exam-
ined for the following reasons: known or suspected aneurysm
(n = 8); aneurysm imaging status after coil embolization (n =
22); vessel imaging status after Pipeline stent placement (n = 3);
known or suspected DAVF (n = 7); DAVF imaging status after
endovascular therapy (n = 5); and miscellaneous (including diz-
ziness, dementia, and tumor imaging) (n = 5). Among patients
undergoing scanning with BPA, indications included known or
suspected aneurysm (n = 18); aneurysm imaging status after coil
embolization (n = 10); aneurysm imaging status after surgical
clipping (n = 1); vessel imaging status after Pipeline stent place-
ment (n = 6); known or suspected DAVF (n = 7); DAVF imaging
status after endovascular therapy (n = 6); and miscellaneous (in-
cluding hypertension and tumor) (n = 2).

Significant differences were not found between agents in their
likelihood of generating uncontaminated arterial phase volumes
(Table 1), observed for both agents in approximately 68% of ex-
aminations. Despite this similarity, significantly delayed peak ar-
terial phase enhancement (Fig 1) was observed for both the sub-
tracted and unsubtracted BPA angiograms (expressed in terms of
numeric phase) as compared with SCA (6.96 * 1.63 versus 6.15 =
1.84, respectively; P = .023). Minor differences in peak venous
enhancement between the agents did not reach statistical
significance.

agents for characterization of the super-
ficial venous segments, venography of
the deep system demonstrated signifi-
cant superiority of BPA over SCA on
subtracted and unsubtracted volumes
(unsubtracted 2.92 * 0.27 versus 2.74 * 0.44, P = .016; sub-
tracted 2.8 = 0.4 versus 2.6 = 0.53, P = .037, respectively).

Artifactual degradation and the quality of subtraction did not
differ significantly between the 2 populations (Table 2).

DISCUSSION
The present study confirms the feasibility and qualitative superi-
ority of the BPA gadofosveset disodium over the SCA gadobenate
dimeglumine for use in time-resolved cerebral MRA. The findings
suggest that several theoretic advantages to the use of BPA for
such CNS applications may be fully realized when dosing strate-
gies and delivery are optimized. Specifically, the higher protein-
binding capacity of BPA (80-96% reversible albumin binding),
together with augmented T1 relaxation enhancement at clinical
field strengths (r1 = 19 versus r1 = 6.3 at 1.5 T) increases the
duration of the available acquisition window and provides im-
proved vascular-to-background contrast, respectively.” Further-
more, the benefits of greater T1 relaxivity afford flexibility in dos-
ing strategies, as demonstrated by the 70% dose reduction (0.03
mmol versus 0.1 mmol) in our implementation, notably at uni-
formly improved angiographic quality. Given the superiority of
gadobenate over many other extracellular SCA, including its
greater relaxivity and its transient protein interaction, we believe
that our findings may be readily generalizable to many other SCA
as well.>'®1°

Although the benefits of BPA for use in high-resolution,
steady-state MRA were the subject of earlier studies, more recent
reports have highlighted their potential advantages for use in non-
CNS TR-MRA.*'>'” A number of vendor-based approaches to
accelerated time-resolved imaging have been introduced, gener-
ally coupling some combination of parallel acceleration and
variable k-space sampling attenuation with temporal interpola-
tion and view sharing."*° While facilitating the timing of con-
trast-enhanced MRA and approximating catheter angiographic
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FIG 2. Patient (68-year-old woman) undergoing successive TR-MRA spaced approximately 1 year apart, for evaluation of angiographically
documented indirect dural arteriovenous fistula (arrow). Images in A—C were obtained with injection of SCA; images in D—F were obtained with
BPA. Early arterial (A, D), late arterial (B, E), and venous (C, F) axial MIP phases are presented as indicated. Qualitatively superior time-resolved
angiography was scored for all temporal phases and arterial segments, with consideration to diagnostic confidence and vessel-background
contrast. Note the generally delayed arrival/temporal phases with the slower administration rate of BPA.

physiologic information, such approaches may be prone to vari-
ous degrees of temporal smearing, more common with traditional
keyhole undersampling algorithms, which may confound inter-
pretation of dynamic information when severe. We have not ob-
served these effects to be particularly problematic in most cases;
however, practitioners should remain aware of their potential to
mimic shunt physiology and premature venous enhancement.
We have adopted a slower injection rate for BPA than that
used in a similar, recent study by Frydrychowicz etal'> comparing
BPA with SCA in thoracic TR-MRA (1.5 mL/s versus 3 mL/s,
respectively). In combination with other factors, this difference
may be nontrivial, given the nearly uniform superiority of BPA
over SCA in our study, in contrast to the qualitative comparability
between the 2 agents as described by the authors therein. Whereas
differences in thoracic versus cerebral anatomy, particularly dif-
ferences in vessel size, make conclusive judgments in this respect
difficult, the significance of injection rate is strongly considered,
given the preferential effects of BPA on transverse (r2) over lon-
gitudinal (r1) relaxation enhancement, approaching 6:1 at 3T.°
This may be especially problematic at high field, or in large vessels
such as the subclavian arteries, in which unanticipated signal loss
may occur at peak bolus as the result of T2* effects. Dose and
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injection rate reductions, as well as lower field scanning, may
therefore ameliorate such factors when relevant. The use of 1.5T
clinical systems may have further benefited this investigation, as
the r1 and the rate of longitudinal relaxation enhancement (R1)
have shown to be optimized for the macromolecular structure of
BPA at 1.5T, whereas the differences compared with SCA are less
pronounced at 3T.° In our experience, inner-thigh and midsec-
tion burning and discomfort, sometimes described on more rapid
injection of BPA, are mitigated by the slower injection rate pre-
scribed in our studies.?!

Frydrychowicz et al'? estimated both SNR and contrast-to-
noise ratio (CNR) between SCA and BPA; however as they point
out, and as thoroughly expounded previously by Reeder et al,**
SNR and CNR measurements of multichannel receive datasets are
not straightforward, given the spatial nonuniformity of noise am-
plification inherent to parallel acceleration. For this reason, we
believe qualitative estimates of image quality and quantitative de-
scriptions of contrast kinetics to be more relevant to clinical prac-
tice. It is worth noting, however, that their study described the
inferiority of arterial SNR and CNR with BPA, again possibly
relating to degradation in imaging quality related to T2* effects.
Interestingly, their findings described a reversal of this effect dur-



ing the venous phase, in which relative dilution of the BPA is
believed to restore the benefits of greater longitudinal relaxation
enhancement. Among the quantitative details considered in this
study, we found no significant difference in the likelihood of the 2
agents to produce uncontaminated (ie, free of venous enhance-
ment) arteriograms; however, as might be anticipated from the
slower injection rate of BPA, the peak arterial phase was encoun-
tered significantly later than with SCA.

Although use of early formulations of blood-pool proto-
types was complicated by their tendency for tissue retention,
gadofosveset trisodium was the first BPA, which progressed to
human trials because of its efficient excretion.'' Its high pro-
tein binding occurs almost immediately on injection, ensuring
prolonged plasma half-life without extravasation—and there-
fore excellent blood-to-tissue contrast—while the mainte-
nance of a predictable equilibrium between free and bound
fractions ensures ready glomerular filtration of the free frac-
tion, thus preventing retention within viscera.'' Together with
the excellent relaxation enhancement properties of its macro-
molecular structure, the profile of gadofosveset is therefore
well-suited to such applications.

Limitations of this study include its retrospective design;
however, both readers were fully blinded to the administered
agent before review of both the raw volumes and MIP datasets.
We chose to perform consensus reads of the study data to
ensure uniformity in qualitative analyses, because our primary
aim was to establish the qualitative superiority of an adminis-
tered agent for TR-MRA rather than specifically to investigate
the comparative diagnostic accuracy of one agent against the
other. Given the extremely large datasets, which were exam-
ined across broad vascular anatomic boundaries precluding
reliable uniformity in data presentation, we found a consensus
evaluation of angiographic quality among the proposed met-
rics to be most generalizable to future clinical use. This ap-
proach, unfortunately, did not permit determination of inter-
reader variability. All data were, however, reviewed with a
uniform and reproducible methodology to approximate clini-
cal practice as closely as achievable.

Our large study population of 100 TR-MR angiographies,
comprising 50 studies, each performed with either BPA or SCA,
constitutes a considerably larger study sample than comparable
prior investigations, ranging between 10—30 TR-MRA examina-
tions.*'>!%717:232¢ Not all patients were disease-free in our study
population; attention was focused on the anatomically normal side
for analysis, and we thus believe the findings to be readily generaliz-
able to clinical practice and advocate strongly for the use of BPA for
cerebral TR-MRA when feasible. We propose that the superior qual-
ity, comparable enhancement kinetics, and flexibility toward a 70%
dose reduction compared with SCA underscore the advantages of
BPA for TR-MRA, particularly at 1.5T scanning; however, at approx-
imately 4 times the cost per dose, supplanting standard agents for all
applications may be impractical at present.

CONCLUSIONS

The present study confirms the superiority of BPA for use in ce-
rebral TR-MRA over conventional SCA. Superior quality was
noted for BPA across all interrogated arterial segments, as well as

the deep venous anatomy. No significant loss in the generation of
uncorrupted arteriographic phases was noted, despite the consid-
erably smaller dose of injected gadolinium chelate with BPA. Our
findings confirm not only technical feasibility but also augmented
diagnostic confidence with BPA over SCA for TR-MRA, together
with an advantageous dose profile in patients undergoing steady-
state or dynamic MRA.
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ABSTRACT

GENETICS VIGNETTE

Genetics of Alzheimer Disease

A.T.Rao, AJ. Degnan, and L.M. Levy

SUMMARY: Alzheimer disease prevails as a major cause of disability in the elderly population and ranks as the most common form of

dementia that affects 1 of 8 individuals older than 65 years of age. Most AD cases are late in onset and are probably influenced by both

genetic and environmental factors. Apart from age, the risk factors include family history; brain injury, both traumatic and vascular; and

metabolic diseases, such as diabetes, hypercholesterolemia, and obesity. Based on twin studies, inheritance plays a role in approximately

80% of cases (familial and sporadic).

ABBREVIATIONS: AD = Alzheimer disease; APP = amyloid protein precursor; PENST = presenilin T; PENS2 = presenilin 2; AB = amyloid-3; APOE = apolipoprotein E

hile current therapies remain largely limited, advances

have been made in clarifying genetic factors related to
the development of Alzheimer disease. Autosomal dominant
inheritance of 3 genes, PSENI, PSEN2, and APP, is associated
with an early-onset form. Late-onset disease is the most com-
mon form and has a risk association with the APOE &4 allele.
Genetic testing is available for these mutations, and research
continues to improve prognostication and may inspire novel
treatments.

WHAT IS ALZHEIMER DISEASE AND HOW

IS IT DIAGNOSED?

AD is an irreversible and progressive brain disease that slowly
destroys memory and other cognitive functions such as thinking
and reasoning and involves behavior abnormalities, which grad-
ually interfere with a person’s everyday life and activities. It is now
believed that the AD pathophysiologic process starts years before
detectable cognitive changes and perhaps decades prior the onset
of clinical dementia.' The concept of the “AD pathophysiologic
process” is thus separated from “AD dementia.”

There are 3 distinct clinical stages:

1) In preclinical AD, there are no clinical signs. Measurable
changes in the molecular and imaging biomarkers for
presymptomatic evaluation are being investigated.
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2) In mild cognitive impairment AD, there are mild serial
changes in memory and cognitive status that can be detected
by careful examination and do not interfere with day-to-day
activities. Other causes of dementia should be excluded. Ge-
netic testing for specific mutations can be performed in cases
of early-onset familial Alzheimer disease.

3) In Alzheimer dementia, AD is characterized by progressive cog-
nitive decline that interferes with day-to-day activities. The new
guidelines propose 4 possible classifications of dementia caused
by AD: probable AD dementia; probable AD dementia with an
increased level of certainty; possible AD dementia; and probable
or possible AD dementia with evidence of an AD pathophysio-
logic process. Abnormal biomarkers such as elevated CSF levels of
Tprotein and decreased levels of A3, decreased glucose uptake on
PET imaging, and temporal lobe atrophy on MR imaging may
add to the certainty of diagnosis.

WHAT ARE THE CLINICAL PRESENTATIONS OF
ALZHEIMER DISEASE?

Alzheimer disease is the most common form of neurodegenera-
tive dementia that increases in prevalence with age with a lifetime
risk of 1 in 10." Like most dementias, the clinical course begins
insidiously with a gradual decline in memory classified as mild
cognitive impairment and then progresses to involve other symp-
toms. Executive dysfunction such as poor judgment, behavior
disturbances, and changes in mood all may occur in AD.? Symp-
toms span the course of several years to a decade, and mortality is
frequently related to deconditioning. Management is mostly sup-
portive with modest functional improvement in some individuals
by using an acetylcholinesterase inhibitor or N-Methyl-D-aspar-
tate antagonist.
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Major genetic forms of Alzheimer disease

Gene Name Locus AD Type
PSENT 14q24.3 Early-onset
PSEN2 1q31-g42 Early-onset
APP 21q21 Early-onset
APOE ¢4 allele 19q13.2 Late-onset

WHAT IS THE PATHOPHYSIOLOGY OF AD?
Accumulation of amyloid- 3 protein and 7 protein within neuro-
fibrillary tangles (abnormally phosphorylated T protein) is the
fundamental neuropathologic finding in AD. The amyloid cas-
cade hypothesis proposes that the intracellular deposition of AB is
the initiating lesion that may ultimately lead to AD, though the
presence of tangles appears essential to dementia. A definite diag-
nosis is often not evident in the early stages of the disease, espe-
cially in the presence of confounding clinical and imaging
changes. Abnormalities such as amyloidopathy and tauopathy are
not specific individually for AD. Definitive diagnosis is based on
the presence of the plaques and tangles and positive staining with
AB. When the clinical diagnosis appears reliable, such as in the
late stages, autopsy and neuropathologic examination are fre-
quently omitted.' Imaging methods involve targeting amyloid
protein first with Pittsburgh compound B and most recently with
florbetapir, a clinically approved PET imaging A ligand.> How-
ever, there is controversy over whether amyloid pathology alone
explains AD.*

HOW DO GENES INFLUENCE THE AGE OF

ONSET OF AD?

There is a clear genetic influence in the manifestation of AD. Hav-
ing a first-order relative with AD more than doubles the risk of
developing AD in one’s lifetime. AD can be thought of as 2 sepa-
rate entities: a rare early-onset form (early-onset familial Alzhei-
mer disease) before 65 years of age and a common late-onset form
(late-onset Alzheimer disease), which manifests at divergent ages.
Each involves a different set of genes. There is also a dichotomy
between the inheritance patterns, with early-onset familial Alz-
heimer disease following a more Mendelian pattern, whereas late-
onset Alzheimer disease appears to occur in a more sporadic pat-
tern with partial susceptibility conferred by familial history. Three
autosomal dominant causal genes have been reliably associated
with early-onset familial Alzheimer disease: presenilin I, presenilin
2,and amyloid precursor protein.” Mutations of these 3 genes make
up approximately 7 of 10 cases of early-onset familial Alzheimer
disease; PSENT is the most common and PSEN2 is the rarest (Ta-
ble).** In patients with late-onset Alzheimer disease, there is a
greater risk of AD with the presence of the &4 allele of the apoli-
poprotein E gene, whereas other alleles such as €2 have a lower risk.
Other causes such as trisomy 21 may lead to AD due to an iden-
tifiable genetic etiology.

IS THERE GENETIC TESTING AVAILABLE FOR AD?

Individuals with first-degree relatives with early-onset AD may
seek genetic counseling to determine the risk for developing early-
onset familial Alzheimer disease. Presently, presymptomatic test-
ing is available for mutations of APP, PSEN1, and PSEN2. There is
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also genetic testing to assess the presence of the APOE &4 allele,
but those with relatives with late-onset AD are not advised to
pursue testing before symptom development.”

ARE THERE ANY OTHER HYPOTHESIZED GENETIC
ASSOCIATIONS WITH AD?

Because AD is one of the most extensively researched conditions,
aplethora of putative gene associations have been put forth. There
are several databases, such as AlzGene (http://www.alzgene.org),
that include several hundred genes, linkage studies, and other
genomic evidence. A few promising genes are GAB2, which is
associated with increased 7 phosphorylation, and SORLI, which
has an unclear role in AD and has not been well-replicated.” Nu-
merous studies are presently examining the possible causative and
susceptibility effects of these and many other genes as well as a
variety of epigenetic mechanisms to better predict the develop-
ment of AD.* Future work may aid in the earlier diagnosis of AD
and may even direct gene-based therapies.

AD BIOMARKERS
The AD biomarkers are based on the 2 major pathophysiologic
pathways of A and 7 protein. There are 5 major biomarkers that
have been widely studied.® The biomarkers of A accumulation
are a low CSF AP 42 level and abnormal tracer uptake on PET
amyloid plaque imaging. On imaging, ''C Pittsburgh compound
(PiB) has been the most validated tracer for amyloid pathology. A
new tracer, florbetapir '°F, offers the advantage of the longer half-
life of '®F of 110 minutes versus 20 minutes for PiB, potentially
offering more extensive use for clinical and research purposes.
The biomarkers for neurodegeneration include elevated levels
of total and phosphorylated 7 protein in the CSF and neuroimag-
ing correlates of hippocampal atrophy on structural MR imaging
and symmetric decreased metabolism in the temporoparietal re-
gions on FDG-PET.

WHAT IS THE ROLE OF STRUCTURAL NEUROIMAGING
IN AD?

The traditional role of structural neuroimaging in dementia has
been to exclude a treatable cause for cognitive decline such as a
subdural hematoma or a tumor. However, with the development
of newer technologies, including PET/MR imaging, the role of
neuroimaging is being redefined as an aid in the clinical diagnosis
of dementias, including AD.
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Appropriate Use of CT Perfusion following Aneurysmal
Subarachnoid Hemorrhage: A Bayesian Analysis Approach
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ABSTRACT

BACKGROUND AND PURPOSE: In recent years CTP has been used as a complementary diagnostic tool in the evaluation of delayed
cerebral ischemia and vasospasm. Our aim was to determine the test characteristics of CTP for detecting delayed cerebral ischemia and
vasospasm in SAH, and then to apply Bayesian analysis to identify subgroups for its appropriate use.

MATERIALS AND METHODS: Our retrospective cohort comprised consecutive patients with SAH and CTP performed between days 6
and 8 following aneurysm rupture. Delayed cerebral ischemia was determined according to primary outcome measures of infarction
and/or permanent neurologic deficits. Vasospasm was determined by using DSA. The test characteristics of CTP and its 95% Cls were
calculated. Graphs of conditional probabilities were constructed by using Bayesian techniques. Local treatment thresholds (posttest
probability of delayed cerebral ischemia needed to initiate induced hypertension, hypervolemia, and hemodilution or intra-arterial
therapy) were determined via a survey of 6 independent neurologists.

RESULTS: Ninety-seven patients with SAH were included in the study; 39% (38/97) developed delayed cerebral ischemia. Qualitative CTP
deficits were seen in 49% (48/97), occurring in 84% (32/38) with delayed cerebral ischemia and 27% (16/59) without. The sensitivity,
specificity, and positive and negative predictive values (95% Cl) for CTP were 0.84 (0.73—0.96), 0.73 (0.62—0.84), 0.67 (0.51-0.79), and 0.88
(0.74—0.94), respectively. A subgroup of 57 patients underwent DSA; 63% (36/57) developed vasospasm. Qualitative CTP deficits were seen
in 70% (40/57), occurring in 97% (35/36) with vasospasm and 23% (5/21) without. The sensitivity, specificity, and positive and negative
predictive values (95% Cl) for CTP were 0.97 (0.92-1.0), 0.76 (0.58—0.94), 0.88 (0.72—0.95), and 0.94 (0.69—0.99), respectively. Treatment
thresholds were determined as 30% for induced hypertension, hypervolemia, and hemodilution and 70% for intra-arterial therapy.

CONCLUSIONS: Positive CTP findings identify patients who should be carefully considered for induced hypertension, hypervolemia, and
hemodilution and/or intra-arterial therapy while negative CTP findings are useful in guiding a no-treatment decision.

ABBREVIATIONS: aSAH = aneurysmal subarachnoid hemorrhage; DCI = delayed cerebral ischemia; GCP = graph of conditional probabilities; HHH = induced
hypertension, hypervolemia, and hemodilution

Aneurysmal subarachnoid hemorrhage (aSAH) is a devastat- ~ mortality. The pathophysiology of vasospasm and DCI is complex

ing condition, with complications of vasospasm and delayed ~ and poorly understood, leading to delayed diagnosis and treat-
cerebral ischemia (DCI) resulting in significant morbidity and ~ ment.' Currently, both clinical and imaging findings are used to
detect vasospasm and DCI. The clinical findings of new symp-
toms not attributed to other known causes coupled with imaging

evidence of vasospasm may prompt treatment to prevent DCI and
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subsequent infarction. The diagnosis remains challenging be-
cause many patients are critically ill, precluding thorough clinical
assessment,” and discrepant findings between clinical and imag-
ing examinations lead to indeterminate diagnoses. Prior studies
have reported that almost half of patients with severe vasospasm
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do not have DCI.> Additionally, DCI is not always attributed to
vasospasm and may occur in the absence of arterial narrowing,
indicating that the relationship between vasospasm and DCI is
not completely understood. Thus, it is important to consider va-
sospasm and DCI as 2 related but somewhat different clinical
entities. DCI has been recently defined by expert consensus by
using the primary outcome measures of functional disability
and/or cerebral infarction not attributed to other causes,' and
“vasospasm” has been defined as arterial narrowing seen on im-
aging studies.

In recent years, CTP has been added as a complementary di-
agnostic tool for determining vasospasm and DCI. Several reports
describe its high sensitivity and specificity to detect perfusion ab-
normalities thought to occur in both vasospasm and DCL.*®* CTP
has several other advantages in this critically ill population, in-
cluding its widespread access, acquisition speed, and few patient
contraindications. However, CTP also has disadvantages, with the
main concern being increased radiation exposure relative to non-
contrast CT of the head, due to its cine scanning technique.’ Bi-
ologic effects from radiation exposure, including temporary epil-
ation and erythema, have been described in patients with aSAH
and acute stroke who have undergone CTP.'>'" As a result, the
FDA issued a notification to health care providers to promote
radiation safety and appropriate use of CT imaging."' Currently,
there are no guidelines for the appropriate use of CTP in aSAH,
which may potentially result in overuse of CTP with unnecessary
radiation exposure, contrast reactions, and increased cost. There
isalso potential for underuse, in which the diagnosis of vasospasm
and DCI may remain elusive and patients will not receive optimal
and timely treatment. Thus, it is important to identify patients
who will benefit most from CTP to outweigh its associated risks.

Our hypothesis is that application of Bayesian analysis'*>"'> can
guide appropriate use of CTP in aSAH by identifying subgroups
in which CTP results affect treatment decisions. Bayesian analysis
uses probability theory to calculate the posttest probability of va-
sospasm or DCI following a positive or negative CTP finding. The
purpose of this study was to determine the test characteristics of
qualitative CTP for identifying 2 separate but related entities in
aSAH, angiographic vasospasm and DCI, and then to apply
Bayesian analysis to identify subgroups for its appropriate use.

MATERIALS AND METHODS
Study Design
We performed a retrospective study of consecutive patients with
aSAH enrolled in an institutional review board—approved clinical
accuracy trial from December 2004 to December 2008. Inclusion
criteria were adult patients (18 years and older) with documented
aSAH at admission determined by initial noncontrast head CT,
CSF analysis, CTA, and/or DSA. Exclusion criteria were CTP ex-
aminations with severe motion degradation and CTP examina-
tions performed after infarction or treatment of vasospasm had
occurred. All patients underwent surgical clipping and/or en-
dovascular coiling for aneurysm repair and were monitored in
the neurointensive care unit, as per the usual standard-of-care
procedures.

Chart review was performed for the clinical and demographic
characteristics of the study population. During hospitalization,
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patients were assessed for symptoms of vasospasm and DCI, de-
fined as delayed onset of neurologic deterioration, which was not
explained by other causes, such as aneurysm rebleeding, intracra-
nial hemorrhage, hydrocephalus, infection, metabolic distur-
bance, seizure, and so forth. Neurologic deterioration may man-
ifest as alterations in consciousness, worsening on the Glasgow
Coma Scale, or new neurologic deficits (aphasia, paresis, and so
forth). In patients with suspected vasospasm or DCI, based on
neurologic deterioration and transcranial Doppler sonography,
DSA with the potential for endovascular treatment was per-
formed. Management decisions were based on all clinical and im-
aging data, except CTP.

CTP Protocol and Data Processing

CTP was performed during the typical time of vasospasm and
DCI, between days 6 and 8 in asymptomatic patients (patients
without neurologic deterioration) and on the same day that neu-
rologic deterioration occurred in symptomatic patients. Of note,
CTP examinations were performed at the diagnostic stage, before
treatment for vasospasm or DCI and before patients developed
infarction. There is a standard scanning protocol for CTP at our
institution by using LightSpeed or Pro 16 scanners (GE Health-
care, Milwaukee, Wisconsin) with a cine 4i scanning mode and a
45-second acquisition at 1 rotation per second by using 80 kV-
(peak) and 190 mA. To minimize radiation exposure to the lenses,
we used a scanning volume of 2.0 cm with its inferior extent se-
lected above the orbits and at the level of the basal ganglia. Ap-
proximately 45 mL of nonionic iodinated contrast was adminis-
tered intravenously at 5 mL/s by using a power injector with a
5-second delay.

Postprocessing of the acquired images into MTT, CBF, and
CBV maps was performed on an Advantage Workstation (GE
Healthcare) by using CT Perfusion software, Version 3.0 (GE
Healthcare). The postprocessing technique was standardized for
all patients according to recommended guidelines, with the arte-
rial input function as the A2 segment of the anterior cerebral
artery and the venous function as the superior sagittal sinus."®

The perfusion maps were qualitatively evaluated by 2 neuro-
radiologists (with 10 and 7 years’ experience, respectively) to de-
termine the presence of perfusion deficits, defined as areas
of decreased CBF and/or prolonged MTT. Focal perfusion abnor-
malities due to the primary hemorrhagic event and/or surgical
intervention were not considered as perfusion deficits from vaso-
spasm or DCI. After reviewing the images independently, consen-
sus judgment was determined. CTP examinations were analyzed
blinded to all clinical and imaging data to limit test-review bias.

Reference Standard for Vasospasm and DCI

Vasospasm and DCI were assessed by 2 separate reference stan-
dards. The diagnosis of vasospasm was based on angiographic
criteria by using DSA to determine arterial luminal narrowing
compared with the healthy parent vessel and with DSA performed
on the initial presentation. Arterial narrowing of >50% com-
pared with the parent vessel was classified as vasospasm. DSA
interpretations were performed by 2 observers, an interventional
neuroradiologist who performed the examination (with either 10
or 25 years’ experience) and a neuroradiologist blinded to all clin-



Table 1: Clinical and demographic characteristics of the study population and subgroups

Study Population Subgroup
(n=97) (DSA as Reference Standard) (n = 57)
All(n=97) DCI(n=38) NoDClI(n=59) All(n=57) Vasospasm(n=36) No vasospasm (n=21)

Age (yr) (median) 49 54 51 48 55
(Range) 28-80 34-78 28-80 28-80 30-78 28-80
Sex (%) (No.)

Male 27(26/97)  32(12/38) 24 (14/59) 25 (14/57) 25(9/36) 24 (5/2)

Female 73(71/97)  68(26/38) 76 (45/59) 75 (43/57) 75(27/36) 76 (16/2])
Aneurysm location (%) (No.)

Anterior 92(89/97)  92(35/38) 93 (55/59) 95 (54/57) 92 (33/36) 100 (21/21)

Posterior 8(8/97) 8(3/38) 7(4/59) 5(3/57) 8(3/36) 0(0/21)
Treatment type (%) (No.)

Surgical clipping 55(53/97)  63(24/38) 49 (29/59) 65 (37/57) 56 (20/36) 81(17/2))

Coil embolization 45(44/97) 37 (14/38) 51(30/59) 35 (20/57) 44 (16/36) 19 (4/21)
Hunt and Hess grade (%) (No.)

Low (grades 1and 2) 53(51/97)  37(14/38) 61(36/59) 46 (26/57) 36 (13/36) 62 (13/2))

High (grades 3, 4 and 5) 47 (46/97) 63 (24/38) 39(23/59) 54 (31/57) 64(23/36) 38(8/2])

ical and imaging data (with 22 years’” experience). For disagree-
ments, a third neuroradiologist (with 10 years’ experience) inde-
pendently reviewed the DSA in a blinded fashion to determine
consensus.

The reference standard for DCI was based on the expert con-
sensus opinion' by using the following outcome measures: 1) ce-
rebral infarction demonstrated on CT or MR imaging within 6
weeks after aSAH, which was not present on imaging up to 48
hours after aneurysm occlusion and was not attributable to other
causes such as surgical clipping, endovascular treatment, ventric-
ular catheter placement, or intraparenchymal hematoma (this
criterion for cerebral infarction has been used to effectively ex-
clude primary brain damage from aSAH and/or surgical interven-
tions'””'®); and/or 2) permanent neurologic deficit on clinical ex-
amination, distinct from the deficit at baseline produced by the
aneurysm rupture or surgical intervention and not attributable to
other causes. Thorough chart review was performed and consen-
sus was determined by expert neurologists (with 14 and 4 years’
experience) and a neuroradiologist (with 10 years’ experience) to
classify patients according to these criteria.

Statistical Analysis
The sensitivity, specificity, and likelihood ratios were calculated
for qualitative CTP deficits in determining vasospasm and DCI,
separately.'® The 95% confidence interval was calculated as the
measure of variance.

The entire spectrum of posttest probabilities was calculated for
positive and negative CTP findings by multiplying the pretest
odds and the positive and negative likelihood ratios, respectively,
which are represented as a graph of conditional probability
(GCP). Construction of the GCPs was performed by using an
available data analysis Web-based spreadsheet (www.ebr.ie).'**°
The posttest probabilities are represented on the y-axis, and pre-
test probabilities, on the x-axis. To illustrate the usefulness of CTP
in the Bayesian analysis, we based selection of the pretest proba-
bilities for vasospasm and DCI on commonly used clinical classi-
fication schemes in the literature, such as the Hunt and Hess scale,
Fisher grade, modified Fisher scale, and Glasgow Coma Scale.?!
Given the variability in pretest probabilities of DCI for each of
these classification schemes, Bayesian analysis was applied to each

classification scheme separately to determine posttest probabili-
ties after CTP testing to demonstrate whether differences in CTP
use existed among these prediction tools.

Locally observed treatment thresholds for initiating medical
management with induced hypertension, hypervolemia, and he-
modilution (HHH) and intra-arterial therapy with vasodilatory
agents and/or angioplasty were evaluated by an independent sur-
vey of 6 neurologists (range, 1-29 years’ experience) at our insti-
tution, to demonstrate the role of CTP in decision-making. Each
neurologist described the minimum posttest probability for DCI
needed to initiate HHH or intra-arterial therapy by considering
the benefits and risks of treatment. Review of survey results and
median treatment thresholds were determined by an independent
group of 2 other authors not involved in the survey.

RESULTS
Study Population Characteristics
Ninety-seven patients were included in the statistical analysis
from the 104 patients enrolled in the prospective study. Seven
patients were excluded for the following reasons: CTP examina-
tions were not performed before treatment for vasospasm (n = 4),
CTP acquired data were not retrievable from the archives for
postprocessing (n = 2), and postprocessing could not be per-
formed due to severe motion degradation (n = 1). The median
age (range) was 49 years (28—80 years), and 73% (71/97) were
women. Ninety-two percent (89/97) of the aneurysms were lo-
cated in the anterior circulation. The treatment for aneurysm re-
pair in this study population was 55% (53/97) by surgical clipping
and 45% (44/97) via endovascular coiling procedures. The clinical
Hunt and Hess scale grades on presentation were 47% (46/97)
high grades 3, 4, and 5 and 53% (51/97) low grades 1 and 2. Table
1) presents the demographic and clinical characteristics of the
study population according to DCI and vasospasm groups.
According to the reference standard, DCI was diagnosed in
39% (38/97) of patients. Thirty-two percent (12/38) of patients
who developed DCI were initially asymptomatic. For the vaso-
spasm analysis, 57 patients were available who also had DSA per-
formed to determine the reference standard. In this subgroup,
vasospasm was diagnosed in 63% (36/57) of these patients.
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Qualitative CTP Analysis

Day 7 was the median time when CTP was performed (range,
2-17 days). Qualitative CTP deficits were seen in 49% (48/97) of
the study population, occurring in 84% (32/38) of patients with
DCI and 27% (16/59) without DCI. The sensitivity, specificity,
and positive and negative predictive values (95% CI) of CTP for
determining DCI were 0.84 (0.73—0.96), 0.73 (0.62—0.84), 0.67
(0.51-0.79), and 0.88 (0.74—0.94), respectively. The positive and
negative likelihood ratios (95% CI) were 3.1 (2.0-4.8) and 0.2
(0.10—-0.46), respectively.

In the subgroup of patients who had DSA performed, qualita-
tive CTP deficits were seen in 70% (40/57), occurring in 97%
(35/36) of patients with vasospasm and 23% (5/21) of patients
without vasospasm. The sensitivity, specificity, and positive and
negative predictive values (95% CI) of CTP for detecting vaso-
spasm were 0.97 (0.92-1.0), 0.76 (0.58—0.94), 0.88 (0.72—0.95),
and 0.94 (0.69-0.99), respectively. The positive and negative like-
lihood (95% CI) ratios were 4.1 (1.9—8.8) and 0.04 (0.005-0.25),
respectively. The median time between CTP and DSA was 1 day
(range, 1-3 days).

Bayesian Analysis
The GCPs of CTP for determining DCI and vasospasm are shown

in Fig 1A, -B, respectively. The GCP represents the spectrum of

Table 2: Pretest and posttest probabilities of DCI based on clinical classification schemes®

posttest probabilities for a positive or negative CTP test result over
a range of pretest probabilities. Table 2 displays the pretest prob-
abilities of DCI based on the classification schemes commonly
used in clinical practice. To illustrate the effect of CTP, we calcu-
lated the posttest probabilities of DCI for each classification
scheme when CTP yielded a positive or negative result.

The median treatment thresholds at our institution for HHH
and intra-arterial therapy were 30% and 70%, respectively, indi-
cating that a patient with a posttest probability of >30% following
CTP should be considered for treatment with HHH and of >70%,
for intra-arterial therapy. These treatment thresholds, which
could vary by local practice pattern, are strictly used for illustra-
tive purposes in this study to demonstrate the utility of CTP by
using Bayesian analysis and have been incorporated in the GCPs
(Fig 1). Overall, a positive CTP finding will increase the posttest
probability of DCI above the HHH treatment threshold in any
patient with a pretest probability of =12%. On the other hand, a
negative CTP finding will decrease the posttest probability below
the HHH treatment threshold in any patient with a pretest prob-
ability of <67%. A positive CTP finding will increase the posttest
probability of vasospasm above the HHH treatment threshold in
any patient with a pretest probability of =10%, and a negative
CTP finding will decrease the posttest probability below the treat-
ment threshold in any patient with a pretest probability of <92%.

DISCUSSION

Posttest Probability

The application of CTP for detecting va-

Pretest Probability

Clinical Classification Schemes (95% ClI)

CTP-Positive
(95% CI)

CTP-Negative sospasm and DCI has been increasing in

(95% Cl) patients with aSAH partly due to its high

Hunt and Hess grades 1-27'
Hunt and Hess grades 3-5% 0.61(0.53-0.70)
Glasgow Coma Scale =9”' 0.45(0.38-0.53)
Glasgow Coma Scale <9”' 0.71(0.57-0.86)
(
(

035(0.25-0.45)

Modified Fisher grade 126 0.13(0.0-0.29)
Modified Fisher grade 2, 3¢ 0.20 (0.11-0.28)
Modified Fisher grade 4 0.36 (0.24—0.47)

0.62(0.52-0.72)

0.82 (0.74-0.90) (
0.72(0.63-0.81) (

0.88(0.82-0.95)  0.35(0.26-0.45)
0.31(0.22-0.40) (

044 (0.34-0.54) (

0.66 (0.57-0.75)

sensitivity and specificity reported in the
literature.*®**2* Our sensitivity (95%
CI) of 0.84 (0.73-0.96) and specificity
(95% CI) 0f 0.73 (0.62—0.84) for CTP de-
tecting DCI are similar to those reported

0.10 (0.04-0.16)
0.25(0.16-0.34)
0.15(0.08-0.22)

0.03(0.0-0.06)
0.05 (0.01-0.09)

0.11(0.05-0.17) in the literature.>* Additionally, we re-

2 The pretest probabilities are based on literature review and the posttest probabilities are calculated from the CTP

test characteristics derived from this study.

port a sensitivity (95% CI) of 0.97 (0.92—
1.0) and a specificity (95% CI) of 0.76

FIG1. A, Graph of conditional probabilities for CTP determining DCI in aSAH. The blue curve represents the spectrum of posttest probabilities
for a positive CTP finding. The red curve represents the spectrum of posttest probabilities for a negative CTP finding. The horizontal black lines
represent the treatment threshold posttest probabilities of 30% and 70% for HHH and intra-arterial therapy, respectively. B, Graph of condi-
tional probabilities for CTP determining vasospasm in aSAH. The blue curve represents the spectrum of posttest probabilities for a positive CTP
finding. The red curve represents the spectrum of posttest probabilities for a negative CTP finding. The horizontal black lines represent the
posttest probability treatment thresholds of 30% and 70%, for HHH and intra-arterial therapy, respectively.
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in neurointensive care, the median treat-
ment threshold is a posttest probability of
30% for HHH and 70% for intra-arterial
therapy. Intra-arterial therapy may be
considered as an adjunct to HHH in pa-
tients with posttest probabilities of
=70%. These treatment thresholds have
not been empirically validated and are
used strictly for illustrative purposes in
this study to demonstrate the application
and value of Bayesian analysis by using
locally derived treatment thresholds. The
aim of this study was to indicate the most
appropriate range of pretest probabilities
for the use of CTP, with the understand-
ing that the range of pretest probabilities
in which CTP should be used will vary
depending on the individual physician’s
treatment thresholds.

In this study, a positive CTP finding
will increase the posttest probability
above the HHH treatment threshold for
patients suspected of DCI with a pretest
probability of =12% (Fig 1A). On the
other hand, a negative CTP finding will
decrease the posttest probability below
the treatment threshold in patients with a
pretest probability of <67%. These pre-
test probabilities indicate the lower and
upper boundaries when CTP is most ap-
propriately used in aSAH for detecting
DCI. For example, when the pretest prob-
ability of DCI is =67%, a positive or neg-
ative CTP finding does not reduce the
posttest probability below the HHH treat-
ment threshold and the CTP results will,

FIG 2. A 65-year-old woman with a CTP examination 6 days following aSAH. A, The MTT map
demonstrates diffuse prolongation of MTT in the vascular territory of the right middle cerebral
artery (arrows). B, The CBF map from the same level demonstrates a reduction in CBF in a similar
distribution. C, The GCP for DCl is customized for this patient on the basis of the Hunt and Hess
scale scores, as a sample clinical predictor. The vertical dashed lines represent the pretest
probabilities of 35% and 61% for Hunt and Hess scale grades 1-2 and 3-5, respectively. The
horizontal dashed lines indicate the posttest probabilities for these 2 Hunt and Hess scale grade
classifications. The posttest probabilities for a positive CTP finding remain above the HHH
treatment threshold and do not contribute to treatment decisions. However, the posttest
probabilities of a negative CTP finding are below the HHH treatment threshold and do alter
treatment decisions. Thereby, performing CTP to assist in HHH treatment decisions is consid-

therefore, not contribute to decision-
making. Similarly, when the pretest prob-
ability of DCI is <12%, a positive or neg-
ative CTP finding does not elevate the
posttest probability above the HHH treat-
ment threshold and thereby does not con-
tribute

to decision-making. Similar

ered appropriate in both low and high Hunt and Hess scale grades.

(0.58—0.94) for CTP detecting vasospasm, similar to that in the
literature.”*> Construction of the GCPs for Bayesian analysis was
based on these test characteristics, suggesting that our results may
be applicable to other patient populations with aSAH as well.
Bayesian analysis can assist in treatment decision-making by
determining the posttest probability of vasospasm or DCI by
using the sensitivity and specificity of CTP along with
the pretest probability. The pretest probability is based on all
of the patient’s clinical and imaging data before CTP. Even
though the treatment threshold is variable in different clinical/
disease settings, the principles of its application are the same. At
our institution, following a survey of 6 neurologists with expertise

concepts are also applied to patients sus-
pected of vasospasm (Fig 1B). The results
of CTP affect treatment decisions in patients with pretest proba-
bilities of vasospasm between 10% and 92%, when using the treat-
ment thresholds applied in our study.

In clinical practice, pretest probabilities are informally derived
from multiple clinical and imaging predictors before imaging. To
date, there are no validated models available for assessing the
combined pretest probability by using multiple factors. There-
fore, the examples used in this study are focused on pretest prob-
abilities derived from single clinical predictors. Table 2 demon-
strates the pretest probabilities for different classification schemes
commonly used in clinical practice. The posttest probabilities are
calculated for a positive and negative CTP finding. These data can
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be applied to a specific patient for individualization of care. For
example, the modified Fisher scale is used in clinical practice to
more accurately predict DCI by stratifying patients.”®*” In all
modified Fisher scale grades, performing CTP contributes to
treatment decisions because a positive or negative CTP finding
alters the posttest probability above or below the treatment
threshold compared with the pretest probability. Similarly, when
one uses Hunt and Hess scale grades to determine pretest proba-
bility, CTP is also helpful in determining treatment (Fig 2). In this
clinical scenario, a negative CTP finding has a greater effect on
treatment decisions than a positive CTP finding. However, this is
not the case for the Glasgow Coma Scale. Patients with a Glasgow
Coma Scale score of <9 have a pretest probability that is above the
treatment threshold. A positive or negative CTP finding does not
alter the posttest probability for treatment decisions. Several clin-
ical classification schemes are presented as the pretest probabili-
ties, given their variable use in clinical practice. Selecting the most
appropriate classification scheme for a particular patient popula-
tion is beyond the scope of this study.

Comparison of the GCPs for DCI (Fig 1A) and vasospasm (Fig
1B) indicates that CTP is appropriate for a wider range of pretest
probabilities in patients suspected of having vasospasm rather
than DCI. These data are reflected by the higher positive and
negative predictive values of CTP for determining vasospasm. A
possible explanation for the differences observed in the test char-
acteristics of CTP may be that the reference standards used to
determine DCI and vasospasm were assessed by using primary
outcome measures of cerebral infarction and permanent neuro-
logic deficits determined at the end of hospitalization. A CTP,
performed typically between days 6 and 8 following aSAH, may
have shown a perfusion deficit that subsequently resolved without
an infarction or a permanent deficit. On the other hand, a CTP
finding may have been negative at days 6—8, but the patient could
have developed ischemia later. Thus, the DCI outcome measures
may have worse temporal resolution in relation to the presence or
absence of perfusion deficits on CTP. In contrast, for assessment
of patients with vasospasm, the CTP and DSA examinations were
performed within a short time only in patients with symptoms of
vasospasm; that difference may partly explain the superior test
characteristics of CTP in determining vasospasm. Another differ-
ence noted in the characteristics of the patient group with DSA
performed, compared with patients without DSA, is that the DSA
group had more patients with neurologic deterioration not ex-
plained by other causes because these symptomatic patients were
more likely to undergo further testing with DSA and possible
intra-arterial treatment.

There are several limitations in this study. The pretest proba-
bilities in the examples were based on single clinical predictors.
However, in clinical practice, the pretest probability of a patient
represents an estimated likelihood based on the overall evaluation
of the patient before CTP, including all available clinical and im-
aging data. Deriving this overall estimated pretest probability is a
complex clinical task because it is affected by a weighted value
assigned to each of the clinical and imaging data according to the
physician’s judgment. Therefore, single clinical predictors were
used in this study to illustrate the concepts of applying GCP and to
demonstrate the role of CTP in patients with aSAH. Another po-
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tential limitation is that the results are dependent on the treat-
ment threshold, which may vary among physicians and institu-
tions. However, GCP can be applied in different patient
populations by using the specified treatment thresholds estab-
lished for a specific practice. Furthermore, the sensitivity and
specificity of CTP may also vary in different settings, depending
on the quality of the imaging and its interpretation. The GCP may
also be customized for a local practice setting by using the www.
ebr.ie Web site.°

CONCLUSIONS

Given the potential risks associated with over- and underuse of
CTP in aSAH for determining vasospasm and DCI, Bayesian anal-
ysis can help guide its most appropriate use in this patient popu-
lation. Our study indicates that over a wide range of pretest prob-
abilities, a positive CTP finding identifies patients who should be
carefully considered for HHH and/or intra-arterial therapy. On
the other hand, a negative CTP finding is particularly useful
for avoiding treatment-related complications.”®* Treatment
thresholds vary in practice and, in lieu of empiric evidence, must
be determined by the treating physicians. Future research should
be performed to further evaluate these findings in a prospective
clinical trial assessing the impact of CTP on patient outcomes.
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Long Insular Artery Infarction: Characteristics of a Previously
Unrecognized Entity

A. Tamura, T. Kasai, K. Akazawa, Y. Nagakane, T. Yoshida, Y. Fujiwara, N. Kuriyama, K. Yamada, T. Mizuno, and M. Nakagawa

ABSTRACT

BACKGROUND AND PURPOSE: The infarctions arising in the long insular arteries of the M2 segment have been poorly described in
the past. The purpose of this study was to investigate the incidence, clinical characteristics, and pathogenesis of long insular artery
infarcts.

MATERIALS AND METHODS: Patients with acute isolated infarcts in territories of the long insular arteries and lenticulostriate arteries
were retrospectively reviewed. The long insular artery territory was defined as the area above the lenticulostriate artery territory at the
level of centrum semiovale. On the coronal section, it lies between the tip of the anterior horn and the top of the superior limb of the
insular cleft. Clinical features and prevalence of embolic sources were compared between the 2 groups.

RESULTS: Of 356 consecutive patients with acute ischemic stroke, 8 (2.2%) had a long insular artery infarct (long insular artery group) and
50 (14.0%) had a lenticulostriate artery infarct (lenticulostriate artery group). There were no differences in age, sex, prevalence of risk
factors, neurologic deficit, or incidence of lacunar syndromes between these groups. Abrupt onset was more common in the long insular
artery than in the lenticulostriate artery group (P = .004). The prevalence of embolic high-risk sources (eg, atrial fibrillation) was not
significantly different between these groups, but the combined prevalence of all embolic sources, including moderate-risk sources, was
significantly higher in the long insular artery group (P = .048).

CONCLUSIONS: Isolated infarction caused by longinsular artery occlusion is not rare. Abrupt onset is more common for long insular
artery infarction, and this finding could be attributed to the higher incidence of an embolic etiology as the pathogenesis of
infarction.

ABBREVIATIONS: LIA = long insular artery; LSA = lenticulostriate artery; TEE = transesophageal echocardiography; WMMA = white matter medullary artery

Periventricular white matter has 2 major vascular territories  treated differently because of their different clinical and etiologic

supplied by the deep and superficial penetrating arteries."®  backgrounds.**

Among the deep penetrating arteries, the lenticulostriate arteries The long insular artery (LIA) is a unique supplier of the

(LSAs) arise from the M1 segment of the MCA and supply the
lower part of the corona radiata.””'® The superficial penetrating
arteries, namely the white matter medullary arteries (WMMAs),
arise from the cortical branches of the MCA and feed the periven-
tricular deep white matter.' " Several reports suggest that WMMA
infarction should be distinguished from LSA infarction and
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periventricular white matter. It is one of the medullary arteries in
close vicinity to the territory of deep perforators. The LIA infarc-
tion has been recognized mainly by neurosurgeons because inter-
ruption of this artery during the resection of opercular glioma
often results in postoperative hemiparesis and characteristic co-
rona radiata infarction.”*? This entity has, however, attracted
much less attention from physicians in other fields.

The LIA arises from the insular segment of MCA and has,
therefore, been anatomically recognized as a subtype of the
WMMA. The LIA has characteristics that are anatomically inter-
mediate between the LSA and the WMMA, in that it supplies the
insular cortex, extreme capsule, claustrum, and external capsule
and quite often extends to the corona radiata (Fig. 1A).

Clinically, isolated LIA infarction is due to a single or a few
occluded LIAs with no involvement of the main trunk of the in-



FIG 1. Vascular territories of subcortical white matter and the basal ganglia on coronal images
are schematically shown (figure based on a microangiogram of a postmortem brain section of
Kumabe et al"). These areas are supplied with 3 individual arteries branching from the MCA, the
LSA (bold line) from the M1 segment, the LIA (dashed line) from the M2 segment, and the
WMMA (dotted lines) from the M3 or M4 segment (A). To standardize radiologic interpretation,
interpreters drew the virtual line from the tip of the anterior horn to the top of the superior limb
of the insular cleft (the A-I line), which almost corresponds to the vascular territory of the LIA.
Then, subcortical infarctions involving the A-I line (dashed line circle) were categorized into
the LIA group, and those situated under the A-I line (solid line circle) were classified as the

LSA group (B).

sular artery. Hereafter, isolated LIA infarction is referred to as LIA
infarction. The clinical features of LIA infarction have only rarely
been reported'' because the sizes and shapes of LIA and LSA
infarct lesions are similar and thus difficult to discriminate by
using only transaxial MR imaging (Fig 2). These findings suggest
that LIA infarcts are most likely frequently categorized as LSA
infarcts. However, the LIA is a subtype of the WMMA; therefore,
characteristics of LIA infarcts remain poorly investigated. To ad-
dress these issues, we conducted a retrospective chart review to
compare the occurrence, clinical features, and pathogenesis of
LIA infarctions with the more commonly encountered LSA
infarctions.

MATERIALS AND METHODS

Definition of Vascular Territories

According to the figure of the coronal microangiogram of a post-
mortem brain obtained by Kumabe et al,'* the subcortical white
matter and basal ganglia on coronal images was divided into the 3
individual vascular territories: the WMMA territory, the LIA ter-
ritory, and the LSA territory, as shown in Fig 1A. The fact that
stroke associated with sacrificed insular perforators during resec-
tion of an opercular glioma was located from the top of the insular
cortex to the periventricular corona radiata is in accordance with
this anatomic vascular distribution.'! In this study, to standardize
radiologic interpretation, we drew a virtual line from the tip of the
anterior horn to the top of the superior limb of the insular cleft in
reference to the microangiogram of the LIA'" (referred to as the
A-T line), because this corresponds closely to the previously re-
ported vascular territory of the LIA (Fig 1B).>'® Radiologic clas-
sifications were independently made by 1 neurologist with 10

years of experience under the supervision
of a neuroradiologist with >20 years of
experience, and by 1 neuroradiologist
with 13 years of experience. When these
investigators reached different decisions,
the judgment from the neurologist super-
vised by the neuroradiologist was ad-
opted. They were instructed to classify
those infarctions involving the A-I line
into the LIA group and to classify those
situated under the A-I line and extending
vertically (craniocaudal) as the LSA
group. (Infarctions presenting over the
A-T line were not included in this
report.)

Patient Selection

With institutional ethics committee ap-
proval, clinical records of all patients with
ischemic stroke who presented at our hos-
pital between April 2003 and August 2010
and underwent MR imaging, including
DWTIand MRA, within 7 days of symptom
onset were retrospectively reviewed. Pa-
tients with an isolated infarct in the LIA or
LSA territories were included in this
study. On the basis of the geographic dis-
tribution of a hyperintense area on coro-
nal reconstructed images from DWI, patients were classified into
the LIA group or LSA group, as described above (Figs 1 and 2).
Patients with multiple infarcts or a large subcortical infarct (>15
mm) were excluded.

Clinical and Demographic Data

The following clinical data were obtained on each patient: 1) age;
2) sex; 3) vascular risk factors including hypertension, diabetes
mellitus, hyperlipidemia, and smoking; 4) blood pressure value
on admission; 5) NIHSS score on admission; 6) classic lacunar
syndrome, which consisted of pure motor stroke, pure sensory
stroke, sensorimotor stroke, ataxic hemiparesis, and dysarthria—
clumsy hand syndrome; 7) mode of neurologic symptom onset,
being either abrupt, gradual, or on awakening; 8) frequency of
poor outcome, defined as a modified Rankin Scale =3 at 3 months
after onset; and 9) embolic sources.

We also identified the following vascular risk factors: hyper-
tension, defined as prior diagnosis or blood pressure >140/90
mm Hg persisting for >2 weeks after admission; diabetes melli-
tus, defined as prior diagnosis or fasting serum blood glucose
>126 mg/dL or hemoglobin Alc >6.5%; hyperlipidemia, defined
as prior diagnosis or fasting, serum low-attenuation lipoprotein
cholesterol >140 mg/dL or fasting serum total cholesterol >220
mg/dL; and smoking, defined as regular daily cigarette use within
the past 2 years.

Mode of neurologic symptom onset was defined in the fol-
lowing manner: abrupt, an abruptly started single episode
reaching maximum severity within 30 minutes after onset;
gradual, an episode reaching maximum severity >30 minutes
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FIG 2. Axial and coronal reconstructed images from diffusion-weighted MR imaging in

MR Imaging

MR imaging was performed ona 1.5T MR
imaging unit (Intera Achieva Pulsar scan-
ner; Philips Healthcare, Best, the Nether-
lands) with echo-planar capabilities. An
acquisition time of approximately 4 min-
utes was used for DWI. Images were ac-
quired by using a single-shot echo-planar
imaging technique with the following pa-
rameters: 6000/88 ms (TR/TE), with a
motion-probing gradient in 15 orienta-
tions; b-value = 1000 s/mm?; and averag-
ing 2 times. A parallel imaging technique
was used to record data with a 128 X 128
spatial resolution for a 230 X 230 mm
FOV. A total of 41 sections were ob-
tained, with a section thickness of 3 mm
and no intersection gap. Coronal DWI
was reconstructed from DWI data by
using the multiplanar reconstruction of
the PACS.

patients with an LIA infarct (A-C) and an LSA infarct (D—F) are shown. In each axial image, a

small infarct of similar size can be observed. No apparent difference could be found
between them. A, B and D, E: However, the coronal reconstructed images demonstrate that
the former (C) is horizontally located from periventricular white matter to the top of the
insular cortex or extreme capsule, while the latter (F) extends vertically (longitudinally) from

the periventricular white matter to the putamen.

after onset with gradually progressing or fluctuating symp-
toms; and on awakening, an episode with stroke symptoms
noticed on awakening.

In this study, embolic sources included both cardiac and aortic
sources. On the basis of a previously described definition, cardiac
sources of embolism were further divided into groups associated
with embolic high-risk sources and embolic moderate-risk
sources.' Atrial fibrillation, left ventricular aneurysm or throm-
bus, left atrial thrombus, recent transmural anterior myocardial
infarction, rheumatic valvular disease, mechanical prosthetic
valve, endocarditis, and primary intracardiac tumors were re-
garded as embolic high-risk sources. Embolic moderate-risk
sources consisted of mitral annular calcification, mitral valve pro-
lapse, cardiomyopathy, segmental wall-motion abnormality, pat-
ent foramen ovale, atrial flutter, sick sinus syndrome, valve
strands, and left atrial spontaneous echo contrast. Aortic sources
of embolism included ipsilateral occlusive arterial disease and
aortic atheroma. Criteria for occlusive arterial disease were the
presence of stenosis =50% by the NASCET criteria'* or occlusion
in the ipsilateral extracranial carotid artery and stenosis =50% or
occlusion in the ipsilateral intracranial carotid artery by measure-
ment with MRA. Aortic atheroma was defined as an aortic plaque
with thickness of =4 mm, mobile elements, or ulceration on
transesophageal echocardiography (TEE). All patients under-
went 12-lead electrocardiography, 24-hour electrocardiogra-
phy monitoring, color-flow duplex carotid sonography, and
transthoracic echocardiography to detect an embolic source.
TEE was suggested to patients showing abrupt onset with no
embolic source and was performed after informed consent was
obtained.
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Analyses

Statistical analysis was undertaken by us-
ing a commercially available software
package (Statistical Package for the Social
Sciences for Windows, Version 11; IBM,
Armonk, New York). The degree of interrater agreement was
determined by calculation of the k statistic. Baseline character-
istics were compared with a x* test (for proportions), a t test
(for means), or a Mann-Whitney test (for medians), between
the 2 groups. Differences with a P value < .05 were considered
statistically significant.

RESULTS

Among 356 consecutive patients with acute ischemic stroke, there
were 8 (2.2%) patients with an LIA infarct (LIA group) and 50
(14.0%) with an LSA infarct (LSA group). The strength of inter-
rater agreement for the classification was very good (k = 0.923;
95% CI, 0.847-1.000). Axial and coronal reconstructed DWI
from all cases of the LIA group are shown in Fig 3. Clinical and
demographic features of the LIA and LSA groups are shown in the
Table. Four patients in the LIA group and 4 patients in LSA group
underwent TEE. No significant differences were seen between the
2 groups in sex, age, vascular risk factors, and blood pressure on
admission.

All patients with an LIA infarct and most patients with an LSA
infarct (86%, 43/50) had classic lacunar syndromes. Seven pa-
tients exhibiting nonlacunar symptoms in the LSA group in-
cluded 3 patients with major hemispheric symptoms, 3 with pure
dysarthria, and 1 with monoparesis.

The LIA group included 3 pure motor stokes (37.5%) and 1
pure sensory stroke (12.5%). The remaining 4 patients (50%)
exhibited ataxic hemiparesis or its variant, dysarthria—clumsy
hand syndrome. The median NIHSS score in the LIA group on
admission was 1.5, showing no significant difference from that
in the LSA group. Modified Rankin Scale scores at 3 months



FIG 3. Axial and coronal reconstructed images from DWI of each patient with a long insular artery infarct. Coronal reconstructed images show
that infarcts are horizontally located from the anterior horn to the top of the insular cortex and involve the A-I line.

after onset ranged from 0 to 2. No significant difference in
the frequency of poor outcome (%) was observed between
groups.

Regarding the onset of neurologic symptoms, abrupt onset
was significantly more frequent in the LIA than in the LSA group
(63% versus 12%, respectively; P = .004), while gradual onset was
more frequent in the LSA than in the LIA group (25% versus 78%,
respectively; P = .006).

The prevalence of embolic high-risk sources was not different
between the 2 groups (1 patient with atrial fibrillation in the LIA
group [13%] compared with 4 patients with atrial fibrillation in
the LSA group [8%]). On the other hand, embolic moderate-risk
sources were significantly higher in the LIA than in the LSA group
(2 patients with patent foramen ovale in the LIA group [25%]
compared with 0% in the LSA group; P = .01); thus, the com-
bined prevalence of embolic high-risk sources and moderate-risk
sources was significantly higher in the LIA than in the LSA group
(37.5% versus 8.0%, respectively; P = .048). Neither ipsilateral
occlusive arterial disease nor aortic atheroma was observed in
either group.

DISCUSSION
This study, which is the first to clarify the clinical characteristics of
LIA infarction, resulted in 3 major findings.

First, it clarified the incidence of LIA infarction at an unex-
pectedly high rate of 2.2% of all strokes. One of the reasons that

LIA infarction has been less recognized as a type of subcortical
stroke in previous studies is probably due to the difficulty of its
detection. Ttre et al'® reported that the diameters of the LIA and
LSA were so similar that size-based discrimination between these
vessels was difficult. However, they also reported that there was
no communication observed between them. These observa-
tions suggest that these 2 entities can be distinguished on the
basis of their geographic distribution (especially on coronal
images, in which both the LIA and the LSA run parallel to the
imaging section). In fact, the present discrimination criteria
based on coronal DWI had quite a high level of interrater
agreement, suggesting that coronal DWI can be the key to
identifying LIA infarcts.

Second, this study showed that all patients with an LIA infarct
demonstrated classic lacunar syndromes, similar to those with
LSA infarcts. In a previous study investigating the clinical differ-
ences between WMMA and LSA infarction, the incidence of non-
lacunar syndromes was significantly higher in WMMA infarcts
(observed in approximately half) than in LSA infarcts.® Most in-
teresting, clinical symptoms of LIA infarction resemble those of
the LSA infarction rather than WMMA infarction, though the
LIAs are anatomically recognized as a subtype of the WMMA.
This feature also suggests that LIA infarcts cannot be distin-
guished from LSA infarcts by clinical symptoms alone. The
clinical difference between WMMA and LIA/LSA infarcts was
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Demographic and clinical features of patients with long insular artery infarction (LIA

group) and lenticulostriate artery infarction (LSA group)

undergo TEE, selection bias might be
present. More than half of the LIA group

LIAGroup(n=8) LSAGroup(n=50) PValue .4 <109 of the LSA group underwent

Sex (male/female) >3 3515 s TEE. This discrepancy is partially due to
Age (yr) (mean) 67.1+14.4 68.40 =129 .80 .
Vascular risk factors the lower frequency of abrupt onset in

Hypertension (%) 6(75.0) 38(76.0) 00 LSA infarctions and implies that the inci-

Hyperlipidemia (%) 1(12.5) 19 (38.0) 24 dence of embolic sources in LSA infarc-

Diabetes mellitus (%) 3(37.5) 12(24.0) 44 tion might be underestimated. On the
g Strgl(i)cklgs {::Lan) 168 ; (isi(;)é 16422 (44*62.(;)8 2‘;’ other hand, no embolic sources were de-
Diastolic BP (mean) 931+ 17.5 919 +161 84 tected in 4 TEE results from the LSA
NIHSS score group, even though all showed abrupt on-

Median 1.5 2 13 set. Such an ambiguity should be clarified

Minimum 0 0 in a further prospective study with a

b DT 4 15 detailed protocol of echocardiographic
Lacunar syndrome (%) 8(100) 43(86.0) .58 .

Pure motor 3 28 evaluation.

Pure sensory 1 0

Sensorimotor 0 8 CONCLUSIONS

Ataxic hemiparesis 1 5 LIA infarction was found to be more com-

Ly lsarthria—clu(;nsy har:d syndrome 3 2 mon than previously thought and possess
No:b:Jc:tn(z/i")sy ndrome (%) onset 50 (625) 28‘2‘83 32 4 clinice.ﬂ chare}cteristics similar to those (?f

Gradual (%) 2 (25_0) 39 (78.0) 006 LSA infarction. Furthermore, embolic

On awakening (%) 1(12.5) 5(10.0) 1.00 phenomena might be a more common
Poor outcome (%) 0 13(26.0) 18 etiologic factor in LIA than in LSA infarc-
Combined embolic source (%) 3(37.5) 4(8.0) 048 tions. Data collection with a section thick-

Embolic high-risk source (%) 1(12.5) 4(8.0) .54 n £3 mm and no intersection 15

Embolic moderate-risk source (%) 2(25.0) 0(0) .01 €ss 0 a 0 mtersection gap

Note:—BP indicates blood pressure.

probably caused by different attenuations of the subcortical pyra-
midal tract fibers, which are denser in the middle and lower part
supplied by the LIA or LSA rather than in the upper part supplied
by the WMMA.

Finally, the present study showed that 5 of 8 patients with LIA
infarcts (63%) experienced an abrupt onset of symptoms, which
was less commonly observed in the LSA group. This finding im-
plies that an embolic etiology is more common in the pathogen-
esis of LIA infarcts than in LSA infarcts. Although the prevalence
of high-risk embolic sources was not significantly different be-
tween the 2 groups, the fact that the combined prevalence of em-
bolic high-risk sources and moderate-risk sources was higher in
the LIA (38%) than in the LSA group (8%) might provide sup-
portive evidence for this speculation. Most important, an embolic
mechanism has also been suggested for WMMA infarction.?”® Be-
cause LIAs are a subtype of WMMA, the pathogenesis of the LIA
infarction could be similar to that of the WMMA infarction. The
size or shape of LIA and LSA infarcts corresponds with so-called
lacunar infarction, for which stroke physicians often place a low
priority for the evaluation of embolic sources and frequently rec-
ommend antiplatelet agents, because this pathology has been
regarded as a small-vessel disease. Our results imply that LIA
infarction represents a subgroup requiring attention in terms
of embolism and might warrant proper secondary preventive
measures, including administration of anticoagulants like
warfarin.

This study was limited in the identification of embolic sources
because TEE was not performed in all patients. Because it is not
common to recommend that patients with lacunar syndrome
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enabling coronal reconstruction can be
the key to identifying LIA infarcts, to draw
the attention of clinicians to the possibil-
ity of embolism. Prospective large-scale studies are needed to
make clear the etiologic characteristics of LIA infarcts.
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Toward Patient-Tailored Perfusion Thresholds for Prediction
of Stroke Outcome

A. Eilaghi, C.D. d’Esterre, T.Y. Lee, R. Jakubovic, J. Brooks, R.T.-K. Liu, L. Zhang, R.H. Swartz, and R.l. Aviv

ABSTRACT

BACKGROUND AND PURPOSE: Multiple patient-specific clinical and radiologic parameters impact traditional perfusion thresholds used
to classify/determine tissue outcome. We sought to determine whether modified baseline perfusion thresholds calculated by integrating
baseline perfusion and clinical factors better predict tissue fate and clinical outcome.

MATERIALS AND METHODS: CTP within 4.5 hours of acute anterior circulation stroke onset and 5- to 7-day MR imaging were performed for
203 patients with stroke, divided into derivation (n = 114) and validation (n = 89) data bases. Affected regions were operationally classified as
infarct and noninfarct according to baseline CTP and follow-up FLAIR imaging. Perfusion thresholds were derived for each of the infarct and
noninfarct regions, without and with transformation by baseline clinical and radiologic variables by using a general linear mixed model. Perfor-
mance of transformed and nontransformed perfusion thresholds for tissue fate and 90-day clinical outcome prediction was then tested in the
derivation data base. Reproducibility of models was verified by using bootstrapping and validated in an independent cohort.

RESULTS: Perfusion threshold transformation by clinical and radiologic baseline parameters significantly improved tissue fate prediction for
both gray matter and white matter (P < .001). Transformed thresholds improved the 90-day outcome prediction for CBF and time-to-maximum
(P < .001). Transformed relative CBF and absolute time-to-maximum values demonstrated maximal GM and WM accuracies in the derivation and
validation cohorts (relative CBF GM: 91%, 86%; WM: 86%, 83%; absolute time-to-maximum 88%, 79%, and 80%, 76% respectively).

CONCLUSIONS: Transformation of baseline perfusion parameters by patient-specific clinical and radiologic parameters significantly
improves the accuracy of tissue fate and clinical outcome prediction.

ABBREVIATION: Tmax = time-to-maximum

hrombolytic therapy remains the mainstay of acute stroke

therapy.! CTP may distinguish hypoperfused but potentially
salvageable tissue from irreversibly infarcted tissue by using sin-
gle or combinations of perfusion variables.” However, in addition
to these perfusion parameters, multiple baseline clinical and ra-
diologic parameters are also significantly associated with tissue
outcome, including age,4 sex,” time-to-scan,® NIHSS score,* hy-
poattenuation extent or ASPECTS,” rtPA administration,* hyper-
glycemia,? collateral score, and clot burden score.” Many studies
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intuitively show that consideration of baseline clinical parameters
together with imaging features in multivariable models better
predicts final infarct and outcome status.'®'" These predictive
models do not provide a practical way to integrate the multiple
baseline findings with the perfusion parameter thresholds used
for classifying tissue fate, leaving the clinician to balance a com-
bination of factors before deciding on treatment. Integration of
this information is crucial to assist clinicians in determining the
best treatment strategies for individual patients. For example, a
patient with euglycemia and good collaterals may tolerate a lower
CBF reduction without infarction better than a patient with hy-
perglycemia without collaterals. Therefore, using a single CBF
threshold will overestimate final infarction. We exploited a deri-
vation CTP data base (n = 114), including 90-day clinical out-
come, to calculate, on a per-patient basis, the relative impact of
multiple important baseline clinical and radiologic factors on
baseline perfusion parameters to define tissue outcome. We used
a general linear model for each perfusion variable with region fate
(infarct versus noninfarct) as the outcome. The model then cal-



culated a transformed perfusion parameter on the basis of the
relative impact of each clinical variable on the baseline perfusion
parameter for the defined outcome in the derivation (n = 114)
and validation (n = 89) datasets. The result was a patient-specific
perfusion variable transformation that integrates the important
clinical and radiologic data for each region. The purpose of this
study was to determine whether these transformed patient-spe-
cific models better predict tissue fate and clinical outcome than a
nontransformed model.

MATERIALS AND METHODS

Study Design and Patient Cohort

The study was approved by the local research ethics board. Pa-
tients included were consecutive tertiary stroke center emergency
department admissions, assessed by a stroke neurologist, present-
ing within 4.5 hours of stroke symptoms, undergoing a CT stroke
protocol, and demonstrating an anterior circulation vessel occlu-
sion. Follow-up MR imaging was performed at 5-7 days. Baseline
clinical data (ie, age, sex, NIHSS score, rtPA treatment, and car-
diovascular risk factors) were collected by a stroke neurologist
(with 4 years’ experience). Informed consent was obtained from
all patients or legal decision-makers. Patients were randomly di-
vided into derivation and validation cohorts. In total, 252 eligible
patients were screened. Patients from whom consent could not
be obtained (n = 13) and those with a posterior circulation stroke
(n = 24) and MR imaging contraindications (n = 12 cases) were
not included. The final patient derivation and validation cohorts
consisted of 114 and 89 patients, respectively.

Scan Protocol

CT stroke imaging was performed on a 64-section CT scanner
(VCT; GE Healthcare, Milwaukee, Wisconsin), including the fol-
lowing: pre- (NCCT) and postcontrast CT head scans (120 kVp,
300 mA, 1-second rotation, 5-mm-thick sections, 5-mm space);
and baseline and 24-hour CT angiography (0.7-mL/kg iodinated
contrast agent up to a maximum 90 mL [iohexol, Omnipaque,
300- mg Iodine/mL; GE Healthcare, Piscataway, New Jersey], 5-
to 10-second delay, 120 kVp, 270 mA, 1-second/rotation, 1.25-
mm-thick sections, table speed of 20.62 mm/rotation). CTP was
performed from the basal ganglia to the lateral ventricles (80 kVp,
150 mA, 8 X 5 mm, 1 second per rotation). Iodinated contrast
agent at 0.5 mL/kg (maximum, 50 mL) was injected at 5 mL per
second ' at 3-5 seconds before sequence start. Cerebral blood
flow and volume, mean transit time, and time-to-maxium
(Tmax) maps were calculated as previously described by using
delay-corrected CTP 4 (GE Healthcare). Follow-up MR imaging
was performed at 5-7 days on all patients and minimally included
DWI (8125 ms/min [TR/TE]; FOV, 26 cm; image matrix, 128 X
128 pixels; section thickness, 5 mm with no gap) and FLAIR
(8000/120/200 [TR/TE/TI]; FOV, 22 ¢cm; matrix, 320 X 224; sec-
tion thickness, 5; 1-mm gap).

Image Analysis

Baseline imaging was scored blinded to outcome and included
ASPECTS,? clot burden score for thrombus extent, and collateral
score for collateral flow.” Recanalization was classified as present
or absent, comparing the baseline and 24-hour CTA as previously

described.” Infarct was delineated on FLAIR imaging by using
Medical Image Processing, Analysis and Visualization, Version
4.4.1 (Center for Information Technology, National Institutes of
Health, Bethesda, Maryland). All baseline and follow-up imaging
assessments were performed by the same neuroradiologist (R.I.A;
with 7 years’ experience). FLAIR imaging and baseline CTP were
coregistered with NCCT, and the appropriate transformation ma-
trices were applied to each region of interest by using SPM8
(Wellcome Department of Imaging Neuroscience, London, UK).
A brain tissue probability map template (Montreal Neurological
Institute) was registered to the baseline NCCT by using SPMS8.
GM and white matter tissue binary masks were generated by cre-
ating tissue probability maps within SPM8. Final ROIs were cre-
ated by intersecting the traced regions with GM and WM masks. A
mirror region was created and segmented to provide normal GM
and WM regions for relative calculations. Final infarct was de-
fined as the intersection between the MTT perfusion abnormali-
ties and the follow-up MR imaging. Noninfarct regions com-
prised MTT perfusion abnormality outside the final infarct. To
minimize the contribution of blood vessels, we excluded pixels
with CBF > 100 mL X 100 g~ ' X min~ ' or CBV > 8 mL X 100

—113
g .

Statistics
Mean and SD were calculated for age and time-to-scan; median
and interquartile ranges for ASPECTS, clot burden score, collat-
eral score, and NTHSS score; and proportions for sex, recanaliza-
tion, and hyperglycemia. For each patient, mean CBF, CBV,
MTT, and Tmax values were calculated from infarct and nonin-
farct ROIs representing nontransformed baseline parameters. To
account for within-subject variability and for unbalanced re-
peated measures, we used a general linear mixed model,'* previ-
ously used in the context of tissue outcome prediction in human'?
and animal'® stroke models. Individual patients were considered
as random effects; the region, as a fixed effect; and compound
symmetry, as a covariance structure. Multiple baseline clinical
and radiologic covariates were examined by univariate analysis
including age, sex, time-to-scan, rtPA treatment status (1 = yes;
0 = no), hyperglycemia (1 = yes; 0 = no), NIHSS score,
ASPECTS, clot burden score, and collateral score. Significant (ie,
P < .05) or important (ie, P < .2) baseline covariates were then
used to transform mean regional (infarct and noninfarct) abso-
lute and relative baseline perfusion parameters as follows:
Transformed regional mean perfusion parameter = Original
Mean Perfusion Parameter + Xz, where 8 and X are vectors of
covariates and associated coefficients. ROC analysis was then per-
formed for each of the nontransformed and transformed perfu-
sion parameters to determine the optimal thresholds best predict-
ing final infarct-versus-noninfarct status, similar to prior
threshold-based studies. For each nontransformed (model A) and
transformed (model B) threshold, the accuracy for tissue fate
prediction was then derived. The accuracy was defined as (TP + TN)/
(P + N), where TP, TN, P, and N are true-positive, true-negative,
all positive (ie, infarct) and all negative (ie, noninfarct). Perfor-
mance of the nontransformed and transformed thresholds was
evaluated with Akaike Information Criterion (AIC = L + 2K).
Alower Akaike Information Criterion indicates a better model fit,
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where Ly represents the restricted maximized —2 X log likeli-
hood (—2 L) of the model, and k, the number of parameters in the
model. The G likelihood ratio statistic is the difference between
—2 L of the fitted model (transformed threshold) and the refer-
ence model (nontransformed threshold). A 2-sided P value was
obtained from the G? likelihood ratio x* test. Effect size was cal-
culated for the mean difference divided by the pooled SD between
2 groups of patients by using nontransformed model (model A)
and transformed model (model B). To test the reproducibility of
the models, we used bootstrapping with unrestricted random
sampling.'” We drew 1000 bootstrap samples from the derivation
dataset. For each bootstrap sample, the general linear mixed
model was conducted with clinical covariates (model B). For each
clinical covariate, 1000 estimates of coefficient were calculated.
The mean and standard error of coefficient estimates were calcu-
lated for each clinical covariate.

Cochran-Mantel-Haenszel statistics and 1-way analysis of
variance for unbalanced sample sizes were used for group com-
parisons. Logistic regression was used to determine whether the
transformed model (model B) better predicted the clinical out-
come than the nontransformed model (model A) by using a
dichotomized 90-day modified Rankin score, where mRS = 2

Table 1: Model performance without and with baseline clinical
covariates for distinguishing infarct from noninfarct regions for
the best performing perfusion parameters®

Cutoff

In All Patients Value Accuracy AIC P Value

CBF-GM-Rel

A) Without any covariate  0.64 0.88 24659

B) With covariates 0.78 0.91 24014 <.0001°
CBF-WM-Rel

A) Without any covariate  0.80 0.85 2693.6

B) With covariates 0.87 0.86 2593.6 <.0001°
Tmax-GM-Abs

A) Without any covariate 6.0 0.84 1377.8

B) With covariates 4.4 0.88 1358.5 on3®
Tmax-WM-Abs

A) Without any covariate 5.9 0.79 1251.5

B) With covariates 37 0.80 12321 .0108°

Note:—Rel indicates relative to the contralateral side; Abs, absolute value; AIC,
Akaike Information Criterion.

@ Remaining parameters are presented in On-line Table 2.

b Significant.

Table 2: Performance of selected nontransformed (model A) and covariate transformed
model B) perfusion thresholds for tissue fate prediction in derivation and validation data

ases

was defined as a good outcome. The entropy R* was used to
compare model A and model B. R equals (L, — L,,)/L, where
Loand L, represent the maximized —2 L of the null model and
the fitted model A or model B, respectively. All calculations
were performed by using SAS, Version 9.2 (SAS Institute, Cary,
North Carolina).

RESULTS

No significant differences for baseline variables were seen between
the derivation and validations cohorts (On-line Table 1). In der-
ivation (n = 114)/validation (n = 89) cohorts, 74 (65%)/61 pa-
tients (69%) had >1 vessel segment occlusion with a total n of
42/25 ICA, 108/58 MCA-M1, 81/67 M2, 12/9 M3, and 9/9 M4
occlusions. All measured perfusion parameters were expectedly
different between the infarct and noninfarct (P < .001) regions.
Similarly, significantly different regional CBF and CBV thresh-
olds existed for GM and WM (P < .001) but not for Tmax and
MTT (P > .326). Therefore subsequent analysis considered GM
and WM separately.

GM and WM relative CBF and absolute Tmax best discrimi-
nated infarct from noninfarct tissue designations, both in models
without and with baseline covariates (Table 1). Effect size for rel-
ative CBF in GM and WM was 2.18 and 1.62, and for Tmax in GM
and WM, it was 1.46 and 1.26. The remaining transformed and
nontransformed cutoff thresholds for infarct and noninfarct tis-
sue classification are presented in On-line Table 2. The Akaike
Information Criterion and G? likelihood statistic improved sig-
nificantly for both GM and WM for transformed thresholds com-
pared with nontransformed thresholds, indicating significantly
better goodness-of-fit for all perfusion parameters except for ab-
solute CBV in WM (P = .12). Transformed thresholds were su-
perior to nontransformed thresholds for prediction of infarct re-
gion from the noninfarct region in the derivation and validation
cohorts (Table 2). Maximal accuracies for GM were 91% and 86%
and for WM were 86% and 83% in the derivation and valida-
tion cohorts, respectively. Figure 1 shows predictions with and
without transformation and compares them with the fol-
low-up MR images for the patient.

The transformed absolute Tmax threshold and relative CBF
WM represented the most robust overall discriminators of good
clinical outcome (Table 3). Results for all
perfusion parameters are provided in On-
line Table 3. Transformed absolute and

Derivation Data Base

Validation Data Base

relative thresholds for CBV were not sig-

nificantly improved relative to the non-

Perfusion Parameter Sens. Spec. Acc. Sens. Spec. Acc.
CBF-GM-Rel transformed threshold model for GM or
A) Without any covariate 0.88 0.89 0.88 072 1 0.82 WM. Bootstrapping samples showed the
B) With covariates 0.89 0.93 0.91 0.78 1 0.86 reproducibility of the covariate models
CBFBWM;]RGI with an average (SD) decrease in the
A) Without any covariate 0.86 0.84 0.85 0.76 0.95 0.82 .
tandard f46% (12%) (On-1
B) With covariates 090 080 08 079 0.91 0g3  Standard error of 46% (12%) (On-line
Tmax-GM-Abs Table 4).
A) Without any covariate 0.80 0.92 0.84 0.70 0.93 0.78
B) With covariates 0.84 0.96 0.88 0.69 0.97 0.79 DISCUSSION
Tmax-WM-Abs Transf g f baseli fusi
A) Without any covariate 076 0.85 079 070 0.88 076 ranstormation ot -baselne pertusion
B) With covariates 0.80 0.80 0.80 0.64 094 076 thresholds with patient-specific baseline

Note:—Rel indicates relative to the contralateral side; Abs, absolute value; Sens, sensitivity; Spec, specificity; Acc,

accuracy.
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clinical and radiologic parameters signif-
icantly improves goodness-of-fit and ac-



FIG1. Admission CBF (A) and 7-day follow-up FLAIR (B) of a 74-year-old man with an ICA and M1
branch occlusion scanned 168 minutes after symptom onset and administered intravenous rtPA.
The region of abnormality on follow-up FLAIR is coregistered to CBF and thresholded on the
basis of without (C) and with covariate (D) thresholds from Table 1. Red voxels present predicted
infarct, and cyan voxels present predicted noninfarct tissues on C and D. E, A subtraction of C
and D representing voxels that were designated as infarcted tissue (green) and noninfarcted
(pink, very few mainly located adjacent to blood vessels on E) only on the model with covariates.

Table 3: Selected model performance without and with clinical
covariates for good clinical outcome prediction®

In All Patients AIC G’ P Value
CBF-GM-Rel
Null model 2915 -
A) Without any covariate 2917 1796 1803
B) With covariates 2913 2.247 1338
CBF-WM-Rel
Null model 2825 -
A) Without any covariate 2804 4.080 .0434
B) With covariates 2689 15613 <.0001°
Tmax-GM-Abs
Null model 2915 -
A) Without any covariate 2913 2.255 1332
B) With covariates 285.4 8.116 .0044°
Tmax-WM-Abs
Null model 282.5 -
A) Without any covariate 280.9 3.643 .0563
B) With covariates 266.2 18.328 <.0001°

Note:—Rel indicates relative to the contralateral side; Abs, absolute value; AIC,
Akaike Information Criterion; G2, the difference between —2 L of the fitted model
(transformed threshold) and the reference model (nontransformed threshold).
#Remaining parameters are presented in On-line Table 3.

® Significant.

curacy for final infarct prediction in derivation and validation
cohorts. Transformed CBF, Tmax, and MTT thresholds demon-
strated improved prediction of good clinical outcome compared
with a standard threshold approach. The best discriminator of
infarction was transformed relative CBF followed by Tmax. A
bootstrap analysis confirmed the reproducibility of covariates for

infarct and noninfarct tissue determina-
tion. Expected thresholds were demon-
strated for GM compared with WM (P <
.001) for all regions of interests.

The observations in the present study
have clear and practical clinical implica-
tions. An emerging role of advanced
stroke imaging is to use hemodynamic
data to characterize tissue and estimate
the relative proportion of “at-risk” tissue
to tissue infarction. Prior studies empha-
sized the need for parameters that more
accurately classify tissue fate. The present
study used a novel approach to improving
the accuracy for correct tissue character-
ization by integrating clinically relevant
factors with baseline perfusion imaging.
Our results show improved tissue charac-
terization and clinical outcome predic-
tion with this approach. Better tissue clas-
sification is essential to better facilitate
targeted patient selection for thrombo-
Iytic therapy.

Use of a single perfusion parameter to
characterize tissue is appealing, allowing
quick tissue characterization. Automated
patient identification as beneficial targets
for reperfusion therapy based on a ratio of
core-to-penumbral tissue by using Tmax
is shown with the RAPID software (Stan-
ford Stroke Centre, Palo Alto, California)
applied to MR imaging.'® However, the selection algorithm re-
quires DWI for core identification, unavailable on CT. Single-
parameter use also does not consider the multitude of other clin-
ical factors that are present within a given patient that impact
perfusion threshold techniques. Our findings show that Tmax
and CBF thresholds modified by patient-specific parameters may
be used to distinguish infarct from noninfarct tissue. These mod-
ified thresholds can similarly be used to generate ratios in a fash-
ion similar to RAPID to identify patients most likely to benefit
from therapy. The ideal single-perfusion parameter or parameter
combination'? predicting tissue fate remains uncertain. Among
studied parameters, CBF best predicted final infarct consistent
with other studies.'®?° The reduced performance of CBV for in-
farct determination in the present study is consistent with prior
studies.”® This result is intuitive if we consider that CBV reduction
may represent already infarcted tissue with minimal prospects for
improvement irrespective of other clinical factors such as collat-
erals and rtPA treatment.”'

Prognostic models incorporating both baseline clinical and
radiologic parameters have previously been proposed.” Imaging
parameters, including clot burden score, the Boston Acute Stroke
Imaging Scale and CBV ASPECTS; clot burden and collateral
scores;” baseline CT features with an admission NTHSS score;>*
and ASPECT scoring of CTP maps,”* improve prediction of
stroke outcome models. The current study is the first to use base-
line clinical and radiologic parameters to transform baseline per-
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fusion thresholds by a general linear mixed model and compare
the performance solely of the transformed threshold against the
conventional threshold for tissue fate and clinical outcome pre-
diction. While clinical factors were used to transform the perfu-
sion threshold, it was only the transformed threshold perfor-
mance that was compared against the nontransformed threshold
for outcome prediction. While the threshold transformations ap-
pear relatively modest, they improved not only the accuracy of
tissue fate prediction but also prediction of good clinical out-
come. The entropy (R*> parameter in On-line Table 3) for trans-
formed models, though small in value,*® provided significant im-
provement in clinical outcome predictions in most studied
perfusion parameters. These results underscore the contribution
of such parameters and confirm a modest but significant modu-
lation of traditional perfusion thresholds. Inclusion of such infor-
mation is intuitive and considers patient-specific physiology. For
example, patients with good baseline collateral supply are more
likely to sustain tissue-at-risk even under extreme perfusion con-
ditions compared with patients with poor collateral supply and
less severe hypoperfusion.”® Therefore, lower thresholds than
those in patients with poor collateral supply may be needed in
patients with good supply to cause infarction. The transformed
thresholds make allowances for such circumstances.

The current study has limitations. The reported perfusion
thresholds in this study apply to those centers using similar acqui-
sition and postprocessing techniques.”® This limitation is true of
every perfusion study and does not imply nongeneralizability.
Although thresholds may vary by center, it is reasonable to assume
that similar transformation of baseline perfusion thresholds will
be achieved by inclusion of baseline clinical and radiologic pa-
rameters. DWT is the preferred technique for acute infarct detec-
tion but becomes less sensitive within the subacute period®” com-
pared with FLAIR sensitivity, which progressively increases. No
significant DWI and FLAIR mean lesion volume differences were
reported beyond 12 hours.?” Strong correlation between final in-
farct and 5-day FLAIR volume was reported with a tendency to-
ward slight overestimation.?® Use of a 5- to 7-day FLAIR for final
infarct determination is a pragmatic measure for clinical stroke
research and is also consistent with the methodology of several
prior publications'’; most recently Diffusion and Perfusion
Imaging Evaluation for Understanding Stroke Evolution II
(DEFUSE 11).2°

Recanalization®® and reperfusion®' statuses, though among
the strongest surrogates for clinical outcome, are not available at
stroke presentation and are not included in the covariate model.
This approach is similar to that in the DEFUSE selection model,
whereby the intent is to create a baseline model for optimal pa-
tient selection through accurate tissue classification. Recanaliza-
tion and reperfusion are, however, strongly associated with sev-
eral important baseline parameters included in the model. For
example, IV rtPA treatment, highly correlated with recanaliza-
tion, is included, thereby considering the intent of the neurologist
to administer thrombolytic therapy at baseline. Similarly clot bur-
den score, age, and collateral score are available at baseline and
strongly correlate with recanalization.” Further variations of a
model including recanalization, reperfusion index,’" and NIHSS
score change could be developed that may be applied at later time
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points. While these models may also improve tissue fate and clin-
ical outcome prediction, they will not have the clinical utility of a
baseline tool as presented. The improved prediction for tissue fate
and clinical outcome was achieved by transformed thresholds
solely on the basis of baseline parameters, in the absence of recan-
alization status, and adds validity to the proposed model as a tool
to guide baseline decision-making at a time when the recanaliza-
tion status is not yet known.

CONCLUSIONS

In summary, transformation of baseline perfusion thresholds
with clinical and radiologic parameters improves the accuracy of
tissue fate and clinical outcome prediction over existing threshold
methods. Modified thresholds may facilitate more accurate and
patient-specific outcome prediction. Greater accuracy could po-
tentially improve patient selection and individualize stroke ther-
apy based on modified perfusion maps.
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Pretreatment Advanced Imaging in Patients with Stroke
Treated with IV Thrombolysis: Evaluation of a Multihospital
Data Base

J.S. McDonald, J. Fan, D.F. Kallmes, and H.J. Cloft

ABSTRACT

BACKGROUND AND PURPOSE: CT angiography, CT perfusion, and MR imaging have all been advocated as potentially useful in treatment
planning for patients with acute ischemic stroke. We evaluated a large multihospital data base to determine how the use of advanced
imaging is evolving in patients treated with intravenous thrombolysis.

MATERIALS AND METHODS: Patients with acute ischemic stroke receiving IV thrombolytic therapy from 2008 to 2011 were identified by
using the Premier Perspective data base. Mortality and discharge to long-term care rates were compared following multivariate logistic
regression between patients who received head CT only versus those who received CTA without CT perfusion, CT perfusion, or MR
imaging.

RESULTS: Of 12,429 included patients, 7305 (59%) were in the CT group, 2359 (19%) were in the CTA group, 848 (7%) were in the CTP group,
and 1917 (15%) were in the MR group. From 2008 to 2011, the percentage of patients receiving head CT only decreased from 64% to 55%,
while the percentage who received cerebral CT perfusion increased from 3% to 8%. The use of CT angiography and MR imaging marginally
increased (1%—2%). Outcomes were similar between CT only and advanced imaging patients, except discharge to long-term care was
slightly more frequent in the CTP group (OR = 117 [95% Cl, 0.96 —1.43]; P = .0412) and MR group (OR = 114 [95% Cl,1.01-1.28]; P = .0177) and
mortality was lower in the MR group (OR = 0.64 [95% Cl, 0.52—0.79]; P < .0001).

CONCLUSIONS: Use of advanced imaging is increasing in patients treated with IV thrombolysis. While there were differences in out-

comes among imaging groups, the clinical effect of advanced imaging remains unclear.

he potential benefit of intravenous thrombolytic therapy for

acute ischemic stroke decreases rapidly with time. Because of
wide variability in collateral circulation, time elapsed since onset
is a crude indicator of the potential benefit of treatment in each
patient. Advanced imaging might provide a means to refine selec-
tion of patients who could potentially benefit from revasculariza-
tion therapy. The advanced imaging techniques that might add
clinically useful information in the setting of acute ischemic
stroke include CT angiography, CT perfusion, and MR imaging.
CT angiography can be used to identify patients with large-artery
occlusions potentially amenable to intra-arterial therapy,' ™ and
CT angiography source images have been proposed as a means of
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evaluating collateral circulation.* CT perfusion may potentially
allow discrimination between salvageable brain (“penumbra”)
and brain already doomed to infarction (“ischemic core”)>” '°
and thus may be useful in helping to refine selection of patients for
IV thrombolysis' "' or intra-arterial thrombectomy.'>”'> MR
perfusion and diffusion imaging have also been reported to be
useful in screening patients for intravenous therapy.'¢>

While advanced imaging techniques hold promise for the evalu-
ation of patients with acute ischemic stroke, there is variation in tech-
niques and definitions of parameters that limit wide application and
acceptance of these techniques.*>*">° There is currently no consensus
on a standard imaging approach for acute ischemic stroke. We stud-
ied a large data base of hospitals in the United States to assess the
recent use of advanced imaging in patients with acute ischemic stroke
treated with intravenous thrombolysis, including an evaluation of
the use of advanced imaging, with respect to patient outcome.

MATERIALS AND METHODS

Data Source and Study Population

The Perspective data base is a voluntary, fee-supported collection
of data developed by Premier Inc (Charlotte, North Carolina) to



assess quality and resource use. As of 2011, the Perspective data
base consisted of approximately 15% of hospitalizations nation-
wide and represented >600 US hospitals. Detailed information of
a patient’s hospitalization, including patient demographics, hos-
pital information, diagnoses, procedures, discharge status, payer,
and all billed items are recorded.

Patients who presented with acute ischemic stroke (ICD-
9-CM diagnostic codes 433.x1 and 434.x1) from 2008 through
2011 were identified from the Perspective data base. Patients were
included only if the stroke code was listed as the primary hospi-
talization diagnosis to avoid including patients with a history of
stroke. Patients in this cohort who received IV thrombolysis dur-
ing their hospitalization were identified by using the ICD-9 pro-
cedural code 99.10.

Relevant imaging performed during hospitalization was re-
trieved by using billing information. Imaging was included if it
was performed before or on the day of thrombolysis. Patients
were included if they underwent a noncontrast head CT during
hospitalization. Advanced imaging modalities of head CT angiog-
raphy, cerebral CT perfusion, head MR imaging, and head MR
angiography were also retrieved.

Outcome Analysis

The outcomes examined in this study were in-hospital mortality
and discharge to long-term care (discharge to a rehabilitation fa-
cility, long-term care hospital, or nursing facility). Patients were
divided into the following subgroups on the basis of imaging re-
ceived: noncontrast head CT only (CT group), CT with cerebral
CT angiography but no CT perfusion (CTA group), CT with ce-
rebral CT perfusion (CTP group), and CT with head MR imaging
or MR angiography (MR group). Statistical analyses were per-
formed by using JMP, Version 9, and SAS, Version 9.3 (SAS In-
stitute, Cary, North Carolina). Differences among imaging
groups and admit years were compared by using the Pearson x*
test and linear regression, respectively. The likelihood of mortality
or discharge to long-term care was compared among imaging
subgroups following multivariate logistic regression to minimize
differences in clinical characteristics among groups. The general-
ized estimating equation was used to adjust for the possible clus-
tering effect of hospitals in the patient population.>® Models were
estimated by using the SAS GENMOD procedure (http://www.
math.wpi.edu/saspdf/stat/chap29.pdf). Two models were cre-
ated, a full model that encompassed all patient and hospital
characteristics as shown in On-line Table 1 and a reduced model
that encompassed only significant characteristics as determined
by the stepwise selection option in the SAS LOGISTIC procedure
(http://support.sas.com/documentation/cdl/en/statug/63347/
HTML/default/viewer.htm#logistic_toc.htm).

RESULTS

Of the 176,991 patients identified who were hospitalized from
2008 to 2011 with acute ischemic stroke listed as a primary diag-
nostic code, 15,470 patients (8.7%) received IV thrombolytic
therapy during hospitalization. Of that group, 12,429 patients
(80%) underwent a head CT during hospitalization. Within that
group, 2359 patients (19%) also underwent a head CT angiogra-
phy; 848 patients (6.8%), cerebral CT perfusion; and 1917 pa-

FIG1. Trends in the use of head CT and advanced imaging in patients
treated with IV thrombolysis from 2008 to 2011. Patients who received
only head CT (blue line), head CT with CT angiography (red line), head
CT with CT perfusion (green line), or head CT with MR imaging (purple
line) are shown.

tients (15%), MR imaging. Patient and hospital characteristics of
the 4 imaging subgroups are shown in On-line Table 1.

Trends in the use of head CT and advanced imaging are
shown in Fig 1. From 2008 to 2011, the percentage of patients
treated with thrombolysis who only underwent a noncontrast
head CT decreased slightly from 64% to 55% (P = .0570),
while the percentage of patients who underwent cerebral CT
perfusion increased from 3% to 8% (P = .11). Use of CT an-
giography and MR imaging each increased slightly from 18%
to 20% (P = .0561) and from 15% to 16% (P = .33), respec-
tively, during this time.

The incidence of in-hospital mortality was lower in the MR
group (6.2%) than in the CT, CTA, and CTP groups (10.2%,
12.4%, and 12.4%, respectively; P < .0001) (Table 1). The inci-
dence of discharge to long-term care was slightly higher in the
CTP group (47%) compared with the CT, CTA, and MR groups
(43%, 41%, and 43%, respectively; P = .0352). Following multi-
variate logistic regression by using the full model, the likelihood of
mortality was significantly lower in the MR group compared with
the CT group (OR = 0.64 [95% CI, 0.52—0.79]; P < .0001) but
was similar between the CTA and CT groups (P = .99) and be-
tween the CTP and CT groups (P = .20) (Table 2). The likelihood
of discharge to long-term care was significantly higher in the MR
group compared with the CT group (OR = 1.14 [95% CI, 1.01-
1.28]; P = .0177), was slightly higher in the CTP group compared
with the CT group (OR = 1.17 [95% CI, 0.96—1.43]; P = .0412),
and was similar between the CT and CTA groups (P = .31). Sim-
ilar findings were observed by using the reduced regression
models.

DISCUSSION

Our analysis of a large, multihospital data base found wide varia-
tion in the use of imaging in patients with acute ischemic stroke.
From 2008 to 2011, the percentage of patients treated with throm-
bolysis who received only a head CT decreased slightly from 64%
to 55%. If this trend continues, more than half of the patients
treated with thrombolysis will receive some form of advanced
imaging during their hospitalization. This growth in the use of
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Table 1: Outcome incidences by imaging subgroup

CT Group CTA Group CTP Group MR Group
In-hospital mortality 748/7305 (10.2%) 241/2359 (12.4%) 105/848 (12.4%) 119/1917 (6.2%)
Discharge to long-term care 3170/7305 (43%) 975/2359 (41%) 399/848 (47%) 828/1917 (43%)

Table 2: Patient outcomes following logistic regression analysis

Odds Ratio (95% Cl) P Value
In-hospital mortality
Full model
CcT 1.00 (reference) -
CTA 1.00 (0.83-1.21) 99
cTP 117 (0.93-147) 20
MRI 0.64 (0.52-0.79) <.0001
Reduced model
CcT 1.00 (reference) -
CTA 1.03 (0.86-1.24) 75
CTP 1.14 (0.92-1.40) 22
MRI 0.65 (0.53-0.79) <.0001
Discharge to long-term care
Full model
CcT 1.00 (reference) -
CTA 0.95(0.83-1.09) 3l
CTP 1.17 (0.96-1.43) .0412
MRI 114 (1.01-1.28) 0177
Reduced model
CT 1.00 (reference) -
CTA 0.89 (0.66-1.18) .59
CTP 1.33(1.00-1.77) 12
MRI 1.15(0.73-1.83) .0471
Note:— —indicates no P value was calculated for the CT reference group.

advanced imaging is primarily attributable to increased use of CT
perfusion but also to increased use of CT angiography and MR
imaging.

Imaging has been an essential part of stroke treatment plan-
ning since the introduction of CT.?” Unenhanced CT has been
useful for demonstrating acute hemorrhage or other mimicking
lesions, as well as showing cytotoxic edema from evolving infarc-
tion. CT is standard for trauma patients in emergency depart-
ments and has been the historical standard for patients with acute
neurologic conditions, so CT is already fully integrated into emer-
gency department culture and is readily available to patients with
acute ischemic stroke. In fact, readily available head CT is a defin-
ing characteristic of a primary stroke center in the United States.*®
If the patient is already going to the CT scanner for the standard
unenhanced imaging, it is generally not very time-consuming to
add additional CT angiography and/or CT perfusion studies.?
However, advanced CT, including high-quality CT perfusion and
CT angiography, requires hardware and software that are not
available at every hospital treating patients with stroke; this cir-
cumstance might limit adoption of these imaging techniques. As
CT scanners are replaced and upgraded with time, advanced CT
techniques are becoming uniformly available; this availability
might account for some of the increased use demonstrated in our
study. The clinical utility of such advanced CT imaging, however,
is not universally accepted.

Our study showed that from 2008 to 2011, screening with MR
imaging had a negligible increase from 15% to 16% of patients
undergoing IV thrombolysis. These results suggest that MR im-
aging has not been widely adopted. MR imaging has been pro-
posed as an effective means of identifying candidates for intrave-
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nous thrombolysis in the 3- to 4.5-hour time window."'®>* The
exact time of onset relative to the time of imaging or the time of
thrombolytic administration is not available in the Perspective
data base, so we cannot determine how often MR imaging was
used for screening patients in the 3- to 4.5-hour time window. In
addition, MR imaging is not typically as readily available as CT in
an emergency setting. Safety screening for implants can slow
down the process of acquiring MR imaging, especially if it is not
possible to immediately obtain an accurate and complete history,
which occurs reasonably often in the setting of acute ischemic
stroke. Another impediment is that rapid, emergent acquisition of
MR imaging is not part of the culture at many hospital emergency
departments.

We found that patients who underwent MR imaging had
lower in-hospital mortality rates compared with patients who un-
derwent a head CT only or other types of advanced imaging.
However, patients who received MR imaging or CT perfusion had
ahigher rate of being discharged to long-term care compared with
the head CT group. These findings suggest that the use of ad-
vanced imaging may affect these patient outcomes; however, a
causal link cannot be confirmed from our observational study. It
is likely that patients treated with IV thrombolysis who under-
went imaging with only unenhanced CT were clinically different
from those who underwent additional imaging. Patients who un-
derwent only CT were more likely to be admitted from the emer-
gency department compared with patients who also underwent
advanced imaging. While we performed multivariate logistic re-
gression to minimize these differences in clinical characteristics
between imaging groups, differences in unmeasured clinical vari-
ables may affect our results. For example, patients treated with IV
thrombolysis who underwent additional imaging were probably
more likely to have severe stroke compared with patients who
only underwent CT imaging, with the additional imaging used to
help determine whether mechanical embolectomy was war-
ranted. We cannot quantify such a trend because we cannot assess
stroke severity at presentation.

Our study of a national cohort of inpatients who received IV
thrombolysis did not show that the use of CT angiography or CT
perfusion significantly improved patient outcomes. However,
these findings do not suggest that these imaging examinations are
not useful in specific clinical settings, such as studies comparing
IV thrombolysis with combined IV and intra-arterial treatments.
In such studies, CT angiography may be useful in both identifying
and characterizing pretreatment arterial occlusive lesions and in
identifying post treatment recanalization effects.

This study has several additional limitations. We acknowledge
that coding inaccuracies occur, which can affect a retrospective
study of any administrative data base; however, it is unlikely that
such inaccuracies would be more prevalent in one imaging group
over another. As noted above, we cannot assess stroke severity at
the time of presentation. We are unable to identify patients with
similar stroke severity who did not receive intravenous thrombol-



ysis, so we do not have a control group to allow assessment of the
benefit from different treatments. We cannot determine whether
screening imaging was used uniformly at each center and thus was
not subject to selection bias. We also are unable to assess the time
of presentation, but the patients undergoing intravenous throm-
bolysis would typically be expected to have presented early
enough for initiation of intravenous therapy within 3 hours of
symptom onset. However, some patients may have been evalu-
ated with imaging specifically for broadening of the time window
to 4.5 hours, especially with MR imaging.'®* Our study focused
on the use of advanced imaging before or on the day of thrombol-
ysis; the use of advanced imaging after treatment was not exam-
ined. Additional studies are needed to examine the use of ad-
vanced imaging in patients treated with IV thrombolysis and to
examine the effect of this imaging on patient outcomes.

CONCLUSIONS

Significant variation occurs in imaging of patients with acute isch-
emic stroke treated with intravenous thrombolysis in the United
States. The use of advanced imaging is increasing in these patients.
While there were differences in outcome among the imaging
groups, the clinical effect of advanced imaging remains unclear.
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Arterial Spin-Labeling Assessment of Normalized Vascular
Intratumoral Signal Intensity as a Predictor of Histologic Grade
of Astrocytic Neoplasms

). Furtner, V. Schopf, K. Schewzow, G. Kasprian, M. Weber, R. Woitek, U. Asenbaum, M. Preusser, C. Marosi, J.A. Hainfellner,
G. Widhalm, S. Wolfsberger, and D. Prayer

ABSTRACT

BACKGROUND AND PURPOSE: Pulsed arterial spin-labeling is a noninvasive MR imaging perfusion method performed with the use of
water in the arterial blood as an endogenous contrast agent. The purpose of this study was to determine the inversion time with the largest
difference in normalized intratumoral signal intensity between high-grade and low-grade astrocytomas.

MATERIALS AND METHODS: Thirty-three patients with gliomas, histologically classified as low-grade (n = 7) or high-grade astrocytomas
(n = 26) according to the World Health Organization brain tumor classification, were included. A 3T MR scanner was used to perform
pulsed arterial spin-labeling measurements at 8 different inversion times (370 ms, 614 ms, 864 ms, 1114 ms, 1364 ms, 1614 ms, 1864 ms, and 2114
ms). Normalized intratumoral signal intensity was calculated, which was defined by the signal intensity ratio of the tumor and the
contralateral normal brain tissue for all fixed inversion times. A 3-way mixed ANOVA was used to reveal potential differences in the
normalized vascular intratumoral signal intensity between high-grade and low-grade astrocytomas.

RESULTS: The difference in normalized vascular intratumoral signal intensity between high-grade and low-grade astrocytomas obtained
the most statistically significant results at 370 ms (P = .003, other P values ranged from .012—.955).

CONCLUSIONS: The inversion time by which to differentiate high-grade and low-grade astrocytomas by use of normalized vascular
intratumoral signal intensity was 370 ms in our study. The normalized vascular intratumoral signal intensity values at this inversion time
mainly reflect the labeled intra-arterial blood bolus and therefore could be referred to as normalized vascular intratumoral signal intensity.
Our data indicate that the use of normalized vascular intratumoral signal intensity values allows differentiation between low-grade and
high-grade astrocytomas and thus may serve as a new, noninvasive marker for astrocytoma grading.

ABBREVIATIONS: ASL = arterial spin-labeling; nITS = normalized intratumoral signal intensity; nVITS = normalized vascular intratumoral signal intensity; PASL =
pulsed arterial spin-labeling; PICORE = proximal inversion with a control for off-resonance effects; ROC = receiver operating characteristicc WHO = World Health
Organization

categories, on the basis of the grade of malignancy: diffuse astro-

G liomas are the most frequently occurring primary brain tu-
cytomas (WHO grade II); anaplastic astrocytomas (WHO grade

mors in adults. More than three-quarters of all glial tumors

show astrocytic features."> Grading of astrocytic tumors is im-
portant to establish optimal therapy planning and to determine
the prognosis.” According to the World Health Organization
(WHO) classification, diffuse astrocytic gliomas are divided into 3
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III); and glioblastomas (WHO grade IV). This histopathologic
categorization relies on histologic features, including cell attenu-
ation, nuclear atypia, mitotic activity, necrosis, and neovascular-
ization.* Diffuse astrocytomas are considered low-grade gliomas,
whereas anaplastic astrocytomas and glioblastomas are consid-
ered high-grade gliomas.

The differentiation of high-grade versus low-grade astrocytic
neoplasms by use of conventional MR imaging with gadolinium-
based contrast medium is still the reference standard in the rou-
tine clinical setting. However, this technique alone can sometimes
be difficult because contrast media enhancement reflects the dis-
ruption of the blood-brain barrier rather than an assessment of
tumor vascularity. Therefore, advanced MR techniques, such as
MR perfusion, have also come to play an increasingly important
role in glial brain tumor diagnosis. The reference standard for the



evaluation of tumor perfusion is dynamic susceptibility contrast
perfusion imaging.>® This technique is able to assess, among
other values, CBV and CBF simultaneously. Previous studies have
shown that optimization of this technique, by use of preload dos-
ing or baseline subtraction techniques, could maximize CBV
accuracy.”

One of the disadvantages of the dynamic susceptibility con-
trast imaging technique is that it relies on the intravenous appli-
cation of contrast media. This is primarily a challenge for people
with allergic reactions to contrast media.

Arterial spin-labeling (ASL) is an MR imaging technique that
allows for a quantitative determination of tissue blood flow values
without the need for the administration of contrast agents, thus
offering a noninvasive MR imaging perfusion sequence for the
generation of cerebral perfusion maps. This method takes advan-
tage of the fact that water protons of the arterial blood in the
feeding vasculature of the brain are magnetically labeled and used
as an endogenous tracer. After a certain inversion time, the la-
beled blood arrives at the image plane in which the image is ac-
quired. Conventional ASL techniques are characterized by a mod-
erate spatial and temporal resolution; however, the increased
clinical availability of high-field MR scanners has helped to in-
crease the SNR. ASL benefits from higher field strengths because
of the increased perfusion-weighted signal caused by higher SNR
and the prolonged T1-relaxation times at higher field strengths,
allowing for longer inflow and imaging times.® Thus, this tech-
nique can be easily included in routine diagnostic MR imaging.
ASL perfusion measurements have been shown to have a high
test-retest reliability.9 In addition, ASL data were characterized as
areliable alternative to invasive measurement techniques, such as

10-14

dynamic susceptibility MR imaging perfusion and positron-
emission tomography.'® There are also some weaknesses of this
perfusion technique. First, pulsed arterial spin-labeling (PASL)
sequences usually involve long acquisition times. For extended
multimodal tumor MR imaging protocols, the acquisition time of
each sequence should be as short as possible, in terms of patient
care. Another important shortcoming for ASL perfusion is the
dependency of the perfusion signal on the inversion time. Previ-
ous studies reported that tumor-brain blood flow ratios deter-
mined by arterial spin-labeling were markedly greater than those
obtained with dynamic susceptibility-weighted contrast-en-
hanced MR imaging."" This is probably caused by the underesti-
mation of perfusion in brain regions with long arterial transit
times, for example, white matter. The use of higher inversion
times would overcome these limitations; however, this would
conversely lead to a decrease in the SNR caused by the rapid decay
of the ASL perfusion signal over time.

Typically, an ASL measurement is conducted at a single inver-
sion time, on the basis of the T1 decay of blood, which is approx-
imately 1200 ms at 1.5T and 1600 ms at 3T.'®'” With the use of
this single inversion time, recent studies have indicated that the
increase in tumor perfusion correlates with the tumor grade in
gliomas.''® However, the selected inversion times of those stud-
ies were related to normal rather than tumorous brain tissue.

In the present study, a multiple—inversion time PASL ap-
proach was used to track the labeled bolus dynamically over time.
The purpose of this study was to determine the inversion time

with the largest differences in normalized intratumoral signal in-
tensity between high-grade and low-grade astrocytomas, offering
a totally noninvasive and fast tool for glioma grading.

MATERIALS AND METHODS

Patient Population

Thirty-three patients (14 women, 19 men; mean age = 54 years;
standard deviation = 16.5 years; range = 20—84 years) with new-
onset astrocytomas were consecutively included into this pro-
spective study, from September 2009 to January 2012. The local
institutional ethics review board approved the study. Written in-
formed consent was obtained from all patients after the nature,
scope, and possible consequences of the examination had been
explained to them. The study was performed in accordance with
the guidelines of the Declaration of Helsinki, including current
revisions. All patients had a prior conventional MR imaging ex-
amination in which a glial tumor was suspected. Because of the
known different perfusion pattern of oligodendrogliomas,'® all
astrocytic neoplasms with histologic oligodendroglial features
were excluded.

Data Acquisition

All MR imaging examinations were performed on a whole-
body 3T Trio system (Siemens, Erlangen, Germany), with ac-
tively shielded imaging gradients, in conjunction with an 8-chan-
nel head coil.

Patients were scanned in the supine position, without the ad-
ministration of any kind of sedative. Patients were asked to avoid
any movements, especially head movements, during the whole
scan time, and padding was arranged around the subject’s head to
minimize movements.

All patients underwent a standard conventional MR examina-
tion for tumor detection, localization, and expansion, including
an axial T2-weighted turbo-inversion recovery-magnitude se-
quence (TE = 100 ms; TR = 9220 ms; number of sections = 36;
section thickness = 4 mm; field of view = 230 X 176 mm; flip
angle = 150°), a coronal T2-weighted turbo spin-echo sequence
(TE = 94 ms; TR = 2750 ms; number of sections = 56; section
thickness = 2 mm; field of view = 180 X 180 mmy; flip angle =
120°), and an axial T1-weighted sequence (TE = 379 ms; TR =
1800 ms; number of sections = 192; section thickness = 1 mm;
field of view = 220 X 200 mm; flip angle = 12°) before and
after intravenous contrast media application (0.1 mmol/kg body
weight of a gadolinium-based contrast agent).

In addition to the routine preoperative examination, all pa-
tients underwent scanning with pulsed quantitative imaging of
perfusion with a single subtraction with thin-section TI, periodic
saturation or Q2TIPS ASL sequences. The ASL tagging scheme
was a proximal inversion with a control for off-resonance effects
(PICORE) technique, a modification of the echo-planar imaging
and signal targeting with alternating radiofrequency technique.
With the use of PICORE, the acquisition of the tag image is iden-
tical to that in echo-planar imaging and signal targeting with al-
ternating radio-frequency technique, but, during the acquisition
of the control image, a nonselective off-resonance inversion pulse
is applied, which has the same frequency offset relative to the
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imaging section as in the tag image. For a detailed description of
the PICORE technique, see Wong et al.°

The imaging parameters used to perform the multisection
PICORE technique were as follows: TE = 11 ms; TR = 2750 ms;
field of view = 192 X 100 mm; number of sections = 14; section
thickness = 6 mm; section gap = 1.5 mm; flip angle = 90° num-
ber of measurement repetitions = 25. PASL images were acquired
at 8 different inversion times (370 ms, 614 ms, 864 ms, 1114 ms,
1364 ms, 1614 ms, 1864 ms, and 2114 ms). For all 8 measure-
ments, the imaging parameters were identical. No vessel suppres-
sion techniques were used to receive vascular intratumoral signals
at low inversion times. One PASL sequence had an acquisition
time of 1 minute, 19 seconds, which resulted in an imaging time of
10 minutes, 32 seconds, for all 8 ASL inversion times listed. The
overall acquisition time for the anatomic and the ASL sequences
used in this study was approximately 30 minutes. For all patients,
the acquisition of ASL data was performed before the application
of contrast media because of the known T1 shortening effect of
gadolinium-based contrast agents, which results in a reduction of
the SNR.'®

The perfusion imaging section covered from the base of the
skull (first section) to the vertex (last section) and was aligned
parallel to the corpus callosum in the sagittal plane and to the
midline structures in the axial and coronal planes.

Data Analysis
Postprocessing was performed on an off-line workstation (Leon-
ardo Workplace, Siemens) by use of a z-transformation. Tumor
ROIs (mean, 670 mm?; range, 1502489 mm?®) were manually
drawn by an experienced neuroradiologist, blinded to the tumor
histopathology. To approximate the whole tumor volume, mul-
tiple ROIs were drawn for each subject. Turbo inversion recovery
magnitude or T1 postcontrast images were selected, which re-
flected the maximum spatial tumor extension, including nonen-
hancing and contrast-enhancing tumor components, on the basis
of Response Assessment in Neuro-Oncology criteria.>' ROIs were
drawn in such a way so as to spare areas with extended necrosis.
The mean signal intensity value of each ROI on every tumor sec-
tion was used to calculate the average mean signal intensity for the
whole tumor (tumor ROI). These images were then assigned to
co-registered PASL images for all 8 inversion times. In addition,
an ROI of equal size was positioned exactly in the contralateral
healthy hemisphere (in most cases containing white matter, gray
matter, and vascular structures) to calculate the average mean
signal intensity of the size-matched contralateral normal brain
tissue (normal ROI). This normalization was applied to exclude
signal from “normal” vascular and parenchymal structures. Nor-
malized intratumoral signal intensity (nITS) was defined by the
mean signal intensity value ratio of tumor ROI and normal ROI
(nITS = signal intensity [tumor ROI]/signal intensity [normal
ROI)) for each inversion time. The nITS value does not allow evalu-
ation of absolute CBF values but assesses the ratio of intratumoral
signal intensity to the signal intensity in the contralateral hemisphere.
No multicentric or multifocal tumors were included in this study.
Visualization of selected characteristic sections of patients and
corresponding times was performed in Matlab (version 7.8.347,
R2009a; MathWorks, Natick, Massachusetts).

484 Furtner Mar 2014  www.ajnr.org

Statistical Analysis

Statistical analyses were performed by use of SPSS, version 17.0.2
software package (IBM, Armonk, New York). Testing for time-
related differences (different inversion times: 370 ms, 614 ms, 864
ms, 1114 ms, 1364 ms, 1614 ms, 1864 ms, 2114 ms) for nITS for all
3 glioma categories was performed by use of a 3-way, mixed-
model ANOVA, treating time and side as within-subject factors
and glioma categories as between-subject factors. The within-
subject factor side indicates size-matched healthy brain tissue
(normal ROI) and tumor ROL. In addition, 1-way ANOVAs and
post hoc tests according to Games-Howell were used to compare
the intratumoral signal intensity differences and nITS values be-
tween glioma types for each inversion time separately. The sensi-
tivity and specificity of nITS values for the discrimination of high-
grade and low-grade gliomas were calculated for all inversion
times by use of an optimal cutoff value determined by receiver
operator characteristic (ROC) analysis. The area-under-the-ROC
curve values for nITS values were calculated for all inversion
times. To avoid the complications of age-related normal white
matter signal differences, an intraindividual normalization by use
of the contralateral normal brain tissue was performed by use of a
t test. A value of P < .05 was considered to indicate significant
results.

Histopathologic Assessment

Histopathologic diagnosis was evaluated by a panel of experi-
enced neuropathologists (J.A.H. and colleagues), by use of a mul-
tiheaded microscope, on routinely processed formalin-fixed and
paraffin-embedded tumor tissue with conventional H&E staining
and Ki67 immunostaining. Tumor typing and grading were per-
formed according to the criteria of the 4th edition of the World
Health Organization Classification of Tumors of the Central Ner-
vous System.*

Tissue for histopathologic assessment had been obtained at
stereotactic biopsy (n = 11) or surgical resection (n = 22). Ste-
reotactic biopsies were intraoperatively guided (Neuronavigation
Stealth Station; Medtronic, Minneapolis, Minnesota) and tar-
geted toward the most malignant portion of the tumor, on the
basis of imaging findings. The histologic assessment according
to the current WHO criteria revealed 7 diffuse astrocytomas
(WHO grade II), 7 anaplastic astrocytomas (WHO grade III),
and 19 glioblastomas (WHO grade IV).

RESULTS
Table 1 provides an overview of patient characteristics and distri-
bution of tumor types. Detailed information about the number of
patients, sex, age, tumor type, and the extent of resection are
shown in the On-line Table. Table 2 provides descriptive values of
nITS for all tumor types at the inversion time of 370 ms.

Examples of ASL maps at 3 different inversion times, the cor-
responding T2-weighted turbo inversion recovery magnitude im-
ages, and T1-weighted postcontrast images for a glioblastoma, a
diffuse astrocytoma, and an anaplastic astrocytoma are shown in
Figs 1, 2, and 3, respectively.

Statistical analysis revealed significant differences in the mea-
sured signal intensities between the ipsilateral and contralateral
sides for all inversion times and all 3 tumor types (P < .001). An



Table 1: Patient characteristics

tracking of the labeled bolus dynamically

Histopathologic Diagnosis

over time, providing additional informa-

Diffuse Astrocytoma Anaplastic Astrocytoma

(WHO Grade I1) (WHO Grade Ill)

Glioblastoma tion about tumor physiology. Previous

(WHO Grade IV)  PASL studies, by use of multiple inversion

No. of patients (% of all) 7(21) 7(21)
Sex ratio, women:men 34 3:4

Age, median, y (range) 48 (32-69) 41(28-55)
Surgery:biopsy 6:1 34

19 (58) times, focused primarily on healthy sub-
81 jects or on patients with arterial occlusive
6103.(20_84) disease and have shown that the choice of

Table 2: Descriptive values, including the mean of nITS values,
standard deviation, standard error, and confidence interval for
all tumor types at 370 ms

95% Cl for Mean

No. of Lower Upper

Patients Mean SD SE Bound Bound
LGA 7 1.08 039 015 0.73 144
AA 7 2.62 117 0.44 154 370
GB 19 3.26 290 0.66 1.87 4.66

Note:—Mean indicates mean of nITS values; SD, standard deviation; SE, standard
error; LGA, diffuse astrocytoma; AA, anaplastic astrocytoma; GB, glioblastoma.

additional test for analyzing 3-way interaction of tumor type, in-
version time, and side revealed a similar trend for all 3 tumor types
toward higher signal intensities with higher inversion time (P =
.09). Additional testing for the largest difference in nITS values
between tumor types by use of a Welch test revealed the most
statistically significant results for 370 ms (P = .003) (Fig 4). To
avoid the complications of age-related normal-appearing white
matter signal differences, an intraindividual normalization by use
of the contralateral normal brain tissue was performed. Further-
more, no significant age differences, and therefore, no differences
in normal-appearing white matter signal intensities, were found
between low-grade and high-grade gliomas at any of the inversion
times by use of a ¢ test.

Fig 5 provides a time-series of PASL maps at all measured
inversion times (columns) for 5 patients (rows A—E). The CE-T1-
weighted images provide information about the tumor localiza-
tion. The PASL maps at an inversion time of 370 ms show the
highest contrast between high-grade gliomas and contralateral
normal brain tissue signal compared with all other measured in-
version times.

To provide information about the sensitivity and specificity of
the nITS values in the differentiation of low-grade and high-grade
gliomas, an ROC analysis for all inversion times was calculated.
Fig 6 shows the ROC curves for nITS values at different inversion
times. The area-under-the-ROC curve values for the nITS values
at different inversion times were 0.912 (370 ms), 0.805 (614 ms),
0.632 (864 ms), 0.580 (1114 ms), 0.437 (1364 ms), 0.500 (1614
ms), 0.464 (1864 ms), and 0.555 (2114 ms). The optimal cutoff for
nlTS values at an inversion time of 370 ms was 1.48, with 85%
sensitivity and 100% specificity. A nITS value of =1.48 suggested
high-grade, whereas an nITS of <1.48 suggested low-grade
glioma.

DISCUSSION

In this study, 370 ms was determined to be the inversion time that
showed the largest difference in normalized intratumoral signal
intensity between high-grade and low-grade astrocytomas in a
routine clinical setting. The use of multiple inversion times allows

inversion time is essential.*>** MacIntosh
et al*® recently (2010) showed that the
mean arterial transit time in healthy volunteers is approximately
641-935 ms, depending on the brain region. If the delay between
labeling and imaging is very short, the labeled spins are located
primarily within the vessel. At a very late inversion time, the mag-
netization of the labeled bolus disappears as the result of longi-
tudinal relaxation. We used PASL imaging at 8 different inver-
sion times in the range of 370-2114 ms, with a gap of
approximately 250 ms, along the lines of already published
data,>®?’ to determine which inversion time showed the larg-
est difference in normalized intratumoral signal intensity be-
tween high-grade and low-grade gliomas.

Previous ASL studies, focused on tumor perfusion, have al-
ready demonstrated that PASL perfusion measurements can im-
prove the diagnostic accuracy of glioma by use of a single inver-

sion time of 1200 ms,'®*

which resulted in a sensitivity of 82.9%
and a specificity of 96.2%."* We did not focus on absolute tumor
perfusion but rather investigated the largest signal difference be-
tween tumorous brain tissue and contralateral normal brain tis-
sue by evaluating the nITS values at different inversion times.
However, the sensitivity and specificity in this study were 85%
and 100%, respectively, by use of nITS values at an inversion time
of 370 ms. Our method, therefore, is comparable to previously
published PASL techniques for the differentiation of high-grade
and low-grade gliomas.

The results of this study point out that the inversion time
before expected cerebral perfusion shows the most significant dif-
ference, as well as the highest sensitivity and specificity of nITS
values, between high-grade and low-grade gliomas. The nITS
value does not allow evaluation of the absolute value of CBF but
reflects the signal ratio between tumor and normal tissue. Our
results demonstrate that high-grade gliomas show significantly
higher nITS values than low-grade gliomas at low inversion times
(Fig 4).

Previous studies have reported that at very low inversion
times, the labeled blood is assumed to be intravascular. Recently,

Liu et al*®

assessed the labeled spin localization at multiple post-
labeling delay times by use of T2 of the arterial spin-labeling signal
as a marker. Because of the T2 of arterial blood (approximately
152 ms) and the tissue T2 (approximately 90 ms), they proposed
that especially at very low inversion times (below the average
range of arterial transit time), the labeled spins are primarily lo-
cated in arterial vessels. They inferred that a postlabeling delay
time of 2 seconds is sufficient to allow the spins to completely
enter the tissue space for gray matter, and even longer inversion
times are needed for white matter.>> Therefore, we suggest that
the most significant intratumoral signal intensity in our study
depicts tumor circulation but not tumor perfusion and should be
more precisely called “normalized vascular intratumoral signal
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FIG1. A 55-year-old man with histologically proven glioblastoma (WHO grade IV), right parieto-temporal (highlighted with a white circle). Axial
PASL map at an inversion time of 370 ms (A), at 1114 ms (B), at 2114 ms (C), the contrast-enhanced Tl-weighted image (D), and the T2-weighted turbo
inversion recovery magnitude image (E). The increased signal intensity on the PASL maps of the glioblastoma is apparent at 370 ms. Images A-C

were visualized and preprocessed in Matlab (version 7.8.347, R2009a).

FIG 2. A37-year-old man with histologically proven diffuse astrocytoma (WHO grade 1), left parieto-temporal (highlighted with a white circle).
Axial PASL CBF parameter map at an inversion time of 370 ms (A), at 1114 ms (B), at 2114 ms (C), the contrast-enhanced T1-weighted image (D), and
the T2-weighted turbo inversion recovery magnitude image (E). On the PASL maps, no difference in signal intensity in the region of the tumor
can be detected at each different inversion time. Images A—C were visualized and preprocessed in Matlab (version 7.8.347, R2009a).

FIG 3. A 42-year-old man with histologically proven anaplastic astrocytoma (WHO 1), left parietal (highlighted with a white circle). Axial PASL
map at an inversion time of 370 ms (A), at 1114 ms (B), at 2114 ms (C), the contrast-enhanced Tl-weighted image (D), and the T2-weighted turbo
inversion recovery magnitude image (E). Although on contrast-enhanced Tl-weighted images no tumoral contrast enhancement can be de-
tected, the PASL maps show increased signal intensity that could be most accurately detected at 370 ms, indicating a high-grade astrocytic
neoplasm. Images A—C were visualized and preprocessed in Matlab (version 7.8.347, R2009a).

intensity” (nVITS). On the basis of the significance of neovascu-
larization as the driving force of brain tumor growth, high-grade
astrocytomas are supposed to show higher vessel densities than
low-grade astrocytomas. Thus, glioblastomas (P = .023) and ana-
plastic astrocytomas (P = .004) showed significantly higher
nVITS compared with low-grade astrocytomas, as revealed by
post hoc comparisons. Although tumoral neoangiogenesis in-
creases the vascular intratumoral signal as the result of higher
tumoral vessel attenuation, it cannot be excluded that some of the
vascular intratumoral signal refers to an early arrival of the spins,
because of variability in the size of tumor vessels. However, rather
than by use of relative tumor blood flow, this study indicates that
it is feasible to use nVITS values for astrocytoma subtyping.

The main advantage of the use of the nVITS for noninvasive
astrocytoma subtyping is that the acquisition time of the PASL
sequence at the inversion time of 370 ms is 1 minute, 20 seconds.
Compared with other ASL acquisition times in recently published
data, which ranged from 3 minutes, 26 seconds, to 5 minutes, 52
seconds, this results in an acceleration factor of approximately
3.5.1>18 This acceleration was achieved as the result of the reduc-
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tion of measurement repetitions to 25 rather than the formerly
suggested 50 repetitions.'"'* This was accomplished by the signal
intensification of intravascular blood flow compared with perfu-
sion blood flow. The reduction of the measurement repetitions
results in a reduced SNR, which is assumed to be the reason for the
missing nITS differences between the different grades of astrocy-
toma at 1200 ms reported in the literature.'"'®*® However, be-
cause of the extended multimodal tumor MR imaging protocol,
the acquisition time of each sequence should be as short as possi-
ble, in terms of patient care, to obtain as much usable information
about the tumor characteristics as possible. Another advantage is
that the calculation of nVITS values requires no further manual
postprocessing of the data and is immediately available after the
examination, in contrast to other MR imaging and CT perfusion
techniques. Therefore, nVITS provides a truly noninvasive
method by which to depict tumor vascularization and also offers a
beneficial, fast, and easily applicable tool for integration into rou-
tine MR imaging diagnostics.

The differentiation of high-grade and low-grade astrocytomas
by use of conventional MR imaging with gadolinium-based con-



trast medium alone can sometimes be misleading; published data
demonstrated that 32% of histologically proven high-grade glio-
mas do not show a pathologic contrast enhancement.>” However,
one of the most important clinical questions in astrocytoma diag-
nosis is the detection of malignant transformation of low-grade
gliomas into anaplastic astrocytomas as soon as possible to adapt
treatment strategies. More recently, published data have shown
that the additional use of MR spectroscopy and MR perfusion
significantly improve the predictive values and sensitivity of gli-
oma grading.®

FIG 4. Comparison of nITS values for different astrocytoma types at
8 different inversion times (370 ms, P = .003; 614 ms, P = .012; 864 ms,
P = 129; 1114 ms, P = .519; 1364 ms, P = .955;1614 ms, P = .746;1864 ms,
P = .848; 2114 ms, P = .162) with corresponding error bars.

Because the growth and state of malignancy of an astrocytoma
depends, among other factors, on angiogenesis, nVITS values
are thought to be an especially fast and noninvasive measure that
supports the detection of malignant transformation, particularly
because contrast enhancement reflects the disruption of the
blood-brain barrier rather than the assessment of tumor
vascularity.

Furthermore, the nVITS values of tumors may facilitate the
assessment of tumoral response to antiangiogenic therapy. Previ-
ous investigations demonstrated an expeditious decrease in tu-
morous tissue contrast enhancement after the initiation of treat-
ment with antiangiogenic agents, especially in cases of vascular
endothelial growth factor—targeted therapy, such as bevaci-
zumab.>*° This effect is thought to result partly from the nor-
malization of abnormally permeable tumor vessels rather than
from real antitumor effects and is also referred to as pseudore-
sponse. The advantage of obtaining the nVITS values of tumors
could consist in depicting tumor circulation, which is thought to
display the effects of antiangiogenic therapy more accurately than
the contrast enhancement of tumors.

A potential limitation of ASL is that arterial occlusion could
lead to a delay of the labeled arterial blood.** This prolonged
arterial transit time would result in an underestimation of tumor-
ous vascular blood flow values, which would consequently lead to
an underestimation of tumor malignancy. To minimize this po-
tential bias, profound arterial occlusion should be excluded be-
fore the MR examination by use of non—contrast-dependent
techniques, such as time-of-flight angiography. However, detec-
tion of a marginal reduction of vascular blood flow, which could
also interfere with ASL data at such low inversion times, remains
challenging.

FIG 5. Contrast-enhanced T1-weighted images and time-series of PASL perfusion maps at all measured inversion times (370 ms, 614 ms, 864 ms,
1114 ms, 1364 ms, 1614 ms, 1864 ms, 2114 ms) of 5 patients (A—E) with high-grade gliomas.
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FIG 6. ROC curves of nITS values for the differentiation of low-grade
and high-grade gliomas for all inversion times.

Another limitation of this study is the limited number of pa-
tients with low-grade astrocytoma. This was a result of the lower
local and overall incidence of low-grade astrocytoma compared
with high-grade astrocytoma.’?

Future investigation is needed to characterize the distribution
function of the vascular bolus more precisely. Therefore, inver-
sion times <370 ms must be investigated.

Because of the multiple PASL measurements (8 different in-
version times), an acceleration of PASL acquisition time was es-
sential, in terms of patient care, which resulted in a reduced SNR
and an increased susceptibility to artifacts, which is another lim-
itation of this study. Nevertheless, the PASL sequence used in this
study proved to be able to differentiate between different glioma
grades. Further investigation about SNR improvement is neces-
sary but was beyond the scope of this investigation.

CONCLUSIONS

The data from our study confirm that nVITS, obtained at an in-
version time of 370 ms, is a feasible value in the clinical setting for
the differentiation of low-grade and high-grade astrocytic neo-
plasms. The use of normalized vascular intratumoral signal inten-
sity facilitates a noninvasive, rapid radiologic characterization of
astrocytomas. This value should be considered as a first step for
the use of lower inversion times in PASL imaging to obtain further
information about tumor vascularization. Future investigation
will be needed to focus on sequence optimization and more de-
tailed correlation of MR findings and histopathologic data (eg,
vascular patterns and densities).

ACKNOWLEDGMENTS
The authors wish to thank Siemens Health Care (Erlangen, Ger-
many) for providing the pulsed arterial spin-labeling sequence.

Disclosures: Matthias Preusser—UNRELATED: Grants/Grants Pending: Roche*
GSK* (*money paid to institution).

REFERENCES
1. Wohrer A, Waldhér T, Heinzl H, et al. The Austrian Brain Tumour
Registry: a cooperative way to establish a population-based brain
tumour registry. ] NeuroOncol 2009;95:401-11
2. Surawicz TS, McCarthy BJ, Kupelian V, et al. Descriptive epidemiol-
ogy of primary brain and CNS tumors: results from the Central
Brain Tumor Registry of the United States, 1990-1994. NeuroOncol
1999;1:14-25
488

Furtner Mar 2014  www.ajnr.org

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

. Pope WB, Sayre J, Perlina A, et al. MR imaging correlates of survival

in patients with high-grade gliomas. AJNR Am ] Neuroradiol
2005;26:2466-74

. Daumas-Duport C, Scheithauer B, O’Fallon J, et al. Grading of

astrocytomas: a simple and reproducible method. Cancer 1988;
62:2152—-65

. Knopp E, Cha S, Johnson G, et al. Glial neoplasms: dynamic con-

trast-enhanced T2*-weighed MR imaging. Radiology 1999;211:
791-98

. Law M, Yang S, Babb JS, et al. Comparison of cerebral blood volume

and vascular permeability from dynamic susceptibility contrast-
enhanced perfusion MR imaging with glioma grade. AJNR Am |
Neuroradiol 2004;25:746-55

. Hu LS, Baxter LC, Pinnaduwage DS, et al. Optimized preload leak-

age-correction methods to improve the diagnostic accuracy of dy-
namic susceptibility-weighted contrast-enhanced perfusion MR
imaging in posttreatment gliomas. AJNR Am ] Neuroradiol
2010;31:40—-48

. Golay X, Petersen E. Arterial spin labeling: benefits and pitfalls of

high magnetic field. Neuroimaging Clin North Am 2006;16:259—68

. Chen Y, Wang D]JJ, Detre JA. Test-retest reliability of arterial spin

labeling with common labeling strategies. ] Magn Reson Imaging
2011;33:940—-49

Jarnum H, Steffensen EG, Knutsson L, et al. Perfusion MRI of brain
tumours: a comparative study of pseudo-continuous arterial spin
labelling and dynamic susceptibility contrast imaging. Neuroradi-
ology 2010;52:307-17

Warmuth C, Gunther M, Zimmer C. Quantification of blood flow in
brain tumors: comparison of arterial spin labeling and dynamic
susceptibility-weighted contrast-enhanced MR imaging. Radiology
2003;228:523-32

Weber M-A, Giinther M, Lichy MP, et al. Comparison of arterial
spin-labeling techniques and dynamic susceptibility-weighted con-
trast-enhanced MRI in perfusion imaging of normal brain tissue.
Invest Radiol 2003;38:712—18

Hirai T, Kitajima M, Nakamura H, et al. Quantitative blood flow
measurements in gliomas using arterial spin-labeling at 3T: inter-
modality agreement and inter- and intraobserver reproducibility
study. AJNR Am ] Neuroradiol 2011;32:2073-79

Koziak AM, Winter J, Lee T-Y, et al. Validation study of a pulsed
arterial spin labeling technique by comparison to perfusion com-
puted tomography. Magn Reson Imaging 2008;26:543—53

Weber M-A, Henze M, Tiittenberg J, et al. Biopsy targeting gliomas:
do functional imaging techniques identify similar target areas? In-
vest Radiol 2010;45:755—68

Deibler AR, Pollock JM, Kraft RA, et al. Arterial spin-labeling in
routine clinical practice, part 1: technique and artifacts. AJNR Am |
Neuroradiol 2008;29:1228 -34

Lu H, Clingman C, Golay X, et al. Determining the longitudinal
relaxation time (T1) of blood at 3.0 Tesla. Magn Reson Med
2004;52:679-82

Kim MJ, Kim HS, Kim J-H, et al. Diagnostic accuracy and interob-
server variability of pulsed arterial spin labeling for glioma grading.
Acta Radiol 2008;49:450-57

Lev MH, Ozsunar Y, Henson JW, et al. Glial tumor grading and
outcome prediction using dynamic spin-echo MR susceptibility
mapping compared with conventional contrast-enhanced MR:
confounding effect of elevated rCBV of oligodendrogliomas. AJNR
Am J Neuroradiol 2004;25:214-21

Wong EC, Buxton RB, Frank LR. Implementation of quantitative
perfusion imaging techniques for functional brain mapping using
pulsed arterial spin labeling. NMR Biomed 1997;10:237—49

Wen PY, Macdonald DR, Reardon DA, et al. Updated response as-
sessment criteria for high-grade gliomas: response assessment in
neuro-oncology working group. J Clin Oncol 2010;28:1963-72
Hendrikse J, Van Osch M, Rutgers D, et al. Internal carotid artery
occlusion assessed at pulsed arterial spin-labeling perfusion MR
imaging at multiple delay times. Radiology 2004;233:899-904



23.

24.

25.

26.

27.

MaclIntosh BJ, Filippini N, Chappell MA, et al. Assessment of arterial
arrival times derived from multiple inversion time pulsed arterial
spin labeling MRI. Magn Reson Med 2010;63:641—-47

Chawla S, Wang S, Wolf RL, et al. Arterial spin-labeling and MR
spectroscopy in the differentiation of gliomas. AJNR Am ] Neurora-
diol 2007;28:1683—89

Liu P, Uh J, Lu H. Determination of spin compartment in arterial
spin labeling MRI. Magn Reson Med 2011;65:120-27

Wolf RL, Wang J, Wang S, et al. Grading of CNS neoplasms using
continuous arterial spin labeled perfusion MR imaging at 3 Tesla. |
Magn Reson Imaging 2005;22:475-82

Barker FG, Chang SM, Huhn SL, et al. Age and the risk of anaplasia in

28.

29.

30.

magnetic resonance-nonenhancing supratentorial cerebral tu-
mors. Cancer 1997;80:936—41

Law M, Yang S, Wang H, et al. Glioma grading: sensitivity, specific-
ity, and predictive values of perfusion MR imaging and proton MR
spectroscopic imaging compared with conventional MR imaging.
AJNR Am J Neuroradiol 2003;24:1989-98

Friedman HS, Prados MD, Wen PY, et al. Bevacizumab alone and in
combination with irinotecan in recurrent glioblastoma. J Clin On-
c012009;27:4733—40

Vredenburgh JJ, Desjardins A, Herndon JE, et al. Bevacizumab plus
irinotecan in recurrent glioblastoma multiforme. J Clin Oncol 2007;
25:4722-29

AJNR Am J Neuroradiol 35:482-89  Mar 2014 www.ajnr.org 489



ORIGINAL RESEARCH
BRAIN

Histogram Analysis of Intravoxel Incoherent Motion for
Differentiating Recurrent Tumor from Treatment Effect in
Patients with Glioblastoma: Initial Clinical Experience

ABSTRACT

H.S. Kim, C.H. Suh, N. Kim, C.-G. Choi, and S.J. Kim
O=

BACKGROUND AND PURPOSE: Intravoxel incoherent motion can simultaneously measure diffusion and perfusion characteristics. Our
aim was to determine whether the perfusion and diffusion parameters derived from intravoxel incoherent motion could act as imaging
biomarkers for distinguishing recurrent tumor from treatment effect in patients with glioblastoma.

MATERIALS AND METHODS: Fifty-one patients with pathologically confirmed recurrent tumor (n = 31) or treatment effect (n = 20) were
assessed by means of intravoxel incoherent motion MR imaging. The histogram cutoffs of the 90th percentiles for perfusion and
normalized CBV and the 10th percentiles for diffusion and ADC were calculated and correlated with the final pathology results. A
leave-one-out cross-validation was used to evaluate the diagnostic performance of our classifiers.

RESULTS: The mean 90th percentile for perfusion was significantly higher in the recurrent tumor group (0.084 = 0.020) than in the
treatment effect group (0.040 £ 0.010) (P < .001). The 90th percentile for perfusion provided a smaller number of patients within an
overlap zone in which misclassifications can occur, compared with the 90th percentile for normalized CBV. The mean 10th percentile for
diffusion was significantly lower in the recurrent tumor group than in the treatment effect group (P = .006). Receiver operating charac-
teristic curve analyses showed the 90th percentile for perfusion to be a significant predictor for differentiation, with a sensitivity of 87.1%
and a specificity of 95.0%. There was a significant positive correlation between the 90th percentiles for perfusion and normalized CBV (r =
0.674; P <.001).

CONCLUSIONS: A histogram analysis of intravoxel incoherent motion parameters can be used as a noninvasive imaging biomarker for
differentiating recurrent tumor from treatment effect in patients with glioblastoma.

ABBREVIATIONS: IVIM = intravoxel incoherent motion; ROC = receiver operating characteristic; AUC = area under the ROC curve; nCBV = normalized

CBV

I n clinical practice, it is often difficult to determine whether a
progressively enhancing lesion occurring after concurrent
chemoradiotherapy is caused by a recurrent tumor or by treat-
ment effect." Several studies have used physiologic imaging
techniques, such as T2*-weighted dynamic susceptibility-
weighted contrast-enhanced perfusion MR imaging, to differ-
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entiate recurrent tumor from treatment effect."> Intravoxel
incoherent motion (IVIM) was introduced by Le Bihan et al>*
as a method for simultaneously measuring perfusion and dif-
fusion. Le Bihan et al* defined IVIM as the microscopic trans-
lational motions that occur in each image voxel in MR imag-
ing. In biologic tissues, these incoherent motions include
molecular diffusion of water and microcirculation of blood in
the capillary network, called “perfusion.” These 2 phenomena
account for the bi-exponential decay of the signal intensity on
DWI when different diffusion b-values are applied. With the
use of IVIM theory, both true molecular diffusion and water
molecule motion in the capillary network can be estimated by
means of a single diffusion imaging acquisition technique. The
major advantages of IVIM MR imaging are as follows: it allows
the simultaneous acquisition of diffusion and perfusion pa-
rameters, which can provide perfusion measures within corre-
sponding solid lesions on ADC or the D-map without the re-
quirement for a co-registration processing step; intravenous



FIG1. Flow chart of our study population.

contrast injection is not required; and it allows processing and
image analysis to be performed within a reasonable timeframe.

In the present study, we attempted to validate IVIM-derived
perfusion and diffusion parameters through the use of both the
pathologic correlation and normalized CBV (nCBV) derived
from DSC MR perfusion imaging, which has been commonly
used as a perfusion parameter for assessing the glioblastoma treat-
ment response. For pathologic correlation, we used IVIM MR
imaging in patients with pathologically confirmed recurrent tu-
mor or treatment effect.

Our first hypothesis was that the difference in vascularity be-
tween recurrent tumor and treatment effect can be assessed by
means of an IVIM-derived perfusion fraction (f), and it would
correlate with the value of nCBV derived from DSC MR perfusion
imaging. Our second hypothesis was that the true diffusion pa-
rameter (D), derived from a biexponential model that separates
perfusion effects, may be more significantly different between the
recurrent tumor and the treatment effect groups than ADC. The
purpose of this study was to determine whether the perfusion (f)
and diffusion (D) parameters derived from IVIM can act as im-
aging biomarkers for distinguishing recurrent tumor from treat-
ment effect in patients with glioblastoma.

MATERIALS AND METHODS
Our institutional review board approved this retrospective study
and waived the informed consent requirement.

Patients

A retrospective review of our institution’s data base identified 375
patients who had undergone MR imaging studies for pretreat-
ment and posttreatment glioma evaluation between May 2011
and April 2013. Among these patients, 51 were included on the
basis of the following criteria: 1) had pathologically confirmed
glioblastomas before standard glioblastoma treatment; 2) under-

went concurrent chemoradiotherapy af-
ter surgical resection; 3) demonstrated
new or enlarged contrast-enhancing le-
sions seen on serial follow-up MR images
including IVIM MR imaging; 4) did not
have corticosteroid administration be-
tween the prior follow-up MR imaging
and the time of IVIM MR imaging; 5) had
adequate image acquisition and quality
without patient motion or a significant
susceptibility artifact; and 6) were patho-
logically confirmed with recurrent tumor
or treatment effect after their second sur-
gical resection. The study patient accrual
process is summarized in Fig 1. Of the 51
study patients, 31 had recurrent tumor
(mean age, 52.2 years; range, 35—72 years)
and 20 had treatment effect (mean age,
50.5 years; range, 25—67 years).

Histopathologic Diagnosis

Well-recognized pathologic features of a

recurrent tumor included cellular sheets

and/or nests of atypical cells, often with
mitotic figures. The finding of fewer atypical cells, in a linear in-
filtrative configuration in parenchyma without prominent reac-
tive changes, was also classified as recurrence. Pathologic features
of treatment effects were geographic coagulative necrosis without
pseudopalisading, vascular necrosis, vascular hyalinization,
reactive vascular changes, dystrophic calcification, perivascular
chronic inflammation, and gliosis with atypia.’

IVIM Model

In biologic tissue, IVIM includes microcirculation of blood in the
capillary network, also referred to as perfusion.” The relationship
between signal variation and b factors with an IVIM-type se-
quence can be expressed by use of the Equation®:

Sw_

(1—f) PP +fe
So

where S is the mean signal intensity, S, is the signal intensity
without diffusion, fis the fraction of the diffusion linked to mi-
crocirculation, D is the diffusion parameter representing pure
molecular diffusion (the slow component of diffusion), and D* is
the diffusion parameter representing incoherent microcircula-
tion within the voxel, that is, perfusion-related diffusion or the
fast component of diffusion (Fig 2).

MR Imaging Protocols

MR imaging was performed with the use of a 3T system (Achieva;
Philips Medical Systems, Best, the Netherlands) with an 8-chan-
nel sensitivity-encoding head coil. We acquired 16 different b-val-
ues (0, 10, 20, 40, 60, 80, 100, 120, 140, 160, 180, 200, 300, 500,
700, and 900 s/mm?) in 3 orthogonal directions. The distribution
of b-values was chosen to cover both the initial pseudodiffusion
decay (b <200 s/mm?) and the molecular diffusion decay (b =200
s/mm?).” We used a large number of lower b-values in our study
to improve the accuracy of the pseudodiffusion (D*). The depen-
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FIG 2. Example of biexponential signal decay as a function of the 16
different diffusion b-values in a given voxel of a recurrent tumor.
Bold, solid line is the IVIM nonlinear regression fit providing D, D*, and
f.Blue line is the biexponential fit providing fast decay associated with
perfusion; red line is slow decay of the biexponential fit, indicating
true diffusion; yellow line is the monoexponential fit providing ADC.

dence of the diffusion-weighted signal (in log plots) on the b-
value is no longer straight, as would have been expected for free
diffusion, but curved, thus reflecting the multiplicity of the un-
derlying process.® Perfusion is expected to contribute to this cur-
vature in a biexponential mode* for b-values in the very low range
(0200 s/mm” or higher for very slow flow). The total acquisition
time was 4 minutes, 21 seconds. The DWI with multiple b-values
was performed before contrast-enhanced MR imaging.

DSC MR perfusion imaging was performed with the use of a
gradient-echo, echo-planar sequence during administration of
contrast material (Dotarem; Guerbet, Paris, France) at a rate of 4
mL/s by use of an MR imaging— compatible power injector (Spec-
tris; Medrad, Pittsburgh, Pennsylvania). The bolus of contrast
material was followed by a 20-mL bolus of saline administered at
the same injection rate. The detailed imaging parameters for the
DSC study were as follows: repetition time/echo time, 1407/40;
flip angle, 35° field of view, 24 cm; matrix, 128 X 128; and num-
ber of sections, 20. The total DSC MR image acquisition time was
1 minute, 30 seconds.

Image Processing

All imaging data were transferred from the MR scanner to an
independent, personal computer for quantitative IVIM and DSC
MR perfusion analyses. An in-house program with Matlab2010b
TM (MathWorks, Natick, Massachusetts) was developed to eval-
uate the diffusion process, not only of the monoexponential
model but also of the biexponential model. Simplified biexponen-
tial models, including the Le Bihan simplified method, the Lu-
ciani method, and the Sigmund method, were implemented. A
full biexponential model was also implemented to evaluate the
exact IVIM diffusion parameters. IVIM parameters, including f
and D, were calculated by means of the Le Bihan simplified
method.

The DSC perfusion parametric map was obtained through the
use of a commercial software package (nordicICE; Nordic-
NeuroLab, Bergen, Norway). For DSC MR perfusion imaging,
after eliminating recirculation of the contrast agent by use of
y-variate curve fitting and contrast agent leakage correction, the
relative CBV was computed by numeric integration of the curve.
On a pixel-by-pixel basis, the nCBV maps were calculated by di-
viding each relative CBV value by an unaffected, white matter—
relative CBV value defined by an experienced neuroradiologist

492 Kim  Mar 2014  www.ajnr.org

(H.S.K., with 9 years of clinical experience in neuro-oncologic
imaging).

For quantitative analysis, contrast-enhancing lesion volumes
were segmented on 3D, postcontrast, T1-weighted images by use
of a semi-automated adaptive thresholding technique so that all
of the pixels above the threshold value were selected. Therefore,
significant regions of macroscopic necrosis that were not enhanc-
ing, as well as cystic areas, were excluded. The resulting entire
enhancing tumor volumes were verified by the experienced neu-
roradiologist (H.S.K.), who was blinded to the clinical outcome,
and they were co-registered and mapped to the f, D, nCBV, and
ADC maps. Each parametric value was calculated on a pixel-by-
pixel basis for the segmented contrast-enhancing volume and
used for the histogram analysis (Fig 3). For the cumulative histo-
gram parameters, the 90th percentile for f (f90) and nCBV
(nCBV90) and the 10th percentile for D (D10) and ADC
(ADC10) were derived (the nth percentile is the point at which
1% of the voxel values that form the histogram are found to the

left).

Statistical Analysis

Kaplan-Meier curves and log-rank tests were used to evaluate the
association of the pathologic results (recurrent tumor/treatment
effect) with overall survival. All data are expressed as mean *
standard deviation. The Student ¢ test was used to assess signifi-
cant differences in 90 nCBV90 D10 and ADC10 between the
recurrent tumor and the treatment effect groups.

In the receiver operating characteristic (ROC) curve analysis,
the cutoff points, determined by maximizing the sum of the sen-
sitivity and specificity, were calculated to differentiate the 2 enti-
ties. A leave-one-out cross-validation was used to evaluate the
performance of our classifiers. In each round of the leave-one-out
validation, one participant was selected as a testing sample. The
remaining participants were used as training samples to construct
the classifier. The testing sample was then classified with the
trained classifier. This procedure was repeated until each partici-
pant was tested once. The performance of the histogram param-
eters was evaluated with sensitivity and specificity. Sensitivity
was determined as TP/(TP + FN), and specificity was determined
as TN/(TN + FP), where TP is a true-positive finding (test re-
sults showed recurrent tumor, and the final pathologic diagnosis
was also recurrent tumor); TN, a true-negative finding (test re-
sults showed treatment effect, and the final pathologic diagnosis
was also treatment effect); FP, a false-positive finding (test re-
sults showed recurrent tumor, but the final pathologic diagnosis
was treatment effect); and FN, a false-negative finding (test results
showed treatment effect, but the final pathologic diagnosis was
recurrent tumor).

The association of 90 and nCBV90 was assessed by means of
Pearson and partial correlation analyses. SPSS 19.0 for Windows
(IBM, Armonk, New York) was used to perform all statistical analy-
ses. Probability values <.05 were considered to indicate statistically
significant differences.

RESULTS
The mean interval between IVIM MR imaging and second-look

surgery was 12.5 days. The mean time for postprocessing of the
IVIM histogram was 3 minutes, 37 seconds. Descriptive statistics



FIG 3. A 51-year-old man with recurrent tumor. A, Axial contrast-enhanced TI-weighted
image shows a necrotic contrast-enhancing lesion in the left temporoparietal lobe. The
f-map (B) and nCBV map (C) show visual increases of the f and nCBV values in the corre-
sponding areas of the contrast-enhancing lesion. The visual D-value (D) is similar to that of

white matter.

Table 1: Comparison of study patient demographic data

Recurrent Treatment

Variables Tumor Effect P Value
No. of male patients 14 (46.9%) 11(60.0%) 147
No. of female patients 17 (53.1%) 9 (40.0%)
Age, y* 522+89  550.5*86 376
Mean radiation dose at CCRT, Gy* 595+ 0.7 59.7 £ 05 .856
Mean KPS? 945 £ 5.0 922 £ 81 722
Tumor volume, cm®? 512 =17 50.7 = 17.5 701
Surgical extent before CCRT .554
Biopsy 2 2
Subtotal resection 14 9
Gross total resection 15 9
Surgical extent at second-look surgery 391
Biopsy 6 3
Subtotal resection il 6
Gross total resection 14 1
Time interval between CCRT and new or enlarged 421+191 453 +16.3 .505
contrast-enhancing lesion, wk?
Median survival, wk 73.5 80.5 079

Note:—CCRT indicates concurrent chemoradiotherapy; Gy, gray; KPS, Karnofsky Performance Score.

“Data are mean =* standard deviation.

regarding the demographic data obtained
in both the patients with recurrent tumor
and treatment effect are summarized in
Table 1. When the Kaplan-Meier curves
and log-rank tests were used to evaluate
the association of the pathologic results
(recurrent tumor/treatment effect) with
overall survival, we found that the differ-
ences were not statistically significant,
though the patient group with treatment
effect tended to have longer overall sur-
vival than those with recurrent tumor
(Table 1).

Visual Analysis of the IVIM MR
Parameters and Histogram
Distribution

Among the 51 study patients, all patients
with recurrent tumor and 5 patients with
treatment effect showed that the signal
decay curve, plotted as a function of the
diffusion b-values, was biexponential and
ranged from 0-900 s/mm?>. Recurrent tu-
mors show more rapid signal decay than
do treatment effects in the range of lower
b-values (b <200 s/mm?). In the remain-
ing 15 of the 20 patients with treatment
effect, the signal decay curve was similar
to the monoexponential pattern. The f
histogram in recurrent tumors showed a
higher relative frequency at a high f value
compared with treatment effects, thus re-
sulting in substantial divergence between
recurrent tumors and treatment effects at
the high end of the cumulative histo-
grams. The D-histogram in recurrent tu-
mors showed a higher relative frequency
atalow D value compared with treatment
effects, thus resulting in a substantial di-
vergence between recurrent tumors and
treatment effects at the low end of the cu-
mulative histograms. The f- and D-maps
and their histograms of representative
cases of recurrent tumor and treatment
effect are shown in Figs 3 and 4.

Diagnostic Performance of the IVIM
Histogram Parameters

The mean * standard deviation of {90,
D10, nCBV90, and ADC10 in both the re-
current tumor and treatment effect
groups are shown in Table 2, and repre-
sentative cases of each group are shown in
Figs 3 and 4. f90 showed statistically sig-
nificant differences between recurrent tu-
mor and treatment effect, with the recur-
rent tumor group showing higher 90
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FIG4. A45-year-old man with treatment effect. A, Axial contrast-enhanced Tl-weighted image

togram parameters used to distinguish re-
current tumor from treatment effect are
summarized in Table 3. ROC curve anal-
yses showed f90 to be the best predictor
for differentiating recurrent tumor from
treatment effect (area under the ROC
curve [AUC], 0.957; 95% CI, 0.860—
0.994). Although 90 showed the largest
AUG, the difference of AUC between 90
and nCBV90 was not significant. ROC
curve analysis indicated that the diagnos-
tic models that were based on all of the
IVIM histogram parameters had a statis-
tically significant P value.

According to ROC curve analyses for
distinguishing recurrent tumor from treat-
ment effect, the cutoff values were 0.056 for
90 and 0.970 for D10 when all 51 patients
were regarded as a training set. With f90 asa
discriminative index, sensitivity and speci-
ficity for differentiation were 87.1% (27 of
31 patients with recurrent tumor) and
95.0% (19 of 20 patients with treatment ef-
fect), respectively. With D10 as a discrimi-
native index, sensitivity and specificity were
71.0% (22 of 31 patients with recurrent tu-
mor) and 75.0% (15 of 20 patients with
treatment effect), respectively (Table 3).

Partial correlation analysis showed a
significantly positive correlation between
90 and nCBV90 (r = 0.674; P < .001) for
all cases with histopathology as the con-
trolling variable.

shows a necrotic contrast-enhancing lesion in the right temporoparietal lobe. The f-map (B) and

nCBY map (C) show no visual increase of the f and nCBV values in the corresponding areas of the
contrast-enhancing lesion. D-map (D) shows visual increase of the D value.

Table 2: Difference of the mean cumulative histogram cutoff
values of IVIM MR imaging parameters, nCBV, and ADC in
patients with recurrent tumor and treatment effect

Recurrent Treatment
Parameters Tumor Effect P Value
90 0.084 =0.020 0.040 =0.010  <.001
D10, 10 >mm?s " 0.940 = 0.097  1.008 = 0.045 006
nCBV90 4374 +1133 2.505 + 0426  <.001
ADCI0,10 >mm?*s~"  0.961 = 0.090 1.011 = 0.054 032

Note:—f90 indicates 90th percentile histogram cutoff of f; D10, 10th percentile
histogram cutoff of D; nCBV90, 90th percentile histogram cutoff of nCBV; ADCIO,
10th percentile histogram cutoff of ADC.

Data are mean * standard deviation.

(mean = standard deviation, 0.084 = 0.020 versus 0.040 = 0.010;
P <.001). On the ROC curve and box-and-whisker plots, f90
showed a clear difference between the 2 groups and provided a
smaller number of patients within an overlap zone in which mis-
classifications can occur compared with nCBV90 (14 patients ver-
sus 19 patients; Figs 5 and 6). The mean D10 was significantly
lower in the recurrent tumor group (mean * standard deviation;
0.940 *= 0.097 [10>mm?s~!']) than in the treatment effect
group (1.008 * 0.045 [10™?*mm?*s~']) (P = .006).

The results of the ROC analyses of the quantitative IVIM his-
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DISCUSSION

To the best of our knowledge, the treat-
ment response evaluation for brain tumor
by use of the IVIM method has not yet been reported. In the
present study, we attempted to validate the IVIM-derived perfu-
sion and diffusion parameters to determine whether an enlarging,
contrast-enhancing lesion was caused by recurrent tumor or by
treatment effect as the perfusion and diffusion characteristics of
posttreatment tumors can differ from those suggested by the Le
Bihan biexponential model. Our study clarified the different per-
fusion characteristics of recurrent tumor and treatment effect on
the basis of the IVIM biexponential model. We found that the
mean 90 had a significantly higher value in the recurrent tumor
group than in the treatment effect group. According to ROC curve
analysis, f90 and D10 showed excellent diagnostic accuracy as
predictors for differentiating recurrent tumor from treatment
effect.

Previous reports have proposed that DSC perfusion MR im-
aging has the potential to distinguish tumor recurrence from
treatment effect through the use of relative CBV maps.”'® In the
present study, we found that the diagnostic performance of IVIM-
derived perfusion and diffusion parameters were more successful
for differentiating recurrent tumor from treatment effect than



FIG 5. ROC curve indicates the sensitivities and specificities of f90-based differentiation between recurrent tumor and treatment effect. The
overlap zone (14 patients) between dotted lines on the box-and-whisker plot shows the same interval in which misclassifications can occur on

the ROC curve.

FIG 6. ROC curve indicates the sensitivities and specificities of nCBV90-based differentiation between recurrent tumor and treatment effect.
Overlap zone (19 patients) between dotted lines on the box-and-whisker plot shows the same interval in which misclassifications can occur on

the ROC curve.

prior work that was based on perfusion and diffusion imaging
alone; however, the difference was not statistically significant. The
possible explanation for this result might be attributed to the con-
trast agent leakage effects, which depend on the attenuation and
spatial distribution of tumor cells within the extracellular ex-
travascular space and can lead to an additional susceptibility cal-
ibration factor. Moreover, IVIM MR imaging by use of spin-
echo-based DWI can be less sensitive to T2* susceptibility artifact
than is DSC MR imaging.

Le Bihan et al® suggested that the f value measures the frac-
tional volume of capillary blood flowing in each voxel. Regarding
tumor angiogenesis and its correlation with perfusion parame-
ters, tumor angiogenesis is a complex multistep process and is
characterized morphologically by an increase in the number of
blood vessels and endothelial cell proliferation.'"!* Recurrent tu-
mors are usually higher-grade tumors with increased neoangio-
genesis, which leads to increased CBV as well as increased perme-
ability surface area product. In the present study, we did not find
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Table 3: Diagnostic performance of the cumulative histogram cutoff values of the IVIM
MR imaging parameters, nCBV, and ADC values for differentiating recurrent tumor from

treatment effect

IVIM-derived D values compared with
ADC in enhancing lesions of the liver,

confirming that ADC is contaminated by

Parameters AUC? Cutoff Sensitivity Specificity
o o perfusion.
90 0.957 (0.860, 0.994) 0.056 87.1% 95.0% o
D10, 10 >mm?s ™~ 0.756 (0.615, 0.865) 0.970 71.0% 75.0% To date, no objective study of IVIM
nCBV90 0.940 (0.835, 0.987) 2.892 83.9% 95.0% MR imaging has been used to assess the
ADCI0, 10 >mm?>s™' 0697 (0.552, 0.818) 0.995 67.7% 75.0% treatment response of brain tumor. IVIM

Note:—f90 indicates 90th percentile histogram cutoff of f; D10, 10th percentile histogram cutoff of D; nCBV90, 90th
percentile histogram cutoff of nCBV; ADCI10, 10th percentile histogram cutoff of ADC; AUC, the largest area under the

ROC curve.

There was no statistically significant difference between the AUC for f90 and that for nCBV90.

2 Numbers in parentheses are 95% confidence intervals.

any visual discordance between the nCBV and IVIM-derived per-
fusion parameters for differentiating recurrent tumor and treat-
ment effect. However, the correlation coefficient between f90 and
nCBV90 was not as high as we had expected. There can be a num-
ber of reasons that account for this correlation result. The most
important reason could be that these 2 perfusion parameters rep-
resent different aspects of tumor vessels. CBV measures mainly
microvascular attenuation, and f measures microscopic transla-
tional motions associated with microcirculation of blood. Simi-

larly, Jain et al'?

reported that CBV showed a significant positive
correlation with microvascular attenuation, whereas permeability
parameter showed a significant positive correlation with micro-
vascular cellular proliferation, which suggests that these perfusion
parameters represent different aspects of tumor vessels. More-
over, spin-echo—based IVIM imaging has a substantially different
vessel size sensitivity profile from that of gradient-echo—based
DSC MR imaging. Further studies that correlate the IVIM-de-
rived perfusion fraction with various MR perfusion parameters,
including CBF and permeability parameters, are needed for un-
derstanding the exact meaning of the IVIM-derived perfusion
parameter.

On quantitative analysis, 4 of 31 patients with recurrent tu-
mors showed false-negative findings on both IVIM and DSC per-
fusion MR images. The detailed mechanism of these concordance
false-negative findings of the 2 imaging methods remains unclear.
However, the possible mechanism is that tumor vessels can be
compromised as the result of the rapid growth of the tumor cells,
necrosis, and increased permeability of the vessels causing inter-
stitial edema, which can result in compression of the smaller ves-
sels, also leading to areas of hypoperfusion. Another mechanism
may be a technical limitation that the diffusion parameters esti-
mated from the biexponential model could be sensitive to noise
and to the initial values used for data fitting.

DWI with the use of quantitative summary measures such as
the ADC has shown the potential to distinguish tumor regrowth
from radiation injury. Several previous studies have shown that
the ADC value with a monoexponential model can help to differ-
entiate tumor recurrence from treatment-related change.'®'?
Our study showed that D10 differed more significantly between
the recurrent tumor and the treatment effect groups than did
ADCI10. Although the exact pathophysiologic mechanism for de-
termining the difference between the ADC10 and D10 results is
unclear, the significant perfusion difference between the recur-
rent tumor and the treatment effect groups may contribute to the
ADC-D difference. Similarly, Yamada et al'® reported lower
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MR imaging has several major advan-
tages. First, it is clinically relevant to si-
multaneously obtain diffusion and perfu-
sion information'” and can provide ADC
or D-map-guided perfusion measures
without a co-registration processing step. Second, although we
used a contrast-enhanced protocol for direct comparison be-
tween DSC perfusion MR and IVIM parameters, IVIM MR imag-
ing can provide perfusion information without the need for in-
travenous contrast media. This is particularly relevant in patients
with compromised renal function or severe allergies and those
who cannot be given intravenous, gadolinium-based contrast me-
dia.'® Last, the IVIM method can provide standardized values if
the same modeling was used; therefore this method has potential
to be used in multicenter clinical trials.

Our study has several limitations. First, the number of study
patients was relatively small. Further prospective analyses with a
larger number of patients will be needed to validate our results.
Second, 9 of 51 study patients underwent stereotactic biopsy,
which is subject to sampling errors, at the time of second-look
surgery, and our pathology estimates of regions of recurrent tu-
mor versus treatment effect were not determined by direct corre-
lation between tissue-specimen histopathology and correspond-
ing region of parametric map, as shown by Hu et al.> However, in
clinical practice, such quantitative correlation is very difficult to
achieve and may be less clinically important than determining a
robust method for distinguishing areas of abnormality that are
unlikely to progress rapidly from areas that are likely to progress.
Last, the set of b-values used in our study was not optimized. To
achieve a shorter examination time without sacrificing the preci-
sion of the techniques, the b-values might be further optimized in
a separate study as a function of the available IVIM parameter
values in the brain.

CONCLUSIONS

IVIM-derived perfusion and diffusion parameters can act as non-
invasive imaging biomarkers for assessing the treatment response
in patients with posttreatment glioblastoma.
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Semiautomated Volumetric Measurement on Postcontrast MR
Imaging for Analysis of Recurrent and Residual Disease in
Glioblastoma Multiforme

D.S. Chow, J. Qi, X. Guo, V.Z. Miloushev, F.M. Iwamoto, J.N. Bruce, A.B. Lassman, LH. Schwartz, A. Lignelli, B. Zhao, and C.G. Filippi

ABSTRACT

BACKGROUND AND PURPOSE: A limitation in postoperative monitoring of patients with glioblastoma is the lack of objective measures
to quantify residual and recurrent disease. Automated computer-assisted volumetric analysis of contrast-enhancing tissue represents a
potential tool to aid the radiologist in following these patients. In this study, we hypothesize that computer-assisted volumetry will show
increased precision and speed over conventional 1D and 2D techniques in assessing residual and/or recurrent tumor.

MATERIALS AND METHODS: This retrospective study included patients with native glioblastomas with MR imaging performed at 2448
hours following resection and 2—4 months postoperatively. 1D and 2D measurements were performed by 2 neuroradiologists with
Certificates of Added Qualification. Volumetry was performed by using manual segmentation and computer-assisted volumetry, which
combines region-based active contours and a level set approach. Tumor response was assessed by using established 1D, 2D, and volumetric
standards. Manual and computer-assisted volumetry segmentation times were compared. Interobserver correlation was determined
among 1D, 2D, and volumetric techniques.

RESULTS: Twenty-nine patients were analyzed. Discrepancy in disease status between 1D and 2D compared with computer-assisted volumetry
was 10.3% (3/29) and 17.2% (5/29), respectively. The mean time for segmentation between manual and computer-assisted volumetry techniques
was 9.7 minutes and <1 minute, respectively (P < .01). Interobserver correlation was highest for volumetric measurements (0.995; 95% Cl,
0.990-0.997) compared with 1D (0.826; 95% Cl, 0.695—0.904) and 2D (0.905; 95% Cl, 0.828 —0.948) measurements.

CONCLUSIONS: Computer-assisted volumetry provides a reproducible and faster volumetric assessment of enhancing tumor burden,
which has implications for monitoring disease progression and quantification of tumor burden in treatment trials.

ABBREVIATIONS: CAV = computer-assisted volumetry; GBM = glioblastoma multiforme; RANO = Response Assessment in Neuro-Oncology

G lioblastoma multiforme (GBM) is an invasive and highly ag-  graphic monitoring with freehand measurements of the amount of

gressive tumor with a median patient survival of 14.6 months  contrast-enhancing tumor in 2 or 3 planes is commonly used for

with combined radiation therapy and temozolomide." New thera-
pies are being developed to treat GBM, which may decrease morbid-
ity and lengthen the period of progression-free survival. However, to
fully use new therapies in the treatment of GBM, quantitative MR
imaging metrics are needed to guide therapy, risk stratify patients
undergoing therapy, and prognosticate outcome.>* A major limita-
tion is this lack of prognostic imaging parameters.* Simple radio-
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assessing response to different therapies, which is used to guide treat-
ment strategies.”® Commonly used techniques include the Response
Evaluation Criteria in Solid Tumors and the MacDonald criteria,
which use unidimensional and bidimensional measurements, re-
spectively.”” However, the postsurgical cavity tends to be highly ir-
regular in shape, which may increase the difficulty in obtaining accu-
rate and reproducible measurements. In particular, single-
dimensional techniques may be inaccurate, given the propensity of
high-grade gliomas to grow in an eccentric and nodular fashion, and
may not be reflective of change in actual tumor burden."”

Paper previously presented in part at: 51st Annual Meeting of the American Soci-
ety of Neuroradiology, May 1823, 2013; San Diego, California, under the title
“Semi-Automated Measurement of Recurrent and Residual Disease in Glioblas-
toma Multiforme: A Potential New Objective Metric.”
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Recently, the Response Assessment in Neuro-Oncology
(RANO) Working Group proposed new recommendations for
assessing response criteria for high-grade gliomas, which included
a modification to the MacDonald criteria.'’ While the RANO
criterion used 2D measurements, the Working Group suggested
that volumetric analysis could provide more accurate measurements
with respect to bidimensional techniques.'' Outside the central ner-
vous system, volumetric assessment has been proved superior to uni-
dimensional measurements when used to assess treatment response
in hepatic, pulmonary, and pancreatic malignancies.'>"?

Despite the potential advantages of volumetric assessment,
this technique requires manual outlining of the contrast-enhanc-
ing border, which can be both time-consuming and technically
challenging.>'® This technique may be further limited in cases
with irregular enhancement and subependymal extension.'® For
these reasons, computer-aided volumetry techniques applied to
the contrast-enhancing tissue represent a potential tool to aid the
radiologist in following these patients. Such techniques may in-
crease both the accuracy and reproducibility in assessing GBM
recurrence. Thus far, such automation has been explored in the
assessment of advanced lung cancer with promising results."* Ap-
plication of computer-assisted volumetry (CAV) has been ex-
plored for the evaluation of gliomas; however, these studies have
dealt with native nontreated disease and have not been validated
against other measurement techniques.">"”

In this study, we describe a novel CAV technique for assess-
ment of tumor burden in the patient with GBM. Specifically, we
describe the reliability and feasibility of this technique compared
with traditional linear-based measurements in the patient with
postresection GBM.

MATERIALS AND METHODS

Subjects

After institutional review board approval of this Health Insurance
Portability and Accountability Act—complaint study, a query of the
neuropathology department data base at our institution from Janu-
ary 2011 to November 2012 was conducted. Specifically, patients
who had undergone primary resection of glioblastomas were evalu-
ated. Given that many of our patients are referred from other facilities
for resections, we specifically examined patients who had undergone
MR imaging evaluation at our institution where standardization of
MR imaging protocols allows a better comparison of scans. A retro-
spective review of these medical records was conducted to determine
demographic information including sex, age at time of resection,
extent of resection, and duration between follow-up imaging exam-
inations. All patients received combination radiation therapy with
concurrent chemotherapy following maximal resection.

Imaging Techniques

All imaging was performed on a 3T MR imaging system (Signa;
GE Healthcare, Milwaukee, Wisconsin) by using an 8-channel
head-array coil (Signa HDxt; GE Healthcare). We obtained the
following sequences: axial T1-weighted pre- and postcontrast, T2,
and FLAIR. Volumetric acquisitions were also acquired for all
postcontrast images with a T1-weighted 3D inversion recovery
fast spoiled gradient-recalled sequence with the following param-
eters: T1, 450 ms; TR, 10.2 ms; TE, 4.2 ms; o, 13° bandwidth, 25

KHz; FOV, 25 ¢cm; matrix, 256 X 256; section thickness, 1.2 mm.
Total scanning time was approximately 4 minutes 15 seconds.
Postcontrast images were acquired by using intravenous gado-
benate dimeglumine (MultiHance; Bracco, Milan, Italy) with a
weight-based dose of 0.2 mL/kg. The time between intravenous
injection and postcontrast imaging was 5 minutes. All immediate
postoperative imaging was performed within 2 days of resection
by using the same MR imaging parameters. Follow-up imaging
was performed between 2 and 4 months after surgery.

Imaging Interpretation

Two radiologists (C.G.F. and A.B.L.), who were blinded to the
final calculated volume, each measured the major and minor axes
for each tumor on postcontrast sequences. The major axis was
defined as the longest diameter, and the minor axis was defined as
the longest diameter perpendicular to the major axis. Gross total
resection was defined as the absence of enhancing tissue at post-
operative examination. Nonmeasurable lesions were defined as
enhancing masses with lesions with maximal thickness of <4 mm
(2 times the imaging section thickness) to reduce variability from
volume averaging.'' Additionally, the surgical cavity, cysts, and
necrosis were not included in measurements per the RANO cri-
teria.'" In cases of multiple enhancing foci, individual diameters
were measured and summed for response evaluation.'®!!

Manual volumetric segmentations were performed by 1 radi-
ologist (D.S.C.), who was blinded to the final CAV calculation, by
performing manual tracing around the enhancing lesion on vol-
umetric sequences (section thickness, 0.2 mm). All manual seg-
mentations were performed at a dedicated workstation (Advan-
tage Workstation, Version 4.3; GE Healthcare Europe, Buc,
France). All measurements were performed by comparison with
precontrast T1 images to avoid T1 shortening effects from post-
surgical changes (ie, blood products). The time required to per-
form manual segmentation was also recorded.

CAV measurements were performed by a separate radiologist
(J.Q.) who was blinded to final manual volumetric measurements.
Tumor contours were delineated on immediate and 2- to 4-month
postsurgery T1-weighted MR images by using an in-house, proprie-
tary segmentation algorithm developed to assist the computer-aided
volume calculation of this project. Our CAV algorithm was originally
developed for hepatic lesions and has since been adapted for different
applications including brain and renal malignancies, lymphoma, and
peritoneal mesothelioma.'®?* The semiautomated algorithm com-
bines the region-based active contours and a level set approach and
has the advantages of easy initialization, quick segmentation, and
efficient modification. An operator manually selects a region of in-
terest that roughly encloses the tumor on a single image. Boundary
localization of the tumor and exclusion of the nonviable tissue inside
the tumor are then performed automatically by the developed algo-
rithm. Once the segmentation is completed on an image, the tumor
contour is propagated to its neighboring images, serving as an initial
region of interest for subsequent segmentations on the neighboring
images. This process continues iteratively until all the tumor images
are segmented. To ensure correct results, computer-generated tumor
contours are superimposed on the original images for inspection and
modification as needed by a radiologist. Once the segmentation is
finalized, tumor volume is automatically calculated (Fig 1). This seg-
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mentation algorithm and a number of manual interaction functions,
such as selection of a region of interest and modification of subopti-
mal contour results, have been integrated into a user-friendly image-
viewing system developed with the Matlab (MathWorks, Natick,
Massachusetts) computer language by the research group.

Definition of Response

Tumor response was assessed for each study by using established 1D,
2D and volumetric standards extrapolated from bi-dimensional
standards.”” Cases of discrepancy between readers were re-reviewed
to reach a consensus. Volumetric standards were established by using
an extrapolation from the MacDonald criteria by converting orthog-
onal measurements to a volume assuming a spheric lesion (Table
1).'° “Complete response” was defined as complete absence of con-
trast-enhancing tumor for all techniques. “Partial response” was de-
fined as >30% decrease in the sum of maximal diameters for 1D,
>50% decrease in the product of orthogonal diameters for 2D, and
>65% in volume for volumetric techniques. “Progression of disease”
was defined as a 20% increase in the sum of maximal diameters for
1D, >25% increase in the product of orthogonal diameters for 2D,
and >40% increase in volume for volumetric techniques. “Stable
disease” was defined as all other changes for 1D, 2D, and volumetric
techniques. Tumor response counts and discrepancy between agree-
ments were calculated among the different measuring methods.

Statistical Tests

Manual and semiautomated volumetric measurements and seg-
mentation times were compared by using a paired ¢ test. Pearson
correlation coefficients with corresponding confidence intervals
were used to assess interobserver correlations of 1D, 2D, and vol-
umetric measurements. The inter-rater agreement statistic with

FIG1. Comparison of linear 1D measurements (A) and CAV analysis (B) in a 64-year-old man with
glioblastoma multiforme 11 weeks following resection. Our readers found volumetric analysis

preferable, given the irregularity of recurrence.

corresponding confidence intervals was calculated for tumor re-
sponse by using weighted k values. k values were interpreted as
follows: 0.40—0.60, moderate; 0.61-0.80, good; and 0.81-1.00,
very good. Statistical analysis was conducted with MedCalc for
Windows, Version 12.2.1 (MedCalc Software, Mariakerke, Bel-
gium). A P value < .05 was considered statistically significant.

RESULTS

Subjects

In total, we identified 90 patients who had a GBM resection at our
institution between January 2011 and November 2012, of whom
32.2% (29/90) had undergone all standardized postoperative MR
imaging at our institution. The mean age of patients was 62.2 = 8.5
years (range, 38—81 years); of whom 55% (16/29) were men and
45% (13/29) were women. With respect to the extent of resection,
5/29 and 24/29 underwent gross total resection and subtotal resec-
tion, respectively. Demographic information is summarized in Table
2. The mean time to follow-up from baseline postoperative imaging
was 12.3 * 3 weeks (range, 6—16 weeks).

Disease Response
Discrepancies in disease response for 1D, 2D, and volumetric tech-
niques were encountered in 17.2% (5/29), 10.3% (3/29), and 3.4%
(1/29) of patients. Following review of discrepancies, the complete
response rate was 3.4% (1/29) for all measuring techniques. The par-
tial response rate was 10.3% (3/29), 10.3% (3/29), and 6.9% (2/29)
for 1D, 2D, and CAV techniques, respectively. The stable disease rate
was 10.3% (3/29), 10.3% (3/29), and 17.2% (5/29) for 1D, 2D, and
CAV techniques, respectively. The progressive disease rate was 75.9%
(22/29), 75.9% (22/29), and 72.4% (21/29) for 1D, 2D, and CAV
techniques, respectively. These results are summarized in Table 3.
Discrepancies in disease classification be-
tween 1D and 2D compared with CAV were
observed in 10.3% (3/29) and 17.2% (5/29)
of cases (Figs 2 and 3). The discrepancy be-
tween 1D and 2D was 6.8% (2/29).

Analysis of Measurement
Techniques

The mean volume for manual and CAV
analyses was 10.0 and 9.5 mL, respectively
(P =.11). The mean time for segmentation
between manual and CAV techniques was
9.7 minutes and <1 minute, respectively
(P <.01). The Pearson correlation between
manual and CAV analysis was 0.995 (95%
CI, 0.990—0.997). This correlation was sig-
nificantly higher than interobserver correla-
tions for 1D (Pearson correlation, 0.826;
95% CI, 0.695-0.904; P < .0001) and 2D

Table 1: Definition of response criteria for unidimensional (RECIST), bidimensional (Macdonald), and volumetric techniques

Criteria CR PR SD PD
RECIST Resolution of all enhancement =30% Decrease in sum of max All others =20% Increase in sum of max
dimensions dimensions
Macdonald Resolution of all enhancement =50% Decrease in product of 2 All others =25% Increase in product of 2
orthogonal dimensions orthogonal dimensions
Volumetric Resolution of all enhancement =65% Decrease in volume All others =40% Increase in volume

Note:—CR indicates complete response; PR, partial response; SD, stable disease; PD, progression of disease; RECIST, Response Evaluation Criteria in Solid Tumors; max, maximal.
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(Pearson correlation, 0.905; 95% CI, 0.828—0.948; P < .0001) mea-
surements (Table 4). No significant difference was observed between
1D and 2D correlations (P = .12). With regard to classifying disease
response, inter-reader agreement was significantly higher for volu-
metric techniques (k = 0.948; 95% CI, 0.845-1.000) compared with
1D (P = .0002; k = 0.760; 95% CI, 0.682-1.000) and 2D (P = .01;

Table 2: Demographic information of included patients

Variable Value
Male/female (No.) 16:13
Mean age at resection (yr, SD) 62.2(8.5)
Mean follow-up (wk, SD) 123(3.0)
Extent of resection (No., %)

GTR 5(17.2)

STR 24 (82.8)
Note:—GTR indicates gross total resection; STR, subtotal resection.
Table 3: Response counts of 1D, 2D, and CAV (n = 29)

CR PR SD PD

1D 1 3 3 22

2D 1 4 2 22

CAV 1 2 5 21

Note:—CR indicates complete response; PR, partial response; SD, stable disease; PD,
progression of disease.

FIG 2. Disease status categorization in a 38-year-old woman with glioblastoma following resec-
tion, at 24 hours and at 12 weeks. 1D measurement found the contrast enhancement on initial
postoperative imaging nonmeasurable (A) and subsequently labeled this case disease progres-
sion on follow-up imaging (B). CAV measurement labeled this case stable disease between

baseline (C) and follow-up imaging (D).

k = 0.851; 95% CI, 0.555—0.966) measurements (Table 5). No sig-
nificant difference was observed between 1D and 2D agreements
(P =.25).

DISCUSSION
Surveillance and management of patients with GBM are reliant on
imaging; however, measurement of residual disease can be challeng-
ing. In the present study, we examined a CAV approach to quantify
residual disease and noted no significant difference compared with
manual volumetric measurements, which are time-consuming and
impractical in a busy clinical or academic practice. Additionally, CAV
assessment was least variable compared with unidimensional and
bidimensional techniques. These results are in line with other studies
comparing manual volumetric tracing with diameter-based ap-
proaches, which have also noted less inter-reader and intrareader
variability for volumetric techniques.>> While volumetric analysis is
technically challenging and time-consuming, the CAV process that
we have developed was both significantly faster and reliable, making
application for routine clinical use and investigative purposes feasi-
ble. Other studies have described similar computer-aided techniques
in the evaluation of gliomas; however, validation against other mea-
surement techniques is lacking."
Bidimensional techniques used in the
MacDonald and RANO criteria are cur-
rently the most commonly used tech-
niques for GBM assessment; however,
studies have reported high interobserver
and intraobserver variability, even among
individuals with specialty training in neu-
roradiology.>**° The increased variability
likely
stems from the inherent irregularities in
GBM. Specifically, GBMs are not solid el-
lipsoid lesions but instead typically dis-

in diameter-based approaches

play complex morphology with infiltra-
tive margins and eccentric growth and
demonstrate heterogeneity with areas of
cystic degeneration and necrosis. Addi-
tionally, linear measurements may be af-
fected by differences in head positioning
at the time of examination and scan sec-
tion techniques. These limitations are fur-
ther compounded in the postoperative
patient in whom blood products may be
mistaken for enhancing tumor and the
surgical cavity itself may have collapsed.*

Assessing residual volume in patients
with GBM has been shown to be a signifi-
cant and independent predictor.**”*® Intu-
itively, 3D volumetric analysis is a more ac-
curate method for assessing tumor size
compared with alternative linear-based
techniques.>>***° Dempsey et al® found
volumetric analysis to be predictive of sur-
vival compared with diameter-based analy-
sis, which failed to adequately assess tumor
size in recurrent gliomas. Such volumetric
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FIG 3. Disease status categorization in an 81-year-old man with glioblastoma following resec-
tion at 24 hours and at 12 weeks. 1D measurement labeled this case partial response between
baseline (A) and follow-up imaging (B). CAV measurement labeled this case stable disease be-

tween baseline (C) and follow-up imaging (D).

Table 4: Interobserver correlation® of 1D, 2D, and volumetric®
measurements

Interobserver Pearson 95% Cl
Correlation Lower Limit Upper Limit
1D 0.814 0.686 0.897
2D 0.904 0.825 0.948
Volumetric 0.995 0.990 0.997

@ Assessed with the Pearson correlation coefficient.
®Manual and CAV analysis.

Table 5: Interobserver agreement® of 1D, 2D, and volumetric®
measurements

Interobserver k 95% Cl
Correlation Lower Limit ~ Upper Limit
1D 0.760 0.555 0.966
2D 0.851 0.682 1.000
Volumetric 0.948 0.845 1.000

@ Assessed with the k coefficient.
®Manual and CAV analysis.

assessment has several unique advantages over linear-based tech-
niques, including its ability to objectively accommodate the irregular
and eccentric growth of GBMs, exclude cystic and necrotic compo-
nents, and account for changes in the shape of the postoperative

resection cavity.'®*°
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Accurate assessment of tumor volume is
important for clinical management and
particularly in the development of new
therapies and trials. This is of particular im-
portance in the evaluation of GBM, given its
exceedingly aggressive behavior.>® When
assessing clinical response determined by
different models, we observed a 17.2% dif-
ference in outcome classification when
comparing volumetric with bidimensional
techniques; however, similar studies have
observed up to a 40% discrepancy.** Addi-
tionally, disease status categorizations are
defined on thresholds based on presumed
ellipsoid geometry, which may, in turn, lead
to increased variability in assessing GBM,
given the inherent morphologic features.
Such variability has been observed within
2D measurements by the same reader with a
reported 14% false-positive rate for diagno-
sis of disease progression in otherwise stable
disease.”

In this study, we subjectively observed a
greater discordance between extrapolated
volumes of linear-based techniques and
volumetric assessment for tumors with in-
creased eccentricity and necrotic changes.
Specifically, linear measurements obtained
for eccentric tumors would often be overes-
timated. Additionally, linear measurements
obtained for cystic and necrotic tumors
would often be overestimated. We also ob-
served that extrapolated volumes for linear-
based measurements of rounded nodular
lesions were closer to the volumetric assess-
ment. For reasons described previously, linear-based measurements
are problematic for GBM assessment, given that these tumors are not
typically solid ellipsoid lesions but display complex morphology.
Such inconsistencies and potential inaccuracies may result in classi-
fying effective treatments as ineffective or ineffective treatments as
effective, which underscores the need for a reliable, reproducible,
standard process of accurately determining tumor volume.® With
respect to use of computer-aided tools, researchers in body imaging
have previously demonstrated improved accuracy over linear-based
measurements by using a similar automated technique in the evalu-
ation of lung, liver, and lymph node tumors.®

When one interprets the results of our study, several limitations
should be kept in mind. First, this study is retrospective in design and
subject to its limitations. Second, we have limited our analysis to
enhancing contrast-enhancing tissue, which only represents in-
creased blood-brain barrier permeability. While this may represent
enhancing tumor, other possibilities may include inflammation,
subacute ischemia, and so forth. However, there is no clear consensus
on how to best assess the extent of residual and/or recurrent disease,
which tends to default to the standard 1D or 2D measurement tech-
niques, which are suboptimal. Additionally, there is no clear objec-
tive consensus on how to assess nonenhancing disease. Last, several



patients were imaged within 12 weeks following resection, which is
within the timeframe of pseudoprogression. It would have been op-
timal to repeat those studies to ensure that enhancement detected by
CAV was indeed disease progression.'' However, histopathologic
confirmation of recurrent disease was available for all except 1 patient
imaged within the timeframe of pseudoprogression. Furthermore,
the primary goal of this study was to assess the volumetric technique
in comparison with other methods.

CONCLUSIONS

We have demonstrated the feasibility of a semiautomated segmenta-
tion technique to determine recurrent and/or residual tumor volume
in patients with GBM, and this more reliable, reproducible, and sig-
nificantly faster volumetric assessment of enhancing tumor burden
has implications for the monitoring of disease progression and a po-
tential role in therapy and novel treatment trials. Future studies
should address patient outcomes with volumetric disease categoriza-
tion, assess reliability among a larger number of readers, and com-
pare reliability among different CAV algorithms.
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Evaluation of Common Structural Brain Changes in Aging and
Alzheimer Disease with the Use of an MRI-Based Brain Atrophy
and Lesion Index: A Comparison Between TIWI and T2WiI at
1.5T and 3T

H. Guo, X. Song, R. Vandorpe, Y. Zhang, W. Chen, N. Zhang, M.H. Schmidt, and K. Rockwood,
for the Alzheimer’s Disease Neuroimaging Initiative

el =1 |
ABSTRACT

BACKGROUND AND PURPOSE: The Brain Atrophy and Lesion Index combines several common, aging-related structural brain changes
and has been validated for high-field MR imaging. In this study, we evaluated measurement properties of the Brain Atrophy and Lesion
Index by use of TIWI and T2WI at 1.5T and 3T MR imaging to comprehensively assess the usefulness of the lower field-strength testing.

MATERIALS AND METHODS: Data were obtained from the Alzheimer’s Disease Neuroimaging Initiative. Images of subjects (n = 127) who
had TIWI and T2WI at both 3T and 1.5T on the same day were evaluated, applying the Brain Atrophy and Lesion Index rating. Criterion and
construct validity and interrater agreement were tested for each field strength and image type.

RESULTS: Regarding reliability, the intraclass correlation coefficients for the Brain Atrophy and Lesion Index score were consistently high
(>0.81) across image type and field strength. Regarding construct validity, the Brain Atrophy and Lesion Index score differed among
diagnostic groups, being lowest in people without cognitive impairment and highest in those with Alzheimer disease (F > 5.14; P < .007).
Brain Atrophy and Lesion Index scores correlated with age (r > 0.37, P < .001) and cognitive performance (r > 0.38, P < .001) and were
associated with positive amyloid- test (F > 3.96, P < .050). The TIWI and T2WI Brain Atrophy and Lesion Index scores were correlated (r >
0.93, P < .001), with the T2WI scores slightly greater than the TIWI scores (F > 4.25, P < .041). Regarding criterion validation of the 1.5T
images, the 1.5T scores were highly correlated with the 3T Brain Atrophy and Lesion Index scores (r > 0.93, P < .00]).

CONCLUSIONS: The higher field and T2WI more sensitively detect subtle changes in the deep white matter and perivascular spaces in
particular. Even so, 1.5T Brain Atrophy and Lesion Index scores are similar to those obtained by use of 3T images. The Brain Atrophy and
Lesion Index may have use in quantifying the impact of dementia on brain structures.

ABBREVIATIONS: AD = Alzheimer disease; ADNI = Alzheimer’s Disease Neuroimaging Initiative; BALI = Brain Atrophy and Lesion Index; DWM = deep
white matter lesions; GM-SV = gray matter lesions and subcortical dilated perivascular spaces; HC = healthy control subjects; MCl = mild cognitive
impairment

vessel ischemia, and microhemorrhages.*® These changes are

A ging involves multiple structural changes in the brain that
can have an additive effect on cognition.'”> Such common
brain changes include global atrophy, white matter injury, small-
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more frequent and more severe in neurodegenerative and neuro-
vascular conditions such as Alzheimer disease (AD), than in
healthy aging.”'! To collectively evaluate multiple common brain
changes and their additive effects on brain function, a semi-quan-
titative rating scale, the Brain Atrophy and Lesion Index (BALI),
has been validated.'>'? The BALI assesses global atrophy and le-
sions in the supratentorial and the infratentorial compartments,
including lesions in the gray matter (eg, cortical infarcts) and
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dilated perivascular spaces in the subcortical white matter as well
as lesions in the periventricular regions, deep white matter, basal
ganglia, and the surrounding regions.'>'> Through the use of
different datasets, for example, the Alzheimer’s Disease Neuroim-
aging Initiative (ADNI),"* the BALI has been used to distinguish
AD from healthy aging'” and to evaluate the dynamics of brain
structural changes with aging.'® To date, BALI has been applied
only to MR imaging acquired at 3T and 4T to exploit the higher
SNR."” Although high-field systems represent the mainstream in
future research and clinical settings, large amounts of data have
been collected at 1.5T. To generalize the BALI to 1.5T MR imaging
has potential value in understanding brain aging.

Our goal was to test the measurement properties of the BALI at
both 1.5T and 3T MR imaging, for both TIWI and T2WL. In
consequence, we compared BALI scores derived from TIWI and
T2WT at both 3T and 1.5T and tested the relationship of the score
with age, cognitive test scores, AD and mild cognitive impairment
(MCI) diagnosis, and AD biomarkers. Our specific objectives
were to validate BALI in 1.5T MR imaging by investigating 1) its
criterion validity, for example, how well brain images acquired at
1.5T can be used to capture various structural changes in aging,
and 2) whether TIWI and T2WI can both be used in the evalua-
tion of global brain changes at 1.5T.

MATERIALS AND METHODS

Data

Data used in the preparation of this article were obtained from the
ADNI data base (adni.loni.ucla.edu). The ADNI was launched in
2003 with a primary goal to test whether serial MR imaging, PET,
other biologic markers and clinical and neuropsychological as-
sessments can be combined to measure the progression of MCI
and early AD. The initial goal of the ADNI was to recruit 800
subjects, but the ADNI has been followed by ADNI-GO and
ADNI-2. To date, these 3 protocols have recruited more than 1500
research participants, ages 55-90 years, consisting of cognitively
normal older individuals, people with early or late MCI, and peo-
ple with early AD."*

For this secondary analysis, data from ADNI participants who
had TIWI and T2WT at both 1.5T and 3T on the same day (n =
135) were retrieved. Subjects who had at least 1 image with severe
artifacts were excluded (n = 8). A set of the 4 images from each of
the remaining subjects (AD = 37; MCI = 45; healthy control
subjects [HC] = 45) was analyzed (ie, the first-time, same-day
scans, so that each set represents unique individuals). At both 3T
and 1.5T, the TIWI scans used 3D MPRAGE (TR/TE = 2300—
3000/3—4 ms; flip angle = 8 -9° section thickness = 1.2 mm; 256
reconstructed axial sections), whereas the T2WI scans used a 2D
FSE/TSE (TR/TE = 3000-4000/96—-103 ms; flip angle = 90° or
150°; section thickness = 3 mm; 48 axial sections).'® Clinical as-
sessment data were also obtained, including the Mini-Mental
State Examination, Clinical Dementia Rating Scale, and the Alz-
heimer’s Disease Assessment Scale—cognitive subscale."® The
clinical assessments had been completed within 14 days of the MR
imaging scans. Diagnostic categorization (AD, MCI, and HC) had
been made by ADNI site physicians in accordance with the Na-
tional Institute of Neurologic and Communicative Disorders and
Stroke/Alzheimer Disease and Related Disorders Association

(NINCDS/ADRDA) criteria and reviewed by ADNI clinical mon-
itors. In addition, for subjects in whom CSF biomarkers were
tested, the baseline amyloid- 1-42 peptide (AB,_,,), phos-
pho-, and total 7 protein data were obtained (AD = 21, MCI =
28, HC = 23) and their values were dichotomized (positive/neg-
ative tests).?°

Evaluation of the BALI

The BALI is a semi-quantitative measure, adapted from several
existing scales that assess localized structural changes.'*'? Index
variables integrate information from several sources (in the pres-
ent report, types and locations of structural lesions) and are well-
suited to evaluating change at a system level.”' Changes in 7 cat-
egories were evaluated by use of BALI (Fig 1; On-line Table 1).
These included gray matter lesions and subcortical dilated
perivascular spaces (GM-SV), deep white matter lesions (DWM),
periventricular white matter lesions, lesions in the basal ganglia
and surrounding areas (including the caudate, putamen, globus
pallidus, thalamus, and internal capsule), lesions in the infraten-
torial compartments (including the cerebellum and the brain
stem), and global atrophy. In addition, an “other findings” cate-
gory was included to record other possible changes such as neo-
plasm, trauma, idiopathic normal-pressure hydrocephalus, focal
asymmetry, and deformity, each of which, in our experience, is
sometimes seen in older adults, even though no subjects in this
sample showed a change in the “other findings” category. A value
between 0—3 was assigned to each category on the basis of the
severity of change, with a higher score meaning greater severity
(Fig 1; On-line Table 1; On-line Figs 1-4). Values of 4 and 5 were
also used to capture more severe changes in the DWM and global
atrophy categories, without a ceiling effect (On-line Figs 1-4).
The BALI total score was calculated as the sum of the subscores of
all the 7 categories, with a possible maximum of 25.

Five certified neuroradiologists, each with many years of ex-
perience in brain MR imaging evaluation, performed the image
evaluation. The raters were trained with the BALI rating method
chiefly through studying the rating schema and examples and
discussing selected cases. Images were displayed using MRIcron
(http://www.nitrc.org/projects/mricron/). Each rater performed
ratings independently, blinded to the information concerning the
subject demographics, diagnosis, cognitive test results, and imag-
ing field strength. TIWI and T2WT were assessed separately on
different days to minimize possible recall bias. For both T1WIand
T2WI, the images were rated in random order. Only axial images
were used.

Analysis

We tested interrater agreement to evaluate reliability. To test con-
struct validity, we correlated each of the 4 sets of measures (both
field strengths and both image types) with age, cognitive test
scores, and biomarkers. Criterion validity refers to comparison
with a reference standard®?; in the present study, we used the 3T
images as the reference standard and correlated 1.5T images
against them. Given that all lesions are less common and less
severe in healthy aging people, compared with people with de-
mentia, analyses are presented in relation to cognitive diagnosis.
To evaluate the reliability of BALL interrater agreement was as-
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FIG 1. Example images showing BALI rating. Regions highlighted by black squares are magnified in rows underneath. Black arrows indicate
targeted lesions. GM-SV indicates gray matter lesions and subcortical dilated perivascular spaces; DWM, deep white matter lesions; PV,
periventricular white matter lesions; BG, lesions in the basal ganglia and surrounding areas; IT, lesions in the infratentorial regions; GA, global
atrophy. (a), multiple dilated perivascular spaces could be seen at 1.5T but were more readily observed at 3T. (b), T2WI at both 3T and 1.5T showed
the beginning of confluence hyperintensity foci in the bilateral parietal lobes, whereas on TIWI, only punctuate hypointensity foci were
observed. (c), each image showed the pencil-thin lining lesion, scored as 1. (d), each image showed large confluent lesions, scored as 3. (e), lesions
were seen more easily by T2WI than by TIWI at both 3T and 1.5T. (f), images showed severe atrophy with obviously dilated ventricles and
widened sulci.

sessed by use of the intraclass correlation coefficient for the BALI ~ coefficient for the categoric subscores. A 2-way random model
total scores (interval variable), with intraclass correlation coeffi- ~ was used, with both subject-sample and rater as random factors.
cient values compared by use of Fisher Z tests and the Cohen k=~ The agreement rate was assessed independently for image type
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FIG 1. Continued

and field strength, for example, 1.5T TIWI, 1.5T T2WI, 3T T1WI,
and 3T T2WI. As commonly done, the agreement was examined
by use of a random subsampling of 20% of subjects among 3 raters
and generalized with 5 raters by use of 9% random subsampling.>”
Demographic characteristics across diagnostic groups were exam-
ined by use of the Kruskal-Wallis nonparametric test for interval
data (eg, age) and x* for categoric data (eg, sex). Comparisons of
the mean BALI total scores and the subscores between and within
different groups, by diagnosis or biomarker, were conducted by

use of ANOVA and the Kruskal-Wallis nonparametric tests, re-
spectively. The interrelations of BALI total score between 3T and
1.5T and between T1WTI and T2WI were examined by use of cor-
relation analyses. Relationships between BALI total score and age/
cognitive tests were examined by use of regression analyses. Per-
formance of the BALI scores in identifying individuals with
different diagnoses was evaluated by use of the area under the
curve of receiver operating characteristic analysis. All analyses
were performed with the use of PASW 17 (IBM, Armonk, New
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Table 1: Demographics and characteristics of the sample by diagnosis

AD McCI HC K-W/x* P

Sample size, n 37 45 45

Women, % 59.5 311 62.2 1043 .005
Age,y 740=*79 757 %72 76.8 =49 173 420
Education, y 141+33 163 =29 16.2 =22 12.40 .002
CDR (/3)! 0.8 =03 (1.0) 0.5+ 0.1(0.5) 0+01(0) 141.50 <001
MMSE (/30) 221+ 44 264 +27 289 *£1.2 67.78 <.001
ADAS-cog (/70) 19.6 = 8.9 123+£6.0 5.6 =32 66.54 <.001
ABy_s pg/mL 149.4 + 361 169.7 + 447 212.9 + 572 16.27 <001
T, pg/mL 1212 =473 947 *+ 62.6 68.3 + 291 16.94 <.001
p-7, pg/mL 459 +19.5 312+ 151 246 +139 1735 <001

Note:—Data are presented as mean * standard deviation, otherwise as indicated. CSF biomarker data were available from a portion of the ADNI sample at baseline (AD = 21,

MCI = 28, HC = 23).

CDR indicates Clinical Dementia Rating Scale; MMSE, Mini-Mental State Examination; ADAS-cog, Alzheimer’s Disease Assessment Scale—cognitive subscale; AB,_,,, amyloid-
B-peptides 1-42; 7, total 7 protein; p-7, phospho-T proteins; K-W/ x?, statistics for the Kruskal-Wallis test.

York); codes were developed by use of Matlab 2008 (MathWorks,
Natick, Massachusetts). The level of significance was set at P < .05.

RESULTS

There was no diagnostic group difference in age (Table 1). Sub-
jects with MCI were more likely to be men. As expected, people
with AD had significantly lower cognitive testing scores compared
with those with cognitively healthy aging, with MCI showing an
intermediate level on average. Subjects with AD also had levels of
education lower than those in the HC or MCI groups. Significant
differences were also present in the AD biomarkers (Table 1).

Considering reliability, the intraclass correlation coefficient
indicated at least strong agreement, with a value of 0.81 (CI =
0.67-0.94) for 1.5T TIWTI, 0.86 (0.70-0.95) for 1.5T T2WI, 0.89
(CI=10.71-0.96) for 3T TIWI, and 0.88 (0.73—0.96) for 3T T2WI
(Fisher Z = 0.05-0.29, P > .770), indicating indifference in the
agreement rates between BALI scores on the basis of different
image types and field strengths. The k coefficients for the BALI
category were moderate to substantial, between 0.45 with DWM
by use of TIWTI at 1.5T and 0.76 with lesions in the infratentorial
regions by use of TIWT at 3T (Fig 2).

Multiple structural changes were present commonly in each
diagnostic group. Regardless of field strength and imaging type,
on average, subjects with AD showed the highest values of the
BALI total scores, followed by those with MCI (Online Table 2).
Significant differences in BALI total score were found among di-
agnostic groupsin TIWIand T2WIatboth 1.5T and 3T (F > 5.14;
P < .007). Similar differences by diagnosis existed in the global
atrophy subscores (x* > 14.38, P < .001), whereas other sub-
scores also showed the trend. Within each diagnostic group, the
3T T2WI-based BALI total score was the highest, followed by
1.5T T2WI, 3T T1WI, and 1.5T T1WI. A significant difference in
the total score was found between T2WTand TIWI (F > 4.25,P <
.041) and marginally between 3T and 1.5T (F < 3.23, P < .074),
without interaction (F < 0.02, P > .898). Similar differences be-
tween field strengths and the image types were observed for
GM-SV (ie, 3T > 1.5T; T2WI > T1WI), though the lesions in the
infratentorial regions, DWM, periventricular white matter le-
sions, and lesions in the basal ganglia and surrounding areas sub-
scores also showed such a tendency without a significant differ-
ences (Online Table 2).

The 3T-based and 1.5T—based BALI total scores were corre-
lated for both TIWI (r = 0.94, P < .001) and T2WI (r = 0.93, P <
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FIG 2. Interrater agreement for the BALI rating. Images were rated by
3 raters independently by use of 20% of randomly selected sub-
sample. The interrater agreement was calculated for the total scores
(interval data) by use of intraclass correlation coefficient, whereas
that for the category subscores (categoric data) used Cohen k. IT
indicates lesions in the infratentorial regions; BG, lesions in the basal
ganglia and surrounding areas; PV, periventricular white matter
lesions; GM-SV, gray matter lesions and subcortical dilated
perivascular spaces; GA, global atrophy; DWM, deep white matter
lesions. Bars from dark to light-gray: 3T TIWI, 1.5T TIWI, 3T T2WI,
and 1.5T T2WI. Error bars indicate standard deviation of the mean
value in a 2-way random model, with subject-sample and rater as
random factors.

.001; Fig 3A, -B), as were the TIWI- and T2WI-based scores (r =
0.93, P <.001 at 3T; r = 0.94, P < .001 at 1.5T; Fig 3C, -D). The
BALI total score increased significantly with age, regardless of
image type and field strength (the regression coefficients r = 0.37—
0.40; Table 2). A higher BALI total score also consistently corre-
lated with cognitive testing scores (r = 0.42 for Mini-Mental
State Examination, r = 0.38 for Alzheimer’s Disease Assess-
ment Scale—cognitive subscale; Table 2) and identified indi-
viduals with AD versus HC with the accuracy reached at 0.71 =
0.06 (P < .007; 70% sensitivity, 68% specificity). The BALI
scores also differed significantly between amyloid-B-negative
(n = 25) versus amyloid-B-positive (n = 47) groups, especially
at the higher field (accuracy = 0.64 = 0.07-0.66 * 0.07; F >
3.96, P < .050).



DISCUSSION

In the present study, we compared BALI scores on the basis of the
ADNI MR imaging data that were concurrently acquired at 1.5T
and 3T. Evaluations were made with the use of TIWI and T2WTI at
each field strength. The results demonstrated that several com-
mon brain changes can be captured and summarized by the use of
BALI, thereby providing a way to quantify the impact of global
structural changes on brain function. BALI scores on the basis of
T1WTI and T2WT at 1.5T are comparable with those at 3T. Nota-
bly, the higher field images give better definition of white matter

FIG 3. Relationships between BALI total scores. Symbols: diamonds indicate Alzheimer disease
(AD, n = 37); squares, mild cognitive impairment (MCl, n = 45); triangles, healthy control subjects
(HC, n = 45). Dotted diagonal line indicates x-values = y-values. Solid line indicates the linear fit
y = a + bx. A, TIWI, 3T versus 1.5T (y-axis versus x-axis; a = 1.47,b = 0.92, r = 0.94; P < .001). B,
T2WI, 3T versus 1.5T (a = 146, b = 0.93,r = 0.93; P < .001). C, 3T T2WI versus TIWI (a = 2.64,b =
0.86,r = 0.93, P < .001). D, 1.5T T2WI versus TIWI (@ = 2.57,b = 0.86,r = 0.94; P < .001).

changes and perivascular spaces, as is well known.'>'” To the best
of our knowledge, this is the first report on integrating multiple
structural brain changes through the use of lower-field 1.5T MR
imaging. Given the wealth of 1.5T MR imaging data in clinical and
research settings, extending the global assessment beyond high
fields can allow more effective use of existing (and not inexpen-
sive) neuroimaging data in the study of aging and AD dementia.
This study has several strengths. It has been suggested that
multiple structural brain changes often coexist in the process of
aging, reflecting heterogeneous profiles. Each of these changes can
individually be related to an increased,

albeit small, dementia risk; however,

when combined, they produce additive

effects on function.'"***> It has also

been suggested that many changes are

interrelated, for example, more severe

white matter damage and vascular le-

sions are associated with more severe

gray matter and hippocampal atro-

phy)26728

on cognition, though the relationships

producing a combined effect

typically are nonlinear.**° By combin-
ing these changes, their overall effect can
be understood more comprehensively.
This argument appears to be supported
by our data: the BALI total score differed
significantly among diagnostic groups
(ie, AD > MCI > HC), correlated
closely with age and cognition, and was
associated with amyloid- 3 status.

This study has taken advantage of the
well-established open-access ADNI pro-
tocol,"* in which a relatively large num-
ber of subjects had concurrent standard
anatomic MR imaging scans at both
high and lower fields on the same day.
Because the standard 1.5T and 3T TIWI
and T2WI were acquired in the same in-
dividuals on the same day, the analyses
were performed with maximum control
of potential differences caused by time-
related variations such as disease and
cognition worsening and treatment in-
fluence. In consequence, evaluations of
morphologic features on MR imaging
can be optimally performed, comparing
the field strengths and image types.

The study made use of multiple rat-
ers; each is experienced in clinical neu-

Table 2: Brain Atrophy and Lesion Index total score in relation to age and cognitive testing scores

BALI Total Score Age MMSE Total ADAS-cog Total
Image Type Field Strength r 2 T P r 2 T P r 2 T P

TIWI 3T 0.39 0.15 475 <.001 0.44 0.19 —5.50 <.001 0.43 0.18 531 <.001
15T 0.40 0.16 4.80 <.001 0.42 0.18 —523 <.001 0.38 0.14 4.58 <.001

T2WI 3T 0.37 0.14 4.50 <.001 0.42 0.18 —5.10 <.001 0.40 0.16 4.86 <.001
15T 0.38 0.14 4.53 <.001 0.42 0.18 —523 <.001 0.38 0.14 4.60 <.001

Note:—MMSE indicates Mini-Mental State Examination; ADAS-cog, Alzheimer’s Disease Assessment Scale—cognitive subscale.
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roimaging evaluation. Trained in the method, mainly through the
use of the rating schema descriptions, examples, and case discus-
sions, each rater mastered the BALI rating quickly and rated an
image independently, typically within a few minutes. Such a quick
and easy application can be particularly beneficial and is welcome
in clinical settings when evaluation time is a concern.’’ The inter-
rater agreement rate of BALI scores was quite strong across the
raters, consistently with the image types and the field strengths,
suggesting the robustness of the BALI rating. Further research will
be needed to validate whether BALI rating by non-neuroradiolo-
gists is possible.

As a semi-quantitative rating scale, the BALI can be coarse,
relative to other measures with more precise morphometric or
volumetric quantifications.’>*> Even so, quantitative methods
are usually highly image quality—dependent, and this can be dif-
ficult to satisfy in multicenter studies; what is more, the high pre-
cision may not always be necessary.”' Against this background, a
quick and easy visual rating is sufficient and may even be fa-
vorable.”* The BALI grading system has been established by
adapting several validated rating scales, and the BALI itself has
been validated in previous research by use of several indepen-
dent datasets. Our data now suggest that it is reasonable to
expand its use.

On the basis of the widely available TIWI and T2WI, BALI
focuses on morphologic changes and not on their pathologic
causes (which would require additional imaging sequences such
as FLAIR and gradient recalled-echo/T2*). The high-field
strength and the T2WT showed a greater sensitivity, particularly
for evaluating subtle changes of the imaging-contrast-reliant cat-
egories (eg, GM-SV and DMW), leading to slightly higher BALI
total scores in these conditions. This is not surprising because
subtle lesions are more conspicuous on T2WI, and higher field
strength allows higher SNR and thus greater image contrast.'”
The argument appears to be supported by our data demonstrating
the relationships between T2WI versus TIWI and between 3T
versus 1.5T; in each case, the difference was more obvious at the
relatively low level of changes (Fig 3A-D). The T2WI was more
sensitive for the small lesions than was TIWI, even though the
T1WI section thickness was less and hence had greater spatial
resolution. Against this background, a field-strength-related dif-
ference may or may not be reflected in interrater agreement rate.
For example, a subtle change in GM-SV at 1.5T was not as easy to
see by the raters, leading to lower subscores at 1.5T than thatat 3T,
whereas the interrater agreement was not necessarily lower (Fig
1). Meanwhile, small changes in DWM were more variably seen
by different rates at 1.5T than at 3T (eg, by use of TIWI), result-
ing in a relatively lower value of both the DWM subscore and
the agreement rate at 1.5T (Fig 1). Even with these detailed
differences, the BALI total scores obtained under different
conditions were reliable, correlated with each other, and were
related to age and cognition in the same manner, suggesting
each may be used to evaluate the global structure changes in
the aging brain.

Our data must be integrated with caution. In the present
study, the mean values of the BALI rating appeared to be slightly
higher than previously reported with the use of other samples,
including a different sample of the ADNI dataset at baseline.
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Given the demonstrated reliability of the approach, this probably
reflects that the concurrent MR imaging at both field strengths
studied was performed at a follow-up of up to 36 months, instead
of at baseline. In consequence, structural brain changes, which
represent worsening on average, would be reflected in higher
BALI scores.

A few further caveats are needed in relation to how to best
evaluate each category. First, dilated perivascular spaces are seen
in several regions.” Perivascular spaces along the ventral aspect of
the lentiform nuclei at the level of the anterior commissure are
extremely common even in healthy people®® and thus were not
counted. Second, the “large confluent lesions” notion appeared to
be broad, because “large” can vary, depending on brain structure.
For example, a “large” change regarding the relatively smaller
lesions in the infratentorial regions and lesions in the basal ganglia
and surrounding areas may not necessarily be judged as “large”
regarding the DWM, even though our data suggested only a
1-point difference between raters typically, if any. Further re-
search will be needed to better understand whether a more de-
tailed definition, for example, categorizing DWM, lesions in the
basal ganglia and surrounding areas, and lesions in the infraten-
torial regions in terms of their size in millimeters can help to
further improve the robustness of the rating. Third, the BALI does
not distinguish between lacunar infarcts and microangiopathic
white matter changes, disregarding underlying pathophysiologi-
cal mechanisms. Whether assigning a category rating to lacunar
infarcts specifically can improve the applicability of the BALI rat-
ing deserves a separate investigation. To maintain the quickness
and ease of BALI, caution must be taken to avoid unnecessary
complexity.

Finally, how to best aggregate the subscores that may contrib-
ute to cognition differently is challenging. For example, the effect
of white matter lesions can differ by location.>® Accordingly, in-
tegrating several white matter subscores may be sensible. In this
regard, introducing a weighting factor may be beneficial, as shown
in a previous study that combined BALI and the medial temporal
lobe atrophy to improve AD discrimination and prediction."”
This raises the possibility of its potential application in differen-
tiating dementia subtypes, though that proposition remains to
be tested. Even so, values of weights often rely on specific out-
comes and methods used, so that weighting may limit the gen-
¢ Whereas this challenge has
motivated the current research of our group, the merit of com-

eral application of a measure.

bining multiple brain changes can already been seen simply by
summing them up.

CONCLUSIONS

Our study suggests that multiple structural changes in the aging
brain have an additive effect on cognition and can be collectively
evaluated by use of the BALI total score. Although high field
strength and T2WT have a better sensitivity in detecting subtle
changes in the deep white matter and perivascular spaces in
particular, both TIWI and T2WT at 1.5T as in the ADNI pro-
tocol have good reliability in robustly capturing global brain
changes.
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ORIGINAL RESEARCH
BRAIN

Volumetric Assessment of Optic Nerve Sheath and Hypophysis
in Idiopathic Intracranial Hypertension

J. Hoffmann, C. Schmidt, H. Kunte, R. Klingebiel, L. Harms, H.-J. Huppertz, L. Ludemann, and E. Wiener

ABSTRACT

BACKGROUND AND PURPOSE: Idiopathic intracranial hypertension is a headache syndrome characterized by increased CSF pressure.
Compression of the hypophysis and distension of the optic nerve sheath are reliable imaging signs. The purpose of the study was to
validate, in patients with idiopathic intracranial hypertension, MR imaging— based volumetric measurements of the optic nerve sheath and
hypophysis as an objective observation method for more accurate diagnosis and posttreatment follow-up.

MATERIALS AND METHODS: Twenty-three patients with idiopathic intracranial hypertension as well as age-, sex-, and body mass
index—matched controls underwent volumetric measurements of the optic nerve, optic nerve sheath, and hypophysis on high-resolution
T2-weighted MR images by using a 7-cm surface coil, followed by correlation with CSF opening pressures and clinical symptom scores of
visual disturbances and headache.

RESULTS: Mean values of optic nerve sheath (341.86 =+ 163.69 mm? versus 127.56 = 53.17 mm?, P < .001) and hypophysis volumes (554.59 +
142.82 mm?® versus 686.60 + 137.84 mm?>, P < .05) differed significantly between healthy and diseased subjects. No significant differences
between mean optic nerve volumes were observed. Receiver operating characteristic analysis showed optic nerve sheath volumes of
>201.30 mm? (sensitivity, 86.96%; specificity, 91.30%) and hypophysis volumes of <611.21mm? (sensitivity, 78.26%; specificity, 69.57%) to be
indicative of idiopathic intracranial hypertension diagnosis. In patients with idiopathic intracranial hypertension, no correlations were
found between optic nerve sheath and hypophysis volumes and CSF opening pressures or clinical scores of visual disturbances and
headache.

CONCLUSIONS: Semiautomated volumetric measurement of optic nerve sheath and hypophysis has the potential to more accurately
diagnose and follow patients with idiopathic intracranial hypertension.

ABBREVIATIONS: cc = correlation coefficient; IIH = idiopathic intracranial hypertension; ON = optic nerve; ONS = optic nerve sheath

diopathic intracranial hypertension (ITH) is an uncommon  have been replaced in recent classifications by the descriptive de-

headache syndrome associated with elevated intracranial pres-  nomination “idiopathic intracranial hypertension.”"* Because
sure in the absence of a space-occupying lesion. Initially used  IIH predominantly affects obese women of childbearing age and
terms such as “meningitis serosa” coined by Quincke in 1893 or  theincidence of obesity in industrialized countries is growing, IIH

“pseudotumor cerebri” by Nonne in 1904 are now obsolete and  has been the focus of recent research. The underlying pathophys-
iologic mechanism of the disease is not fully understood. Diagno-

sis of ITH is based on clinical symptoms such as headache and
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cluding a compression of the hypophysis (ie, empty sella); flatten-
ing of the posterior globe; and a dilated optic nerve sheath (ONYS)
in combination with an opening pressure during lumbar punc-
ture of >25 cm H,O, with normal CSF parameters (modified
Dandy criteria).*® The diagnostic criteria have undergone several
modifications, and the disease is now defined in the Headache
Classification of the International Headache Society.” The inter-
pretation of subtle changes on MR images obtained for the initial
diagnosis or for follow-up after treatment can be challenging.
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We compared hypophysis and optic nerve sheath and optic
nerve (ON) volumes measured on high-resolution MR images in
patients with ITH and age-, sex-, and body mass index—matched
controls to evaluate the potential of MR imaging—based volumet-
ric measurements as an objective method to diagnose ITH and
follow-up effects of treatment.

MATERIALS AND METHODS

The study was approved by the local ethics committee of the
Charité-Universititsmedizin Berlin. A statement of written in-
formed consent was obtained from all patients and healthy vol-
unteers participating in the study.

Patient Subjects

Clinical records of 190 patients with IIH referred to our clinic
between November 2005 and May 2010 were retrospectively
screened. We therefore searched the electronic medical records
system of the university hospital via retrieval algorithms for the
International Classification of Diseases-10 classification code
G93.2.* We enrolled only patients with a minimum age of 18 years
at presentation and a definite diagnosis of ITH according to the
revised Dandy criteria: 1) signs and symptoms of increased intra-
cranial pressure (headache, nausea, vomiting, transient visual ob-
scurations, or papilledema); 2) no focal signs except abducens
nerve palsy; 3) CSF opening pressure of >25 cm H,O with normal
CSF composition; and 4) evidence of neither hydrocephalus,
mass, structural, or vascular lesion on MR imaging nor any other
cause of intracranial hypertension identified.” All patients were of
white descent. Exclusion criteria comprised systemic conditions
or medication that might have an effect on intracranial pressure,
inadequate follow-up, pregnancy or postpartum status, body
weight > 160 kg, and clinical history of surgical procedures affect-
ing CSF circulation (eg, shunting procedures or fenestration of
the ONS). Medical histories of 190 patients were analyzed to iden-
tify those who fully met the inclusion criteria. Because ITH is often
regarded as a diagnosis of exclusion, many of the retrospectively
identified patients had a probable ITH but did not fulfill all the
required criteria for the diagnosis and could, therefore, not be
included in the study. Other patients had additional diseases and
were therefore excluded from study participation. We found only
71 patients who definitely met the modified Dandy criteria. Fif-
teen patients were excluded by the exclusion criteria: shunt sur-
gery (n = 6), body weight > 160 kg (n = 3), pregnancy (n = 1),
and claustrophobia (n = 4). One patient (n = 1) fulfilled the
criteria for major depression (diagnosed by the Becks Depression
Inventory and Hamilton Rating Scale for Depression) and was
ruled out. Eighteen patients could not be reached; 15 refused par-
ticipation in the study.

The mean age of the remaining 23 patients (20 women, 3 men)
was 37.04 = 13.72 years (range, 20— 63 years). The mean body
mass index was 33.51 * 7.67 kg/m?* (range, 24.9-54.57 kg/m?).
All patients were carefully questioned about disease symptoms
by using a standardized clinical questionnaire (based on the
modified Dandy criteria and the diagnostic criteria established
by the International Headache Society). During hospitaliza-
tion, all patients with ITH underwent lumbar puncture, and
CSF opening pressures were obtained before MR imaging.
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Measurements of visual acuity and perimetry of the visual field
were performed.

Control Subjects

Twenty-three healthy controls of white descent were included by
using a match-to-pair technique regarding sex (n = 20 women,
n = 3 men, P = 1.0), age (mean, 37.91 * 11.84 years [range,
22-61 years], P = .819), and body mass index (mean, 33.56 *
7.01 kg/m? [range, 25.53—48.89 kg/m?], P = .982). Control sub-
jects were recruited from the obesity center of the University Hos-
pital and from the hospital staff. Exclusion criteria included a
known history of central nervous system disease or primary head-
ache syndromes (migraine, tension-type headache, trigeminal
neuralgia, cluster headache, hemicrania continua).

MR Imaging

MR imaging was performed on a 1.5T scanner (Avanto Magne-
tom; Siemens, Erlangen, Germany). A surface loop coil (medium
size, 70 mm diameter; Siemens) was used in addition to the cir-
cularly polarized head coil. The surface coil was placed over the
eye with maximum visual disturbances within the head coil and
fixed with tape. A coronal non-fat-saturated TSE sequence with a
TR of 6960 ms, a TE of 99 ms, an FOV of 85 X 85 mm?, a matrix size
of 256 X 256 mm” (in-plane resolution, 0.332 X 0.332 mm?), and
contiguous sections with a section thickness of 2 mm was used to
evaluate the ON and ONS. The acquisition time was 7 minutes 20
seconds. A sagittal non-fat-saturated T2-weighted TSE sequence
with a TR of 5170 ms, a TE of 99 ms, an FOV of 170 X 170 mm?, a
matrix size of 256 X 320 mm? (in-plane resolution, 0.664 X 0.531
mm?), and contiguous sections with a section thickness of 2 mm was
used to evaluate the hypophysis. The acquisition time was 5 minutes
27 seconds. Additionally, MR imaging of the whole brain, including
a time-of-flight venography (TR, 23 ms; TE, 6.5 ms; FOV, 250 X 250
mm?; section thickness, 2 mm; acquisition time, 7 minutes 40 sec-
onds) was performed to exclude intracranial pathology and venous
sinus thrombosis as a secondary cause of ITH and to identify venous
sinus stenoses.

Volume Segmentation

MR images were converted from DICOM into Neuroimaging In-
formatics Technology Initiative format by using the DICOM to
Neuroimaging Informatics Technology Initiative format con-
verter dcm2nii  (http://www.mccauslandcenter.sc.edu/mricro/
mricron/decm2nii.html). Volume measurements were performed
by using Amira 5.3.2 (Visage Imaging, San Diego, California) ona
Debian Linux distribution. On each T2-weighted coronal image,
the ON and ONS were marked by a region of interest, starting
from the papilla and ending at the point of convergence of the
extraocular muscles at the tendinous ring of the orbital apex. The
mean number of sections was 12 with a section thickness of 2 mm
(Fig 3 and On-line Fig 1). On each T2-weighted sagittal image, the
hypophysis was marked with a region of interest. The mean num-
ber of sections was 4, with a section thickness of 2 mm (Fig 3 and
On-line Fig 1). Neuroradiologists were blinded with respect to the
subject group (patients with ITH versus healthy volunteers), and
the interobserver variability was calculated.



FIG 1. Significance of measurements. A, Significance of ONS volume. Bar graph shows significant differences of mean ONS volumes and
corresponding ranges of patient and control groups. B, Significance of OS volume. Note a tendency toward an increased mean OS volume in
patients with IIH compared with controls, which, however, does not reach statistical significance. C, Significance of hypophysis volume. This bar
graph clearly shows significantly lower mean volumes of hypophysis in patients compared with controls.

Morphologic Analysis

The configuration of the hypophysis was classified into 4 catego-
ries according to a modification of the hypophysis/sella turcica
ratio of Yuh et al'°: convex, mild concave (more than one-half the
height of the sella), severe concave (less than one-half the
height of the sella), and empty sella (= 2 mm). The appearance
of the superior boarder of the hypophysis was classified into
anterior and posterior or equal (without predominance of ei-
ther anterior or posterior deviation of the hypophysary stalk)
formation relative to the direction of displacement of the hy-
pophysary stalk.

The classification of stenoses was defined by the highest per-
centage of stenosis on axial images and maximum-intensity-pro-
jection images. Stenoses were categorized into either stenosis of
<50% or >50% of the lumen. Absence of any discontinuity was
classified as nonoccurrence of stenosis. Venous sinus stenoses
were classified into a left and/or right position as well as assigned
to the transverse or sigmoid sinus. The incidence of bilateral ste-
noses (stenoses in left and right transverse or sigmoid sinus) was
statistically listed as 2 stenoses.

Statistical Analysis

The volumetric data were analyzed by using XLSTAT, Version
2011.3.01 (Addinsoft SARL, New York, New York). The Student ¢
test was used to compare the group means. Statistical significance
was assumed at P < .05. The Pearson correlation coefficient and
correlation matrices were calculated to identify the strength of the
correlation of the different parameters. Receiver operating char-
acteristic analysis was used to select an optimal cut-point for pre-
diction and to assess the predictive value in terms of sensitivity,
specificity, and accuracy."' Selection of the optimal cut-point was
based on the Youden index (ie, the maximum sum of sensitivity
and specificity). The 95% confidence interval for the area under
curve was calculated by bootstrapping.

Interobserver variability was determined by calculating intra-
class correlation coefficients, including 95% confidence intervals,
for volumetric measurements of ON, ONS, and hypophysis vol-
umes by using PASW Statistics 18, release Version 18.0.0 (IBM,
Armonk, New York).

RESULTS

Clinical Profile of Patients with IIH

Sixteen (69.6%) patients presented with headache. The mean pain
intensity was 2.22 = 2.53 (range, 0.0-7.5) according to the visual
analog scale before examination, and a mean pain intensity max-
imum was 7.09 * 2.62 (range, 0.95-9.86) (visual analog scale).
Impaired vision was reported by 91.30% of patients with ITH. The
visual impairment was categorized according to the On-line Ta-
ble: worsening of visual acuity, 47.83%; flashes, 39.13%; transient
visual obscurations, 43.48%; scotoma, 73.91%; papilledema,
56.52%; blurred vision, 52.17%; and diplopia, 43.48%. No case of
optic nerve atrophy was observed. Of the 39.13% of patients re-
porting tinnitus, 44.44% characterized their tinnitus as pulsatile.
Light sensitivity (60.87%), noise sensitivity (52.17%), and vertigo
(60.87%) were common symptoms. Medical history revealed a
mean value of maximum CSF opening pressure of 37.61 * 6.93
c¢m H,O (range, 29.0-50.0 cm H,0O) (On-line Table).

Comparison of Volume Parameters among Patients with
IIH and Controls

Patient mean ONS volume (On-line Fig 1A) was 341.86 * 163.69
mm?> (range, 105.61-796.57 mm?), whereas control mean ONS
volume was 127.56 * 53.17 mm° (range, 29.24-239.00 mm?)
(P <.0001). Mean ON volume for patients (On-line Fig 1B) was
211.70 + 59.22 mm® (range, 125.67-319.00 mm>), and for con-
trols, 194.03 = 47.77 mm” (range, 126.56-342.61 mm?), with no
significant difference (P = .271). Mean hypophysis volume (On-
line Fig 1C) of patients with ITH was 554.59 = 142.82 mm” (range,
334.43-855.15 mm”); that of controls was 676.15 = 133.32 mm’
(range, 392.86—1045.65 mm?) (P < .005). The intraclass correla-
tion coefficient for ON volume was 0.940 (95% CI, 0.864—-0.974);
for ONS volume, it was 0.947 (95% CI, 0.939-0.989); and for
hypophysis volume, 0.981 (95% CI, 0.957-0.992).

Cutoff Values

The receiver operating characteristic analysis (Fig 3 and Table)
revealed an optimal cutoff value of 201.30 mm?® for mean ONS
volume, with a sensitivity of 86.96%, a specificity of 91.30%, and
an accuracy of 89.13% to distinguish those with ITH and healthy
controls. For mean hypophysis volumes, the optimal cutoff value
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was 611.21 mm?’, with a sensitivity of 78.26%, a specificity of
69.57%, and an accuracy of 73.91%. With area under the curve
values of 0.934 and 0.724, respectively, receiver operating charac-
teristic analysis showed significant group differences for mean
ONS volume (P < .0001) and for hypophysis volume (P < .005).
For mean ON volume, the receiver operating characteristic anal-
ysis showed no significant difference between the groups; the area
under curve was 0.580 (P = .338).

Morphology of the Hypophysis

Morphology of the hypophysis in patients with IIH showed
0 convex, 4 mild concave, 11 severe concave, and 8 empty sella
configurations, whereas controls had 13 convex (P < .05), 4 mild

FIG 2. Receiver operating characteristic analysis curve for volumes of
ONS, ON, and hypophysis.

concave (P = .311), 3 severe concave (P < .05,) and 0 empty sella
cases (P < .05). In relation to the displacement of the hypophys-
ary stalk, 14 patients (60.87%) and 18 controls (78.26%) had
equal appearance of the superior border of the hypophysis (P =
.209). Eight patients (34.78%) and 4 controls (17.39%) were
found to have anterior deviation of the stalk (P = .187), whereas 1
patient (4.35%) and 1 control (4.35%) showed posterior devia-
tion (P = 1.0).

Venous Sinus Stenoses

Nine venous sinus stenoses were detected in 6 patients with ITH,
compared with 1 stenosis in the control group (P < .05). In both
groups, no stenosis of <50% of the lumen was detected. Among
patients with ITH with detected venous sinus stenoses, 3 showed
bilateral transverse sinus stenosis, while 3 had unilateral stenoses
(1 stenosis in the left transverse sinus and 2 stenoses in left sinus
sigmoideus). The control subject with the identified venous sinus
stenosis had 1 stenosis in left transverse sinus. In both groups, no
stenoses in only the right venous sinuses were detected.

Correlation of Volume Measurement with Clinical
Findings

Within the ITH group or the control group, ONS and hypophysis
volume correlated with neither CSF maximum opening pressures
(ITH: correlation coefficient [cc] = 0.0307, P = .892; control: cc =
0.2055, P = .359) nor with the severity of visual disturbances (ITH:
cc =0.0777, P = .725; control: cc = 0.2237, P = .305). In patients
with ITH, maximum headache intensities did not correlate with
CSF maximum opening pressures (cc = 0.0964, P = .669), ONS
(cc = —0.1347, P = .540) or hypophysis volume (cc = —0.3490,
P =.103).

DISCUSSION
Imaging findings in ITH are often subtle, and the radiologic signs
have a strong component of subjective interpretation. Therefore,

FIG 3. Voxel-based analysis of control MR images of healthy controls and normal configuration of the ONS and hypophysis. A, Axial scan with
segmentation of ONS volume (red). B, Coronal scan with selection of ONS (yellow) and ON (red) volume segmentation. C, Midsagittal scan

shows normal configuration of the hypophysis.

Area under the receiver operating characteristic curve and cut-off values

95% Cl
Parameter (Volume) AUC SE P Lower Bound Upper Bound Cut-Off Value® (mm)
ONS 0.934 0.027 <.0001 0.881 0.987 201.30
ON 0.580 0.084 338 0.416 0.745 228.64
Hypophysis 0.724 0.076 .003 0.574 0.874 611.21

Note:—AUC indicates area under the curve.
@ Calculated with the Youden Index (Y = Sensitivity + Specificity-1).
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the radiologic diagnosis is critically affected by the experience of
the radiologist.

Several recent studies have reported significant correlations of
imaging findings, such as hypophysis compression and empty
sella, ONS distension, and ON tortuosity, with the diagnosis of
IIH.>*'*> Measurements of ONS diameters demonstrated wider
ONS in individuals with IIH.*'* On the other hand, a few studies
have questioned these findings as not being statistically signifi-
cant.>'*'> Morphologic studies of the hypophysis in ITH were
more consistent and showed a significant reduction of the ratio of
the hypophysis to the sella turcica in patients with ITH.'>'* Rele-
vance of slit-like ventricular morphology'® was postulated in early
reports, but subsequent studies dissented from this hypothesis by
verifying normal ventricle configuration in patients with ITH."”

We have shown that volumetric measurements of ONS and
hypophysis volumes can be used to accurately diagnose patients
with IIH. ONS volumes of >201.30 mm” (sensitivity, 86.96%;
specificity, 91.30%; accuracy, 89.13%) and hypophysis volumes
of < 611.21 mm? (sensitivity, 78.26%; specificity, 69.57%; accu-
racy, 73.91%) were significantly associated with the diagnosis of
IIH. In comparison with previous studies by using metric analysis
of ONS (sensitivity, 66.7%; specificity, 82.1%; accuracy, 76.73%)
and hypophysis (sensitivity, 53.3%; specificity, 75%; accuracy,
67.44%), volumetric measurements increase the diagnostic reli-
ability,” including low interobserver variability. Brodsky® ob-
served an increased ONS diameter in 9 of 20 patients (45%),
whereas our findings showed a dilated perioptic subarachnoid
space in 20 of 23 patients (86.96%). Among patients with ITH, we
did not observe a significant correlation between imaging findings
and CSF opening pressure (ONS: cc = 0.0307, P = .892; hypoph-
ysis: cc = 0.2055, P = .359). Therefore, the results suggest that
abnormal imaging findings may not be exclusively a direct result
of elevated CSF pressure. Consequently, definite diagnosis (ie,
according to the revised Dandy criteria) still requires liquor punc-
ture (intracranial pressure > 25 cm H,0).°

The underlying cause of ITH still remains largely unknown,
but the hypotheses of increased CSF production, reduced CSF
absorption, and venous outflow obstruction as well as metabolic
alterations are discussed.'®'® Venous sinus stenoses may lead to
increased resistance in venous drainage and, as a consequence, to
increased intracranial pressure. It is controversially debated
whether obstructed venous drainage is the primary mechanism or
is secondary to another pathologic process. In this context, com-
pressed venous sinuses may also be the result of external compres-
sion*>** by increased intracranial pressure. Galgano and De-
shaies® stated that flow-related artifacts in noncontrast MR
venography may be challenging to distinguish from pathologic
venous sinus stenosis. Therefore, venous sinus abnormalities in
ITH have to be assessed carefully.>>*° We did observe venous sinus
stenoses in 6 patients with ITH and in 1 healthy control. In the
present study, TOF-MR venography was performed to identify
venous sinus abnormalities. However, detection of stenosis defi-
nitely depends on the imaging technique used. Compared with
contrast-enhanced MRA or DSA and even though analyzed by a
highly experienced neuroradiologist, results are slightly more
prone to misinterpretation, owing to the underlying technical

27,28

limitations of TOF-MR venography.

In our study, the mean ON volume of patients was slightly
increased compared with that in controls (211.7 mm?’ versus
194.03 mm?, On-line Fig 1B), but this effect was not statistically
significant (P = .271; sensitivity, 43.48%; specificity, 82.61%). It
has been assumed that increased intracranial pressure leads to
increased transmission of CSF into the intraorbital ONS, which
impedes axoplasmic transport of synaptic vesicles, organelles, and
molecules followed by optic nerve fiber swelling and flattening of
the posterior globe.”® Yet, we have not found a correlation of
intracranial pressure and volume parameters supporting this hy-
pothesis. Neither the degree of hypophysis compression nor the
distention of ONS was augmented with increasing intracranial
pressure. These results are in agreement with the observation that
reduction of intracranial pressure by lumbar puncture has only a
temporary effect.’® Furthermore, these findings indicate that
macroscopic deformations are indirect or comorbid changes
rather than direct results of increased intracranial pressure.
Therefore, it remains unclear in which way and to what extent the
CSF space is affected in response to increasing intracranial pres-
sure. We have considered the body mass index, which is especially
important due to the strong association between ITH and
obesity.'®31-3>

Morphologic signs become clearly visible only in advanced
disease stages on conventional MR imaging analysis, whereas vol-
umetric measurements allow an improved diagnostic reliability
and possibly earlier detection, with potential impact on monitor-
ing treatment efficacy. In a routine radiologic setting, image post-
processing with quantitative analysis as previously specified can
be achieved rapidly (=10 minutes) by experienced radiologists.
Software-assisted volumetric measurement has the potential to
facilitate decision-making due to objective statistical parameters.

Possible automatization of measurement procedures could
provide even faster and more reliable ways of assessment.*>*” Our
relatively small study sample represents a potential limitation and
requires confirmation by subsequent investigations.

CONCLUSIONS

As opposed to MR imaging—based metric measurements of hy-
pophysis and ONS in patients with IIH, which have a confined
diagnostic value due to their limited reproducibility and strong
observer dependency, semiautomated volumetric analysis has the
potential to objectify diagnosis and follow-up procedures by re-
ducing interobserver bias.
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ORIGINAL RESEARCH
BRAIN

Accuracy of Postcontrast 3D Turbo Spin-Echo MR Sequence for
the Detection of Enhanced Inflammatory Lesions in Patients
with Multiple Sclerosis

J. Hodel, O. Outteryck, E. Ryo, A.-L. Bocher, O. Lambert, D. Chéchin, H. Zéphir, A. Lacour, J.-P. Pruvo, P. Vermersch, and X. Leclerc

ABSTRACT

BACKGROUND AND PURPOSE: Therapeutic strategies for patients with MS partly rely on contrast-enhanced MR imaging. Our aim was
to assess the diagnostic performance of 3D turbo spin-echo MR imaging with variable refocusing flip angles at 3T for the detection of
enhanced inflammatory lesions in patients with multiple sclerosis.

MATERIALS AND METHODS: Fifty-six patients with MS were prospectively investigated by using postcontrast Tl-weighted axial 2D spin-echo
and 3D TSE MR images. The order in which both sequences were performed was randomized. Axial reformats from 3D T1 TSE were generated to
match the 2D spin-echo images. The reference standard was defined by using clinical data and all MR images available. Three separate sets of MR
images (2D spin-echo images, axial reformats, and multiplanar images from 3D TSE sequences) were examined in a blinded fashion by 2 neurora-
diologists separately for the detection of enhanced MS lesions. Image artifacts and contrast were evaluated.

RESULTS: No artifacts related to vascular pulsation were observed on 3D TSE images, whereas image artifacts were demonstrated on 2D
spin-echo images in 41 patients. One hundred twelve enhanced MS lesions were identified in 19 patients. Sixty-four lesions were correctly
diagnosed by using 2D spin-echo images; 90, by using 3D TSE axial reformatted views; and 106, by using multiplanar analysis of the 3D TSE
sequence. Multiplanar analysis was 94.7% sensitive and 100% specific for the diagnosis of patients with at least 1 enhanced lesion. Contrast

of enhanced MS lesions was significantly improved by using the 3D TSE sequence (P < .0M).

CONCLUSIONS: The 3D TSE sequence with multiplanar analysis is a useful tool for the detection of enhanced MS lesions.

ABBREVIATIONS: CR = contrast rate; DIR = double inversion recovery; GRE = gradient recalled-echo; SE = spin-echo

he diagnosis of multiple sclerosis needs to demonstrate dis-

semination of brain lesions in space and time and to exclude
alternative diagnoses. In some circumstances, dissemination of
brain lesions in space and time can be established by a single MR
imaging." In such patients, dissemination of brain lesions in time
is demonstrated by the simultaneous presence of asymptomatic
gadolinium-enhancing and nonenhancing lesions at any time.'
Indeed, therapeutic strategies for patients with MS partly rely on
contrast-enhanced MR imaging. Updated recommendations on
the use of MR imaging in MS suggest that axial 2D T1-weighted
spin-echo (SE) MR imaging should be performed for the detec-
tion of enhanced MS lesions,”” whereas T1-weighted 3D gradient
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recalled-echo (GRE) MR images are reported to be useful for the
assessment of brain atrophy.>* As previously reported,” the sen-
sitivity of the 2D T1-weighted SE sequence for the detection of
enhanced MS lesions is progressively increased from 5 to 10 min-
utes after intravenous injection of gadolinium.

Recently, a new technique has been introduced to generate 3D
T1-weighted images of the brain (BrainView, Philips Healthcare,
Best, the Netherlands; Cube, GE Healthcare, Milwaukee, Wiscon-
sin; SPACE, Siemens, Erlangen, Germany). The BrainView se-
quence is based on a turbo spin-echo acquisition with variable
refocusing flip angles and short echo spacing, allowing longer
echo-train readouts and reduced signal losses.® Such an approach
provides high spatial resolution and signal-to-noise ratio without
the blurring commonly associated with long echo-trains. Thinner
section images can be acquired, minimizing the partial volume
effect between small lesions and surrounding brain parenchyma.
The added value of the postcontrast 3D TSE sequence with vari-
able flip angles was recently reported in patients with brain
metastasis.”®

No data are available on the diagnostic performance of the
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Parameters for all sequences

Parameter 3D DIR 2D FLAIR 2D T1SE 3D T1TSE
TR (ms) 5500 11,000 600-700 400
TE (ms) 251 125 10 26
Tl (ms) 625-2600 2800 N/A N/A
Echo-train length 173 31 N/A 30
No. of sections/slab 300 31 36 267
Section thickness (mm) 13 5 4 1.2 (reformat 4)
Matrix size 208 X 208 276 X 126 232 X 165 256 X 215
Voxel size (mm) 12 X12X13 0.85X142 X5 1X110 X 4 1X110 X 1.2 (reformat 1 X 110 X 4)
FOV (mm) 250 X 250 230 X 176 230 X182 250 X 237
Acquisition plane Sagittal Axial Axial Sagittal
Acquisition time 6 min 30 sec 2 min 56 sec 3 min 30 sec 5 min 30 sec

Note:—N/A indicates not applicable; No. of sections, number of sections acquired; reformat, 4-mm-thick axial reformatted views of the 3D T1 TSE sequence; 2D, T1 SE images
and 4-mm-thick axial reformatted views of the 3D T1 TSE sequence with the same voxel size.

postcontrast 3D T1-weighted TSE sequence for the detection of
enhanced inflammatory lesions in patients with MS. Our purpose
was to assess the detectable enhanced MS lesions by using the 3D
BrainView sequence compared with the conventional axial 2D SE
sequence.

MATERIALS AND METHODS

Patients

This study was approved by our institutional review board. In-
formed consent was obtained from all patients. From July to De-
cember 2012, fifty-nine consecutive patients with MS according
to the 2010 McDonald criteria were examined by using 3T MR
imaging for follow-up. Three of these 59 patients were excluded
because of motion artifacts. Finally, 56 consecutive patients (20
men, 36 women; mean age, 41.2 * 13.9 years) were included in
the study.

Image Acquisition
All patients were examined on a 3T MR imaging scanner
(Achieva; Philips Healthcare) by using a 32-channel array head
coil. The routine MR imaging protocol included 2D axial MR
images (pre- and postcontrast T1 SE, diffusion-weighted T2
TSE, and FLAIR) and 3D double inversion recovery (DIR) MR
images. In addition, the postcontrast 3D TSE T1-weighted se-
quence (3D BrainView) was performed in all patients. The 3D
TSE sequence is characterized by a long TSE impulsion train
and a combination of advanced features, among which are
variable refocusing angles. A specific refocalization scheme is
also applied to preserve T1 contrast and minimize the blurring
effect. Intravenous gadobutrol (Gadovist 1.0; Bayer-Schering
Pharma, Berlin, Germany) was administered at a concentra-
tion of 0.1 mmol/kg. The 2D axial SE and 3D TSE T1-weighted
postcontrast MR images were obtained 10 minutes after the
gadolinium administration for all patients. The order in which
these 2 postcontrast sequences were performed was random-
ized. 3D TSE source images were reformatted into 4-mm-thick
axial sections to match the section thickness and the acquisi-
tion plane of the 2D SE T1-weighted images.

The parameters for each MR image are summarized in the
Table.

Image Analysis
The reference standard for the diagnosis of enhanced MS lesions
was defined by 2 neuroradiologists (X.L. and J.-P.P.) with >25
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years’ experience. They reviewed together all the MR imaging da-
tasets by using clinical data and all the MR images available. An
enhanced MS lesion was defined as a focal enhancement on post-
contrast images, with a size superior to 2 mm, involving gray or
white matter and associated with a parenchymal hyperintensity
on FLAIR or DIR images. Focal enhancement without DIR- or
FLAIR-associated hyperintensities was not considered a real MS
lesion. First, the readers were asked to assess enhanced MS lesions
for each patient. Second, the readers were asked to notice high-
signal-intensity artifacts related to vascular pulsation within the
postcontrast 2D SE and 3D TSE images according to the following
scale: 0, no artifacts; 1, artifacts that did not impair image analysis;
2, artifacts that impaired image analysis.

For the evaluation of the 3D TSE sequence, 2 neuroradiolo-
gists (E.R. and A.-L.B.) with 7 and 6 years’ experience, respec-
tively, analyzed, independently and separately, all postcontrast
T1-weighted images on a PACS workstation. First, the readers
assessed 3 sets of images in a randomized order: 1) 2D axial SE
images, 2) 4-mm-thick axial reformations from 3D TSE se-
quences, and 3) multiplanar analysis from 3D TSE sequences with
thin sections and MIP reformations in arbitrary planes. They were
blinded to clinical data and to other MR images and were asked to
notice the number and location of the enhanced inflammatory
lesions for each patient. An enhanced lesion was retained when a
focal enhancement involving the gray or white matter was de-
tected. Second, a consensus reading was performed between the 2
blinded readers to resolve their disagreements.

One radiologist (X.L.) measured the contrast rate (CR) of the
largest enhanced MS lesions (ie, measuring at least 1 cm) by using
both the axial 2D T1 SE images (4-mm-thick) and the 4-mm-
thick axial reformatted views from the 3D TSE sequence. For each
patient, regions of interest were drawn within the enhanced MS
lesions and their background (ie, adjacent white matter), allowing
the measurement of signal intensities (SI). Using the PACS work-
station, we drew the same ROIs on the 2D images and axial refor-
matted views. As previously reported,®” the contrast rate was cal-
culated between the MS lesion and its background according to
the following formula: CR = [(SI Lesion — SI Background)/SI
Background] X 100.

Statistical Analysis
All statistical analyses were performed by using R Statistical Soft-

ware (Version 3.0.0; http://www.r-project.org/).



using the 3D TSE sequence (P < .001). A
slight blurring was reported for 15 pa-
tients on 3D TSE images, which did not
impair the data analysis.

Figure 1 illustrates the reduction of ar-
tifacts by using the 3D TSE sequence.

Reference Standard for the
Diagnosis of Enhanced MS Lesions
Using clinical data and all the MR images
available, we diagnosed 112 MS lesions in
19 patients; 9 lesions involved the gray
matter while 103 lesions involved the
periventricular or deep white matter. Six
of the 112 enhanced lesions were only
confirmed with the DIR images and were
not visible on conventional 2D FLAIR
images.

FIG 1. Postcontrast TI-weighted 2D SE (A) and a 4-mm-thick axial reformatted view of the 3D

TSE (B) images of patient 5 with MS and an aneurysm of the anterior communicating artery.
High-signal-intensity artifacts related to vascular pulsation are observed beside the aneurysm
(A, arrows) by using axial 2D SE images, while these artifacts are not visible on 3D TSE images (8,
arrowhead). Similar differences can be noted between the 2 postcontrast sequences within the
brain sinuses. Indeed, while the 2D SE sequence is still influenced by blood flow effects, a
black-blood effect is induced by the long echo-trains used with the 3D TSE sequence (B, arrow-
head). This technical aspect may also partly explain the improved diagnostic performance

observed with the 3D TSE sequence.

Interobserver agreement was calculated by using the Cohen «
test. k values were interpreted as follows: k = 0 indicates poor
agreement; k = 0.01-0.20, minor agreement; k = 0.21-0.40, fair
agreement; k = 0.41-0.60, moderate agreement; k = 0.61-0.80,
good agreement; and k = 0.81-1, excellent agreement.

To compare 2D SE and 3D TSE sequences, we evaluated both
the overall number of enhanced MS lesions detected and the
number of patients diagnosed with at least 1 enhanced MS lesion.
The overall number of enhanced MS lesions detected by using 2D
axial SE images, 4-mm-thick axial reformations from 3D TSE
sequences, and multiplanar analysis of the 3D TSE sequences was
compared with the reference standard by using the Cohen « test.
For the diagnosis of patients with at least 1 enhanced MS lesion,
standard diagnostic accuracy parameters (sensitivity and specific-
ity) of 2D axial SE images, 4-mm-thick axial reformations from
the 3D TSE sequences, and multiplanar analysis of the 3D TSE
sequences were calculated according to the reference standard.

Comparisons of k values were performed to determine
whether the agreements were significantly different for each pa-
rameter evaluated.

We also compared the MS lesion contrast rate and the artifacts
grading between 2D SE and 3D TSE sequences by using a non-
parametric statistical test (Wilcoxon test). P values < .05 were
considered statistically significant.

RESULTS

Overall Image Quality

High-signal-intensity artifacts related to vascular pulsation were
observed in 41 of the 56 included patients by using the 2D T1
sequence involving the posterior fossa (n = 38) or the frontal
lobes (n = 8) (median score = 1). In comparison with the 2D SE
sequence, there were no artifacts related to vascular pulsation by

Interobserver Agreement

For the detection of enhanced MS lesions,
interobserver agreement was substantial
for 2D axial SE images (k = 0.62) and
good for 3D TSE images (k = 0.75). Com-
parison of the k values showed that the
interobserver agreement was not signifi-
cantly different between 2D axial SE and 3D TSE images (P =
2140).

Compatrison of 2D T1 SE and 3D TSE MR Images

Compared with the reference standard, reader 1 correctly identi-
fied 57.1% of the enhanced MS lesions by using the 2D T1 SE
sequence, 77.68% by using 4-mm-thick axial reformatted views,
and 93.8% by using the multiplanar analysis. Reader 2 identified
56.3%, 79.5%, and 93.8% of the enhanced MS lesions, respec-
tively. No enhanced MS lesion was visible only on 2D T1-
weighted SE images.

Using the 2D SE and 3D TSE MR images, the 2 blinded readers
misdiagnosed a total of 22 focal venous enhancements as en-
hanced MS lesions (ie, 22 false-positive lesions because these le-
sions were not previously considered real MS lesions according to
the reference standard). Twelve false-positive lesions were ob-
served by using the 2D T1-weighted SE sequence, 7 by using
4-mm-thick axial reformatted views, and 3 by using the multipla-
nar analysis of the 3D TSE sequence.

The agreement with the reference standard was fair by using
the 2D T1 SE images (k = 0.284), moderate by using 4-mm-thick
axial reformatted views (k = 0.507), and good by using the mul-
tiplanar analysis (k = 0.735). Agreement with the reference stan-
dard was significantly improved by using the multiplanar analysis
of the 3D TSE sequence compared with 2D T1 SE images (P =
.0007) or 4-mm-thick axial reformatted views (P = .0465).

On the basis of consensus statements between the blinded
readers, 64 enhanced MS lesions were correctly identified by using
the 2D T1-weighted SE sequence. Forty-two additional lesions
were visible by using the 3D TSE sequence; 26 lesions, on 4-mm-
thick axial reformatted views (90 lesions detected); and 16 other
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FIG 2. Postcontrast TI-weighted 2D SE (A) and 4-mm-thick axial reformatted views of the 3D
TSE (B) images of patient 24 with MS. An active enhanced MS lesion is detected within the left
frontal white matter by using both axial 2D SE images (A, arrow) and a 4-mm-thick axial refor-
matted view of the 3D TSE sequence (B, arrow). Due to improved image contrast, an additional
lesion involving the precentral sulcus is visible by using the 3D TSE sequence (B, arrowhead).

lesions, by using the multiplanar analysis (106 lesions detected).
The 26 additional lesions revealed by the axial reformatted views
involved the periventricular white matter (n = 12), the optic
nerves (n = 2), the pons (n = 5), the cerebellum (n = 4), and the
temporal (n = 2) and the frontal (n = 1) white matter. The 16
additional lesions detected by multiplanar analysis involved the
periventricular white matter (n = 6), the corpus callosum (n = 3),
the cingulum (n = 1), the brain stem (n = 4), the parietal white
matter (n = 1), and the optic nerve (n = 1).

Sixteen of the 56 patients presented with at least 1 enhanced
MS lesion with 2D SE images; 17, with axial reformatted views;
and 19, with multiplanar analysis of the 3D TSE sequences. Indeed
3 patients were correctly diagnosed with at least 1 MS enhanced
lesion only with the 3D TSE sequence. Such findings had an im-
pact on clinical management by switching on second-line immu-
nosuppressive therapy. For the diagnosis of the patients with at
least 1 MS enhanced lesion, 2D axial SE images were 84.2% sen-
sitive and 78.4% specific, 4-mm-thick axial reformations of the
3D TSE sequences were 84.2% sensitive and 89.2% specific, and
multiplanar analysis of the 3D TSE sequences was 94.7% sensitive
and 100% specific.

Contrast Rate
ROIs were drawn within MS active lesions that measured at least 1
cm (11 patients). With 2D SE images, the median CR was 39.5
(11.95100.3), while, with 3D TSE images, the median CR was 46.9
(10.3; 128). The CR of the enhanced MS lesions was significantly
higher by using the 3D TSE sequence (P < .011).

An example of the improved detectability of enhanced MS
lesions by using the 3D TSE sequence is given in Fig 2.

DISCUSSION

In this study, we demonstrated that the 3D TSE sequence improved
the detection of enhanced MS lesions due to a better image contrast
and the suppression of artifacts related to vascular pulsation. The use
of thinner sections and MIP reformations further improved the di-
agnosis of small MS lesions. These findings are clinically relevant,
considering the importance of enhanced asymptomatic lesions for
the diagnosis and management of patients with MS.
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To improve the comparison between
2D SE and 3D TSE postcontrast MR im-
ages, we first used 4-mm-thick axial refor-
mations from the 3D TSE sequence lead-
ing to the same voxel size. This approach
confirmed that the diagnostic perfor-
mance of the 3D TSE sequence was signif-
icantly superior to that of the 2D T1 SE.
This difference could be partly explained
by the suppression of artifacts related to
vascular pulsation. As previously sug-
gested, ' the black-blood effect of the 3D
TSE sequence is due to the dephasing of
spins induced by the long echo-trains
used. In our study, we systematically ob-
served this effect within brain arteries,
while a discontinuous enhancement was
still observed within large cortical veins.
The non-spatially selective pulse, which affects the entire imaging
slab by using the 3D TSE sequence, may also contribute to the
absence of artifacts related to vascular pulsation.® In our study,
such technical aspects were particularly useful for the detection of
MS lesions involving the brain stem or the cerebellum.

The diagnostic performance of the 3D TSE sequence was fur-
ther improved when using thinner sections and multiplanar anal-
ysis. There are several advantages of using 3D thinner sections for
the detection of enhanced MS lesions. First, it has been previously
reported that the decrease in section thickness (ie, of the partial
volume effect) is strongly associated with increased lesion detec-
tion."""'? Second, 3D images can be registered more accurately,
allowing a more precise assessment of spatiotemporal disease ac-
tivity that is crucial in patients with MS. In our study, registration
of MR images was also useful to define the reference standard.
Indeed, the 3D DIR images were registered with the 3D T1 TSE
images, optimizing the detectability of small enhanced MS le-
sions.'*"¢ Third, 3D sequences, with their higher SNR and iso-
tropic voxel size, allow image postprocessing with MIP reforma-
tions in arbitrary planes. MIP views can be routinely obtained
with the 3D TSE sequence because the contrast between gray and
white matter appears significantly reduced. This is not the case
when using 3D T1-weighted GRE MR images. We may hypothe-
size that MIP reformatted views could improve the time efficiency
for the detection of enhanced MS lesions. Further studies includ-
ing a larger cohort of patients with enhanced MS lesions may
confirm this hypothesis.

Our study has several limitations. We used the DIR sequence,
which is not a standard pulse sequence for clinical use. The DIR
sequence may have further improved the detection of cortical and
brain stem MS lesions as previously reported.'*"'® However, the
relatively small number of enhanced MS lesions confirmed only
with DIR images should not limit the generalizability of our find-
ings to clinical practice. The parameter setting of the 3D TSE
sequence in the present study was optimized before scanning pa-
tients to decrease image artifacts and to improve the image con-
trast. An acquisition time of more than 20 minutes would be
required to achieve a full brain coverage with the same section
thickness for both axial SE and 3D TSE sequences (ie, 1.2 mm).



Then, the use of axial 4-mm-thick reformatting views of the
BrainView sequence, which perfectly matched the axial T1 SE
images, appeared acceptable to achieve an equivalent comparison
between the 2 postcontrast MR images.

Using the 3D TSE sequence, there was a slightly increased
scanning time compared with the 2D SE sequence. The duration
of the 3D TSE sequence could be reduced by applying a higher
parallel imaging acceleration factor. Moreover, in most centers,
the MR imaging protocol usually includes 2 postcontrast T1-
weighted 2D SE sequences in the coronal and axial planes for
routine evaluation. Image blurring may be observed on 3D TSE
images due to the longer echo-trains. However, this did not pre-
vent image interpretation, and a specific refocalization scheme
was developed to minimize these artifacts. Finally, discontinuous
enhancement within large cortical veins may be misinterpreted as
an enhanced MSlesion on 3D TSE images. In our study, due to the
high spatial resolution of this sequence, multiplanar reformations
were particularly useful to distinguish these veins from brain MS
lesions.

CONCLUSIONS

This study suggests that the 3D T1-weighted TSE MR imaging
with variable refocusing flip angles is superior to the conventional
2D SE axial sequence for the detection of enhanced MS lesions. In
addition, multiplanar analysis with thinner sections and MIP re-
formatted views further improves the diagnostic performance of
the 3D TSE sequence.
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ORIGINAL RESEARCH
INTERVENTIONAL

Complications of Endovascular Treatment for Acute Stroke in
the SWIFT Trial with Solitaire and Merci Devices

P.T. Akins, A.P. Amar, R.S. Pakbaz, and ).D. Fields, on behalf of the SWIFT Investigators

> H

ABSTRACT

BACKGROUND AND PURPOSE: Treatment of patients with ischemic stroke after endovascular treatment requires in-depth knowledge
of complications. The goal of this study was to make endovascular treatment for acute ischemic stroke safer through an in-depth review
of the major periprocedural complications observed in the Solitaire FR With Intention for Thrombectomy (SWIFT) trial.

MATERIALS AND METHODS: The SWIFT data base was searched for major peri-procedural complications defined as symptomatic
intracranial hemorrhage within 36 hours, SAH, air emboli, vessel dissection, major groin complications, and emboli to new vascular

territories.

RESULTS: Major peri-procedural complications occurred in 18 of 144 patients (12.5%) as follows: symptomatic intracranial hemorrhage,
4.9%; air emboli, 1.4%; vessel dissection, 4.2%; major groin complications, 2.8%; and emboli to new vascular territories, 0.7%. Rates of
symptomatic intracranial bleeding by subtype were PH1, 0.7%; PH2, 0.7% (PH1 indicates hematoma within ischemic field with some mild
space-occupying effect but involving =30% of the infarcted area; PH2, hematoma within ischemic field with space-occupying effect
involving >30% of the infarcted area); intracranial hemorrhage remote from ischemic zone, 0%; intraventricular hemorrhage, 0.7%; and
SAH, 3.5%. We did not observe any statistically significant associations of peri-procedural complications with age; type of treatment
center; duration of stroke symptoms; NIHSS score, IV thrombolytics, atrial fibrillation, site of vessel occlusion; rescue therapy administered
after endovascular treatment; or device. Comparing the Merci with the Solitaire FR retrieval device, we observed symptomatic cerebral
hemorrhage (10.9% versus 11%; P = .013); symptomatic SAH (7.3% versus 1.1%; P = .07), air emboli (1.8% versus 11%; P = 1.0), emboli to new
vascular territories (1.8% versus 0%; P = .38), vessel dissection (1.8% versus 4.5%; P = .65), and major groin complications (3.6% versus 7.9%;
P = .48). Angiographic vasospasm was common but without clinical sequelae.

CONCLUSIONS: Understanding of procedural complications is important for treatment of patients with stroke after endovascular
treatment. We observed fewer endovascular complications with the Solitaire FR device treatment compared with Merci device treatment,
particularly symptomatic cerebral hemorrhage.

ABBREVIATION: SICH = symptomatic intracranial hemorrhage; TIMI = Thrombolysis in Myocardial Infarction; CEC = Clinical Events Committee

ntravenous tissue plasminogen activator has been proven to be
I efficacious in recanalization of occluded intracranial vessels and
improvement of clinical outcome for acute ischemic stroke.! A
meta-analysis of 53 studies including 2066 patients with acute
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stroke demonstrated a 46.2% overall recanalization rate with IV
fibrinolysis."> However, IV tPA has limited ability to open occlu-
sions of medium and large arteries such as the internal carotid
artery, proximal middle cerebral artery, or basilar artery, with
recanalization rates reported as low as 10%.>> Because of these
limitations, catheter-based approaches for acute ischemic stroke
have been developed to directly infuse thrombolytics at the site of
the thrombus or mechanically extract and disrupt the clot.’ As
with systemic thrombolytics, endovascular treatments for acute isch-
emic stroke carry the risk of intracranial bleeding. These treatments
also carry additional risks related to vascular access, catheter place-
ment, direct vessel injury, and the type of device deployed.

The Solitaire FR With Intention for Thrombectomy (SWIFT)
trial provides additional information about endovascular ap-



proaches for acute stroke and directly compares the Solitaire FR
device (Covidien, Irvine, California) with the Merci retrieval de-
vice (Stryker Neurovascular, Fremont, California) in a prospec-
tive, randomized trial. Results of the primary end point for this
study have been reported separately.’® Acute stroke trials have
consistently highlighted the importance of achieving early reper-
fusion while keeping procedural complication risks as low as pos-
sible. The therapeutic time windows are tight, and gains achieved
by flow restoration are easily erased by symptomatic intracranial
bleeding caused by procedural complications. The SWIFT trial
reports a significant technical advance for mechanical thrombec-
tomy by use of the Solitaire device compared with current tech-
nology (Merci retriever); the focus of this report is an in-depth
analysis of the major procedural complications of this trial.

MATERIALS AND METHODS

The SWIFT trial was a multicenter, prospective, randomized, par-
allel-group, noninferiority study enrolling patients diagnosed
with acute ischemic stroke for which endovascular intervention
was indicated.'? After a roll-in phase in which the investigational
Solitaire FR device was used for 2 patients at each participating
center, subsequent patients were randomly assigned on a 1:1 basis
for thrombectomy with either the investigational Solitaire FR de-
vice or the US Food and Drug Administration—cleared Merci re-
triever. The Solitaire device consists of a self-expanding stent in-
tegrated onto a delivery wire. The stent is deployed across the
thrombus, allowing its tines to intercalate with the thrombus, and
is then retracted into a guide catheter by traction on the wire. The
Merci retriever system has received Food and Drug Administra-
tion clearance for removal of thrombus and consists of a helical
terminus that is deployed distally to the thrombus and then pulled
back into the guide catheter. The aim of the SWIFT study was to
demonstrate substantial equivalence by obtaining prospective
clinical data on the safety and efficacy of the Solitaire FR device
compared with the Merci device for patients diagnosed with
acute ischemic stroke. On the basis of the SWIFT study results, the
Solitaire FR received Food and Drug Administration clearance in
March 2012.

The primary efficacy end point of the study was arterial recan-
alization of the occluded target vessel measured by Thrombolysis
in Myocardial Infarction (TIMI) score'* of 2 or 3 after the use of
the study device. All patients received clinical evaluations at 24
hours, 30 days, and 90 days after the procedure.

Clinical and technical complications were prospectively col-
lected for patients enrolled into the SWIFT trial. These events
were independently reviewed and adjudicated by a central Clini-
cal Events Committee (CEC). The type, timing, severity, out-
come, relationship to study device or procedure, and other attri-
butes of each complication were assessed. The CEC followed
conventions and definitions established by the Common Termi-
nology Criteria for Adverse Events of the National Cancer Insti-
tute.'> Neuroimaging was independently reviewed by a core lab.
Because of early termination of the study, data were available on
31 roll-in patients treated with Solitaire FR device and 113 pa-
tients randomly assigned to either the Merci device or the Solitaire
FR device.

Definitions

A clinical or technical event was judged to be procedure- or treat-
ment-related when there was a strong temporal relationship to the
procedure or device implantation, such as bleeding from femoral
puncture site or adverse reaction to contrast administration.

The major intracranial procedural complications in this sub-
study are defined as symptomatic intracranial hemorrhage
(SICH), SAH, air emboli, vessel dissection, serious groin compli-
cation, and emboli to new vascular territory. Cerebral hemor-
rhages were classified according to the European Cooperative
Acute Stroke Study (ECASS) criteria'® as follows:

SICH is defined as any PH1, PH2, RIH, SAH, or intraventric-
ular hemorrhage associated with a decline in NIHSS score =4
within 24 hours (PH1 indicates hematoma within ischemic field
with some mild space-occupying effect but involving =30% of
the infarcted area; PH2, hematoma within ischemic field with
space-occupying effect involving >30% of the infarcted area;
RIH, any intraparenchymal hemorrhage remote from the isch-
emic field).

Asymptomatic intracranial hemorrhage is defined as any in-
tracranial hemorrhage within 24 hours not meeting the above
criteria for symptomatic intracranial hemorrhage.

The major extracranial procedural complications in this sub-
study are defined as extracranial vessel dissection and serious
groin complication.

Device-Related: Study Devices and Ancillary Devices

A study device—related adverse event is defined as an event with a
strong temporal relationship to the use of the device and no plau-
sible alternative etiology. An example is an arterial wall dissection
caused by the study device. In some patients, the CEC was unable
to distinguish whether the study device or ancillary devices (such
as guidewires) contributed to the complication. In these circum-
stances, the CEC took a conservative view, and these events were
adjudicated to the study device.

An ancillary device—related adverse event is directly related to
the delivery catheter (system), and another cause is unlikely. An
example is a vessel perforated by a guidewire.

Adverse events classified as major access site adverse events are
defined as access site pseudoaneurysm, femoral hematoma, retro-
peritoneal hematoma, access site bleeding, access site bruising/
ecchymosis, and access site occlusion.

Statistical analysis was completed by use of SAS version 9.2
(SAS Institute, Cary, North Carolina). Descriptive statistics were
tabulated, and probability values were computed by use of the
Fisher exact test, comparing patients as assigned with their respec-
tive roll-in or randomly assigned treatment groups.

RESULTS

The SWIFT trial enrolled 144 patients. The study population con-
sisted of 31 patients treated during the roll-in phase with the Sol-
itaire FR device and 113 randomly assigned patients (58 Solitaire
FR; 55 Merci). A prespecified efficacy stopping rule triggered early
trial termination. The CEC adjudicated 644 adverse events, and
the core imaging lab reviewed neuroimaging. The overall rate for
major peri-procedural events was 12.5% (Table 1). Mortality
rates without and with major peri-procedural events were 23.8%
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Table 1: Major procedural complications

Present Absent Percentage

Symptomatic cerebral hemorrhage 7 137 4.9%
Air emboli 2 142 1.4%
Emboli to new vascular territory 1 143 0.7%
Serious groin complication 4 140 2.8%
Vessel dissection 5 139 3.5%
Total number of patients 18 126 12.5%
Table 2: Intracranial bleeding complications
Type of Intracranial ~ Asymptomatic  Symptomatic  Total
Bleeding (%) (%) (%)
PHI 6(4.2) 1(0.7) 7(4.9)
PH2 5(3.5) 1(07) 6(4.2)
RIH 1(07) 0(0) 1(07)
IVH 5(3.5) 1(0.7) 6(4.2)
SAH 6(4.2) 5(3.5) 1(7.6)

Note:—Total number of subjects with symptomatic cerebral hemorrhage is less than
the sum of individual subtype rows because some subjects had more than 1radiologic
subtype of intracranial hemorrhage. RIH indicates any intraparenchymal hemorrhage
remote from the ischemic field; IVH, intraventricular hemorrhage.

and 33.3%, respectively (P = .39). The major peri-procedural
events can be categorized as intracranial or extracranial.

The major intracranial complications were classified as symp-
tomatic cerebral hemorrhage, air emboli, and emboli to new vas-
cular territory (Table 1). The pattern of SICH (n = 7/144, 4.9%)
was categorized by the core imaging lab as follows (Table 2): iso-
lated intracerebral hemorrhage (n = 2), isolated SAH (n = 4),
isolated intraventricular hemorrhage (n = 1), and combined in-
tracerebral and subarachnoid hemorrhage (n = 0). Asymptom-
atic intracerebral hemorrhage was present in 44 of 144 (30.5%)
and included hemorrhagic infarctions. On radiographic review of
CT brain imaging after the endovascular treatment, air emboli
(Fig 1D) were present in 2 of 144 patients (1.4%), and 1 was
determined to be a serious adverse event. Six patients with major
intracranial complications underwent hemicraniectomy (Soli-
taire FR roll-in, 0/31, 0%; Solitaire FR randomized, 1/58, 1.7%;
Merci randomized, 5/55, 9.1%, P = .11 for randomly assigned
groups).

The major extracranial, peri-procedural complications were
classified as vessel dissection and serious groin complication (Ta-
ble 1). Complications were present in 7% of patients, but no long-
term disability or death was attributed to these events. One pa-
tient underwent fasciotomy related to leg ischemia attributed to
femoral artery access. Angiographic vasospasm was commonly
observed (29/144, 20%), but no clinical sequelae were observed.
Vessel dissection occurred in 5 patients (3.5%; Table 5) and was
adjudicated as a serious adverse event in 1. The sites of vessel
dissection were in the cervical carotid artery except for 1 patient
with dissections involving both the cervical and petrous portions
of the ICA. Three dissections were managed conservatively, 1 dis-
section was treated with balloon angioplasty, and 1 dissection was
treated with stent placement.

We compared rates of peri-procedural complications against
clinical (Table 3) and technical factors (Table 4). Although statis-
tically significant differences were not observed for any clinical or
technical factors, we wish to highlight the numerically higher rates
observed for duration of symptoms =6 hours, NIHSS score =20,
tPA failure, and presence of atrial fibrillation.
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Table 3: Association of major procedural complications and
clinical factors

Major Procedural Complications Yes,n(%) No,n(%) P
Age, 22-64 y 8(13.8%) 50(86.2%) .80
Age, 65+ y 10(.6%)  76(88.4%)
Duration of symptoms <4 hours 3(N.5%) 3(88.5%) .68
Duration of symptoms 4—6 hours 7 (10.9%) 7 (89.1%)
Duration of symptoms 6+ hours 5(14.7%) 9 (85.3%)
NIHSS score 0-10 1025%)  7(87.5%) 81
NIHSS score 11-20 12(12.0%)  88(88.0%)
NIHSS score >20 5(13.9%) 31(86.1%)
IV tPA contraindicated 8(10.5%) 8(89.5%) .46
IV tPA failed 10(152%) 56 (84.8%)
Atrial fibrillation 1(14.7%) 4(853%) .46
No atrial fibrillation 7 (10.1%) 2 (89.9%)

Table 4: Analysis of major procedural complications and
technical factors

Major Procedural Complications Present n (%) P
Academic centers 14 (13.9%) .59
Community centers 4(9.3%)

Roll-in patients 3(9.7%) 76
Randomly assigned patients 15 (13.3%)

Solitaire FR 10 (11.2%) 61
Merci 8 (14.5%)

No rescue therapy administered 12 (1.9%) 79
Rescue therapy administered 6 (14.0%)

Carotid T occlusion 5(19.2%) .53
ICA occlusion 0(0.0%)

MCA occlusion 12 (11.5%)

M1 occlusion 8(9.5%)

M2 occlusion 4(20.0%)

VB occlusion 0(0.0%)

Successful revascularization (TIMI 2-3) 7 (43.8%) 6
Unsuccessful revascularization 63 (53.4%)

Note:—VB indicates vertebrobasilar.

The head-to-head comparison of peri-procedural complica-
tions observed with the Merci and Solitaire FR devices is shown in
Table 5. Higher rates of SICH were observed after treatment with
the Merci device compared with the Solitaire FR device (Solitaire
FR 1/89, 1.1%; Merci 6/55, 10.9%; P = .013). Restoration of TIMI
grade 2-3 flow was higher after treatment with the Solitaire FR
device compared with the Merci device (TIMI grade 2-3 flow:
Solitaire roll-in, 17/27, 63%; Solitaire randomized, 37/54, 68.5%;
Merci randomized, 16/53, 30.2%; P = .0001). SICH followed suc-
cessful revascularization (TIMI grade 2 or 3 flow) in 3 of 70 pa-
tients (Solitaire FR roll-in, 0/17, 0%; Solitaire FR randomized,
1/37, 2.7%; Merci, 2/16, 12.5%; P = .21). Rates of SAH trended
lower with the Solitaire FR device compared with the Merci device
(Table 5).

DISCUSSION

We observed important differences between complications of sys-
temic (IV) thrombolysis and endovascular (intra-arterial) treat-
ment (Table 6). The major risk of systemic thrombolysis is symp-
tomatic intracranial bleeding and is generally intraparenchymal.
This complication carries a 50% mortality rate." In comparison,
the pattern of intracranial bleeding after endovascular therapy is
more variable and carries a greater risk of SAH. Rates of symp-
tomatic intracranial bleeding in the SWIFT trial in the Solitaire FR
treatment arm'? (1.1%) were significantly lower compared with



Table 5: Association of major procedural complications and embolectomy device

thrombolytics is supported by a recent

MERCI Solitaire analysis by the UCLA Endovascular
Type of Complication % (n/N) [events] % (n/N) [events] P Stroke Therapy Investigators.'” They re-
SAH symptomatic 7.3% (4/55)[4] 11% (1/89) [1] 070 ported that SAH was detected after pri-
SHalF | BT PUBITEUE i 55% (3/55) [3] 3:4%(3/89) [3] 67 mary intra-arterial thrombolysis (6.5%)
ICH PH1 symptomatic 1.8% (1/55)[1] 0.0% (0/89) [0] 38 b call likely aft
ICH PH2 symptomatic 1.8% (1/55) [1] 0.0% (0/89) [0] 38 ut was numerically more likely alter
IVH symptomatic 1.8% (1/55) [1] 0.0% (0/89)[0] 38 Merci retriever thrombectomy (14.1%).
ICH asymptomatic 27.3% (15/55) [15] 27.0% (24/89) [25] 1.00 They had an overall 15.6% rate of SAH
Ischemic stroke symptomatic 12.7%(7/55) [7] 3.4% (3/89) [3] 044 after endovascular treatment of acute
All symptomatic ICH 10.9% (6/55) [6] 11% (1/89) [1] OB i hemic stroke (20/128 procedures),
Air emboli 1.8% (1/55) [1] 11% (1/89) [1] 1.00 4 ind 4 i £ SAH i
Emboli to same vascular territory 5.5% (3/55) [3] 45% (4/89) [4] 1.00 an i ndependent predictors o m
Emboli to new vascular territory 1.8% (1/55) [1] 0.0% (0/89)[0] 38 their study were procedure-related ves-
Device detachment 0.0% (0/55) [0] 0.0% (0/89) [0] 1.00 sel perforation, rescue angioplasty after
Vessel dissection . 1.8% (1/55) [1] 4.5% (4/89)[4] 65 thrombectomy, distal MCA occlusion,
Vessel vasospasm on anglography 16.4% (9/55) [10] 22.5% (20/89) [20] 40 and hypertension. The IMS I and II In-
Vessel vasospasm symptomatic 0.0% (0/55)[0] 0.0% (0/89)[0] 1.00 . 15 dth .
Major access site issues 3.6% (2/55)[2] 7.9% (7/89)[8] 4g  Vestigators T also suggested that micro-
Study device—related AE 16.4% (9/55) [13] 10.1% (9/89) [14] 31 catheter contrast injections may con-
Ancillary device-related AE 3.6% (2/55) 2] 7.9% (7/89)[8] 48 tribute to intracranial bleeding caused
Technical difficulty with device 7.3% (4/55)[4] 10.1% (9/89) [12] 77 by pressure-related effects or toxicity of

Note:—IVH indicates intraventricular hemorrhage; ICH, intracerebral hemorrhage; AE, adverse event.

Table 6: Complications of systemic (IV) thrombolysis and
endovascular (intra-arterial) treatment

Trial Symptomatic ICH SAH
NINDS 6.4% 0%
PROACT | 15.4% na
PROACT Il 10.2% na
IMS | 6.3% 0%
IMS 1l 9.9% na
Merci 7.8% 3.5%
Multi-Merci 9.8% 9.9%
Penumbra 10% 5%
SWIFT-all 4.9% 7.6%
SWIFT-Merci arm 10.9% 12.7%
SWIFT-Solitaire arm 11% 4.5%

the NINDS trial’(6.4%) and the SWIFT Merci treatment arm
(10.9%) and were lower than published trials that used intra-
arterial thrombolysis®>®® or the Penumbra device (Penumbra,
Alameda, California).® The SICH rate observed with the Merci
device in the SWIFT trial (10.9%) was similar to that in prior
studies”'° (Table 6).

SAH was not reported in the NINDS IV tPA trial' but has been
reported in other device trials (Table 6) and case series."” The rate
of SAH was higher in this trial compared with earlier interven-
tional stroke trials but similar to rates in a recent study by UCLA'”
and the Multi-MERCI trial (Table 6). A key difference between
earlier interventional stroke trials such as the PROACT trials and
more recent trials is the use of thrombectomy devices in addition to
intracranial placement of microcatheters and infusion of intra-arte-
rial thrombolytics. In the MERCI trial,” 5 patients were adjudicated
with symptomatic SAH (5/141; 3.5%), and the authors attributed the
symptomatic SAH to vessel perforations. Asymptomatic SAH was
not reported separately in this trial; therefore the total SAH encoun-
tered probably exceeds this rate. In the Multi-MERCI trial, 3 (2.7%)
patients had symptomatic SAH and 8 (7.2%) had asymptomatic
SAH, for a total SAH rate 0f9.9% (11/111).

Our hypothesis that thrombectomy devices pose a greater risk
of SAH compared with microcatheter delivery of intra-arterial

contrast agents. Four instances of vessel
perforation were observed in SWIFT: 1
patient treated with Solitaire (1/58; 1.7%) and 3 treated with
Merci (3/55, 5.5%; P = .35'%). The trend toward lower rates of
symptomatic SAH with the Solitaire FR device (1.1%) compared
with the Merci device is encouraging (7.3%, Table 6).

Reperfusion is a double-edged sword. Early reperfusion will
limit ischemic damage to both the brain and the cerebrovascula-
ture. Late reperfusion can cause cerebral hemorrhage by restora-
tion of cerebral blood flow to infarcted brain and associated vas-
culature and may contribute to brain edema.'® Theoretically,
reperfusion by use of mechanical thrombectomy should have a
lower rate of hemorrhagic transformation when direct vessel in-
jury is minimized and flow restoration occurs quickly. The results
of the Solitaire FR treatment arm of the SWIFT trial are consistent
with this concept. One advantage of the Solitaire device over the
Merci device is the rapid flow restoration with stent deployment
that occurs before clot removal. Whether this expediency in flow
restoration contributed to the lower SICH rates observed with
Solitaire FR versus Merci will require additional analysis.

The lower rates of SICH observed with Solitaire FR compared
with Merci devices may be related to other technical factors be-
sides the higher and more rapid rate of reperfusion. After ad-
vancement of the embolectomy devices into the intracranial
thrombus, the withdrawal of the devices into the guide catheter
exerts traction on the arterial tree. These mechanical forces may
contribute to SICH by direct endoluminal trauma or through
shear forces on the perforating vessels as the parent vessel under-
goes traction. In a preclinical model, less endovascular injury was
observed with Solitaire as compared with Merci use.*

The IMS III trial results®" highlight the importance of rapid
restoration of flow. A favorable functional outcome at 3 months
(a modified Rankin Scale score of 0-2) occurred in 12.7% of
patients with TICI score of 0, 27.6% with TICI score of 1, 34.3—
47.9% with TICI score of 2a or 2b, and 71.4% with TICI score of
3. In this trial, treating physicians used different devices and intra-
arterial tPA doses at their discretion. Only 4 patients enrolled in
this trial were treated with the Solitaire FR device.
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This study has strengths and weaknesses. The strengths in-
clude the multicenter, randomized, prospective study design, in-
dependent adjudication of adverse events by a CEC, and review of
neuroimaging by a core lab. This is the first endovascular stroke
trial to directly compare 2 thrombectomy devices. The weakness
of this study is the limited sample size (n = 144) and the variability
in operator experience and skill with mechanical thromboembo-
lectomy that is inherent to multicenter studies.

CONCLUSIONS

“Experience is what you get when you don’t get what you want.”**
Detailed knowledge of peri-procedural complications is impor-
tant for the treatment of patients with stroke after endovascular
treatment. The results of the IMSIIT trial highlight the importance
of maximizing the time to restore flow while keeping procedural
complication risks low for acute ischemic stroke. Fewer endovas-
cular complications were observed with Solitaire FR device treat-
ment compared with Merci device treatment, particularly symp-
tomatic cerebral hemorrhage. Device registries will be helpful to
gain deeper understanding of rare events. This trial illustrates a
significant technical advance for mechanical thrombectomy by
use of the Solitaire device compared with current technology
(Merci retriever); this report has focused on the major procedural
complications.
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ORIGINAL RESEARCH
INTERVENTIONAL

Endovascular Treatment of Middle Cerebral Artery Aneurysms
with Flow Modification with the Use of the Pipeline
Embolization Device
K. Yavuz, S. Geyik, I. Saatci, and H.S. Cekirge

ABSTRACT

BACKGROUND AND PURPOSE: The Pipeline Embolization Device was reported to be safe and effective in the treatment of sidewall
aneurysms, preserving the patency of the vessels covered by the construct. However, to date, the safety and efficacy of this device in
treating bifurcation aneurysms remains unknown. We report our preliminary experience with the use of the Pipeline Embolization Device
in the management of MCA aneurysms located at the bifurcations, including mid- and long-term follow-up data.

MATERIALS AND METHODS: Wide-neck MCA aneurysms, which give rise to a bifurcating or distal branch in which other endovascular
techniques are thought to be unfeasible or more risky, were included. Data including demographics, aneurysm features, antiplatelet
therapy, complications, and angiographic follow-up results for up to 30 months were recorded.

RESULTS: Twenty-five aneurysms located at the MCA bifurcation (n = 21) or distal (n = 4) were treated. Of these, 22 were small and
3 were large. A single device was used in all but 2. No deaths occurred in the series. All patients had at least 1 control angiographic
study, 21 of which were DSA (3-30 months), which showed that 12 of the rising branches were patent whereas 6 were filling in reduced
caliber and 3 were occluded asymptomatically. According to the last angiographic follow-up, complete occlusion was revealed in 21
of 25 aneurysms (84%).

CONCLUSIONS: The Pipeline Embolization Device provides a safe and effective treatment alternative for wide-neck MCA aneurysms

that give rise to a bifurcating or distal branch when other endovascular techniques are thought to be unfeasible or more risky.

ABBREVIATION: PED = Pipeline Embolization Device

P roviding diseased parent artery reconstruction in addition to
exclusion of the aneurysm from the circulation by means of
flow disruption, spontaneous aneurysm thrombosis, and endo-
thelialization mechanisms, flow diversion is a new but widely ac-
cepted endovascular treatment technique for intracranial aneu-
rysms. The use of self-expandable neurovascular stents (designed
to be used in conjunction with coil embolization) as a mono-
therapy was previously reported with the implantation of 1 or
more stents.'™ A few case series with the use of the sole stent
placement technique in the treatment of complex fusiform MCA
aneurysms also exist in the literature.®” Additionally, Y-stent flow
diversion by use of self-expandable stents with a closed-cell design
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without endosaccular coiling has also been reported to be effective
in a small, selected case series, including 5 MCA bifurcation an-
eurysms with complete occlusion in the follow-up.®

The introduction of the Pipeline Embolization Device (PED)
(Covidien/ev3, Irvine, California) as a dedicated flow diverter
added a new dimension to this treatment strategy, with its being
porous enough to preserve the patency of the branch vessels cov-
ered by the construct.” The previous experience with the PED in
the treatment of saccular aneurysms revealed that when a branch
was originating directly from the aneurysm sac, this branch was
kept patent when there was a flow demand through it.'® Al-
though, to date, the safety and efficacy of this device in treating
bifurcation aneurysms remains unknown. This inspired us to use
the PED for treatment of MCA bifurcation or M2 aneurysms in
which one of the bifurcating branches or a distal branch orig-
inate directly from the aneurysm sac, when other endovascular
techniques were deemed unfeasible or more risky. There have
been limited numbers of MCA aneurysms reported to be
treated with the PED within different case series''"!>; however,
none included bifurcation aneurysms. We report, to our
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knowledge, the first case series focused on the use of the PED in
the management of MCA aneurysms, in which a bifurcating or
a distal branch emanates directly from the aneurysm sac.

MATERIALS AND METHODS

Patient Population and Aneurysm Characteristics
Twenty-five MCA aneurysms in 21 patients (12 female and 9
male) with an average age of 56 years (range, 34—74 years) were
treated with the use of the PED (On-line Table). All procedures
were performed with the provision of written informed consent.
This series included MCA aneurysms located at or distal to the
bifurcation in which a bifurcating or distal branch emanated di-
rectly from the aneurysm sac and was treated with PED, 4 of
which were included in a previous report.'® Aneurysms located at
the M1 segment of the MCA were out of the scope of this report.

All patients presented with headache. All aneurysms except for
1 were unruptured. One patient with bilateral MCA aneurysms
had a previous treatment of her ruptured right MCA aneurysm
with balloon-assisted coiling at the acute stage of SAH. This an-
eurysm showed recanalization at follow-up and was treated at the
same session as the unruptured left MCA aneurysm treatment
with the PED. There were 3 other patients who had previous treat-
ments, as indicated in the On-line Table.

Aneurysm sizes were classified as small (<1 cm), large (=1 cm
and =2.5 cm), and giant (>2.5 cm). The aneurysms were referred
to as wide-neck when the dome/neck ratio was =1.5 and/or neck
length was =4 mm.

Treatment and Medication

All patients were premedicated with double antiplatelet therapy
and diligently investigated for sufficient level of thrombocyte in-
hibition before the treatment, as described previously.'® All pa-
tients received heparin to maintain an activated clotting time level
elevated to 2-3 times the baseline value during the procedure.
Patients who had large aneurysms received dexamethasone, with
an initial dose of 8 mg given during the procedure and continued
4 X 4 mg daily for 1 week; the dose was then tapered within 1 week
and discontinued.

All patients were prescribed clopidogrel/ticlopidine until the
6-month follow-up angiography and discontinued after the pa-
tency of the PED was shown angiographically. Aspirin use (300
mg daily) was prescribed life-long.

All procedures were performed under general anesthesia. Par-
ent artery measurements were obtained by using both 3D and 2D
images at the working projections.

In all patients, through a 6F introducer sheath placed in the
common carotid artery, a 6F guiding catheter was advanced into
the internal carotid artery as distal as possible. A Marksman (Co-
vidien/ev3) microcatheter was then navigated, over different mi-
croguidewires as necessary, to the selected MCA branch. The
technique of PED deployment was performed as described
previously.'°

The PED was used as a monotherapy in all but 3 patients with-
out any adjunctive endosaccular coils. In 3 patients who had PED
placement as retreatment, 3 aneurysms had coils from the previ-
ous treatments. Among these, in 1 patient, a self-expandable stent
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(Enterprise, Codman & Shurtleff, Raynham, Massachusetts) was
also present from the previous stent-assisted coiling treatment.

Follow-Up

All patients were designated to have a clinical and angiographic
follow-up at 6 months. However, when a patient had ongoing
headache or any new symptoms, 1- to 3-month angiographic con-
trol was obtained either with CTA or DSA. If the 6-month control
angiography revealed incomplete aneurysmal occlusion, an addi-
tional angiographic control was performed during the 12th
month and another at 18 months when necessary. A longer-term
follow-up was planned for 1-2 years after demonstration of com-
plete occlusion.

RESULTS

This series included 25 wide-neck MCA aneurysms located at the
bifurcation in 21 cases and the M2 segment in 4 cases. Of these, 22
were small and 3 were large.

All devices except for 2 were placed properly, without techni-
cal difficulties. In 2 patients with bifurcation aneurysms, the distal
end of the first PED moved backward during the microcatheter
loading maneuver and did not cover the aneurysm neck ade-
quately; therefore, another PED was placed distally, overlapping
its proximal part with the distal portion of the first PED. Other
than these cases, only 1 PED was used in all aneurysms, and a
single device was used to treat 2 aneurysms located at the bifurca-
tion with separate necks in 2 patients.

In this series, there were no deaths. The only procedural com-
plication was SAH of unknown origin revealed by DynaCT (Sie-
mens, Erlangen, Germany) during the procedure. The patient, in
whom 2 overlapping PEDs were used as described above, awak-
ened from the anesthesia without any neurologic deficit; however,
she had ischemic symptoms for several days after the procedure
(rather attributed to vasospasm) and was discharged with mild
right upper-extremity paresis and dysphasia. She was indepen-
dent at 6 months after the treatment (mRS 1), and DSA confirmed
the patency of all bifurcating branches. Other than this patient, all
were discharged without any neurologic deficits. Two patients
had slight left hemiparesthesia 4 weeks after surgery, after the
treatment of their right MCA bifurcation aneurysms. MR imaging
was obtained for both patients. In the first (patient 3), with a small
aneurysm treated by use of 2 overlapping devices, MR imaging,
including DWI/ADC sequences, did not show any abnormalities
and CTA revealed patency of the devices as well as near-complete
occlusion of the aneurysm with minimal residual filling. Addi-
tional low-molecular-weight heparin for 3 days was prescribed. In
the other (patient 15), with a large aneurysm, MR imaging
showed perianeurysmal edema after cessation of dexamethasone.
Steroid therapy was given for an additional 2 weeks and tapered
afterward. Both of these patients became asymptomatic after the
additional treatments.

One patient, who discontinued clopidogrel, presented with
transient right hemiparesis 3 months after her left MCA bifurca-
tion aneurysm had been treated. MR imaging showed a few acute
ischemic lesions in the left frontal lobe. Immediate DSA was per-
formed, in which significant decelerated flow of the left anterior
cerebral artery Al segment, which had been jailed with the PED



FIG 1. Occlusion process of right MCA bifurcation aneurysm. A and B, Preoperative 3D reconstruction and DSA images show the early
bifurcating branch originating from the aneurysm sac. C and D, Six-month control angiogram and 3D image demonstrate the “remodeled artery.”
E and F, Eighteen-month control angiogram and 3D image show the complete occlusion of the aneurysm with the bifurcating branch filling in

reduced caliber.

during the treatment, was noted. This was the only patient in
whom the proximal end of the PED construct extended back in to
the ICA. The level of P2Y12 receptor blockade test was found to
decrease to a value of 10%. Low-molecular-weight heparin
(enoxaparin; 2 X 40 mg, 1 day) and a loading dose of clopidogrel
were administered immediately. This patient did not have a neu-
rologic deficit when she arrived at the hospital and left the hospital
with the same neurologic status.

The angiographic data of the follow-up examinations are
given in the On-line Table. All patients had at least 1 control
angiographic study. Six patients underwent an angiographic con-
trol at 1-3 months (with DSA in 2 patients and CTA in 4 patients)
because of ongoing headache (n = 4) or ischemic symptoms (n =
2). Two of these aneurysms showed complete occlusion at 3
months. Others showed decreased filling.

Six-month follow-up angiograms were obtained in 21 aneu-
rysms, showing complete occlusion in 16 and significantly de-
creased residual filling in 3. In the remaining 2 patients, we ob-
served the so-called “remodeled artery,” which we previously
defined as the “infundibulum-like” appearance resulting from the
branch coming off the parent artery with a bulking origin caused
by the significant shrinkage of the aneurysm due to flow change'®
(Figs 1-3). The appearance of an “interruption” between the re-
modeled artery and the bifurcation, which we referred to as the
“healing zone,” was noted in 1 of these patients (Fig 3). The 1-year
angiogram that was obtained for 1 of these remodeled aneurysms
showed no significant change in its appearance. However, this
aneurysm showed complete occlusion at the 18-month angio-
gram. Two aneurysms with residual filling at 6 months showed
complete occlusion in the 18-month DSA. Eight patients with 9
aneurysms underwent a long-term follow-up of more than 1 year;

all showed complete occlusion. According to the last angiographic
follow-up, complete occlusion was revealed in 21 aneurysms
(84%; 21/25); among the remaining 4 aneurysms, the latest con-
trol angiography was performed at 1-3 months in 2 and at 6
months in 2.

Overall 21 aneurysms underwent at least 1 DSA control (3—-30
months). Patency of PEDs as well as the branches originating
from the aneurysm sacs was evaluated in all these angiograms. All
PEDs were patent, with no significant intimal changes. According
to the last follow-up, of the branches emanating from the aneu-
rysm sacs, 12 were patent, whereas 6 were filling in reduced caliber
and 3 were occluded asymptomatically. In 1 patient with
6-month, 1-year, and 18-month follow-up angiograms, the bifur-
cating branch was filling in reduced caliber at 6-month and 1-year
controls. Clopidogrel was not discontinued in this patient, and
the branch showed filling in normal caliber at 18 months (patient
5) (Fig 2). In 2 more patients with reduced-sized branches, clopi-
dogrel was continued; further follow-ups are pending.

DISCUSSION

The PED represents the flow-diverting device designed to exclude
the aneurysm from the circulation by disrupting intra-aneurys-
mal flow, yet allow enough flow through the side branches as well
as small perforators arising along the parent vessel covered by the
construct. In an experimental study in rabbits, Kallmes et al'®
demonstrated that the vessels covered by the devices remained
patent at long-term follow-up. On the other hand, in a recent
clinical study,'” evaluating patency of the ophthalmic artery after
treatment of paraclinoid aneurysms, it was demonstrated that
nearly one-quarter of ophthalmic arteries covered by PEDs un-
derwent occlusion; however, none of these patients had visual
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FIG 2. Occlusion stages of left MCA bifurcation aneurysm. A, DSA image shows the aneurysm giving rise to superior trunk. B, Fluoroscopic
image shows the deployment of the PED in the inferior trunk. C and D, Early and late phases of 6-month control angiogram demonstrate
the reduced and delayed filling of the aneurysm sac with the significant stagnation. Bifurcating branch is also filling belated in reduced
caliber. E and F, Early and late phases of 6-month control angiogram (lateral view) show reduced filling of the superior trunk with
retrograde filling of the distal branches through pial collaterals. G, One-year control angiogram demonstrates the remodeled superior
trunk. The superior trunk and its branches are still filling in reduced caliber. H, Eighteen-month control angiogram shows complete
occlusion of the aneurysm, with the superior trunk coming to its original size. I, Thirty-month control angiogram shows the
stable occlusion of the aneurysm with the patency of the bifurcating branch (note the carotid cave aneurysm in A, treated with PED as
well).
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FIG 3. Recanalized left MCA bifurcation aneurysm. A, Preoperative angiogram shows recanalization of the aneurysm previously treated by use
of balloon-assisted coiling. Inferior trunk is emanating from the neck. B, Nonsubtracted image shows the PED placed within the superior trunk.
C, Six-month control angiogram shows the remodeled inferior trunk (arrowhead). The “healing zone” appears as the “interruption” between the

remodeled artery and bifurcation (arrow).

loss. This can be explained with the abundant distal collateral
supply of the ophthalmic artery from the external carotid
branches. Correspondingly, in another study including 46 aneu-
rysms in which a branch originated from the sac (excluding the
ophthalmic aneurysms), only in 5 aneurysms was the originating
branch (exclusively posterior communicating artery in all 5) oc-
cluded, with the ipsilateral posterior cerebral artery filling from
the posterior circulation.'® Other branches such as the anterior
choroidal artery stayed open, which led us to postulate that the
branches through which there is a flow demand because of insuf-
ficient distal collateral supply or toward which there is enough
pressure gradient between the high-pressure parent arteries, are
kept patent when covered by a flow diverter. Nevertheless, our
findings in this previous study emerged with the use of a single
device in the treatment of each aneurysm. Limited cases in the
literature reported the use of more than 1 device in the treatment
of aneurysms with the coverage of perforating arteries demon-
strating occlusion of the lenticulostriate branches and infarction
in the related territory.'"'® In the present study, all aneurysms
except for 2 were treated by use of a single PED. One of the 2
patients treated with 2 overlapping devices was admitted to the
hospital in the fourth postoperative week. The MR imaging did
not show any ischemic lesions, and CTA showed patency of the
MCA branches, which was confirmed with 6-month control DSA.
Furthermore, we prescribed low-molecular-weight heparin in ad-
dition to the antiplatelet therapy for 1 week, and the patient did
not have a recurrent event. The remaining patient was the one
with procedural SAH who had ischemic symptoms with unclear
etiology as described above.

In this series, there was 1 PED placed within a pre-existing
intraluminal construct (Enterprise stent), which had been placed

during the previous endosaccular coiling. Lylyk et al'® postulated
in their previous study that endoluminal constructs might repre-

sent potential impediments to the efficacy of the PED. In our

patient, we did not experience any technical difficulty in deploy-
ing the PED. This was the patient in whom we discovered perian-
eurysmal edema 4 weeks after the procedure, which we think was
unrelated to the pre-existing stent and PED combination. Six-
month DSA control revealed complete occlusion of the aneurysm
with patent bifurcating branches.

The main periprocedural and postprocedural complications
of the use of flow diverters in the endovascular treatment of in-
tracranial aneurysms are hemorrhagic and thromboembolic

events. Early and delayed aneurysm ruptures*®**

and distal ipsi-
lateral hemorrhage'®'***?> have emerged as the hemorrhagic
complications that are probably related to flow diversion. In this
series, 1 hemorrhagic event occurred as an SAH with unknown
origin during the procedure. No extravasation was observed in
DSA images during the treatment; however, DynaCT revealed
SAH. This bleeding may have been caused by a small, invisible
dissection/wire perforation during catheterization of the MCA
branch.

The only thromboembolic event (presented with transient
ischemic attack 3 months after the procedure) with radiologic
findings in this series occurred in 1 patient as the result of cessa-
tion of the antiplatelet drugs. There was no recurrent ischemic
attack after antiplatelet and anticoagulant medication as de-
scribed above. This result corroborates the importance of rigor-
ously evaluating the thrombocyte inhibition level in response to
clopidogrel or ticlopidine and safety of the PED use with the cov-
erage of perforators and bifurcating branches, at least when a
single device is used. We used whole-blood impedance platelet
aggregation and the rapid platelet function assay VerifyNow
P2Y12 (Accumetrics, San Diego, California) in all patients and
performed the procedure only if there was no resistance to the
drug and the value of Verify Now test was >30%.

In this series, all patients had at least 1 control angiographic
study. According to the last angiographic follow-up, complete
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occlusion was revealed in 21 aneurysms (84%; 21/25). In our ex-
perience, we have observed that there are generally 3 phases,
though not necessarily, in the occlusion process of aneurysms
bearing a bifurcating branch by using the PED: 1) moderate to
significant decrease in the aneurysm filling (1-3 months), 2) the
infundibulum-like appearance resulting from the branch coming
off the parent artery with a bulking origin caused by significant
shrinkage of the aneurysm due to flow change, the so-called “re-
modeled artery” (3-12 months), and 3) complete occlusion
(6—18 months) (Figs 1-3). We recommend performing the first
angiographic control at 6 months to evaluate the degree of occlu-
sion as well as the patency of the device and the branch(es) cov-
ered by the device. When the device is patent, with cessation of
clopidogrel or ticlopidine, and continuation of aspirin mono-
therapy, 18-month follow-up can be scheduled. According to the
last follow-up, 12 of the branches originating from the aneurysms
were patent, whereas 6 were filling in reduced caliber and 3 were
occluded asymptomatically. In 1 patient, the bifurcating branch
was filling in reduced caliber at 6-month and 1-year controls.
Clopidogrel was not discontinued in this patient, and the branch
was revealed to fill in normal caliber at 18 months (Fig 2). Our
anticipation is thata branch is kept patent whenever there is a flow
demand through it in the absence of rich distal collateral flow.
Even so, the operator may extend the duration of dual antiplatelet
treatment to 1 year or more.

Endovascular treatment of wide-neck bifurcation aneurysms,
especially when the bifurcating branches emanate directly from
the base of the aneurysm, is still challenging. With the introduc-
tion of the Y-stent placement technique with or without endos-

accular coiling,®>>%”

many of these difficult aneurysms have be-
come amenable to treatment while preserving the parent arteries.
However, in cases in which the branch has an acute angle relative
to the main trunk, intra-aneurysmal maneuvers as well as ex-
change procedures are necessitated to catheterize this branch, in-
creasing the risk of procedural hemorrhagic complications caused
by aneurysmal rupture and wire perforation.

To date, to our knowledge, this series including 21 aneurysms
located at the MCA bifurcations is the first study reporting spe-
cifically the use of the PED in bifurcation aneurysms. The PED,
being technically more simple and straightforward, provides a
safer procedure in cases of existing acutely angled branches. The
difficult branch and the aneurysm sac are not to be catheterized;
therefore, hemorrhagic risks caused by catheterization as well as
endosaccular embolization can be avoided.

We acknowledge the limitations of our study, with the lack of
longer follow-up data as well as the limited number of cases.
Therefore, we do not advocate this treatment alternative for an-
eurysms that can be treated with conventional techniques, includ-
ing clipping. However, the results of our preliminary experience
of PED use in the endovascular management of challenging MCA
aneurysms are encouraging, enabling the treatment of more com-
plex aneurysms with less procedural risk.

CONCLUSIONS

The PED provides a safe and effective solution for wide-neck
MCA aneurysms located at the bifurcation or M2 segment in
which 1 of the bifurcating or distal branches emanates directly
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from the sac and when other endovascular techniques are thought
to be unfeasible or more risky. Preliminary results are promising
with low complication rates as well as high angiographic occlu-
sion with the remodeling of the emanating branch. Yet, the safe
use of more than 1 device at these locations remains ambiguous.
Larger series with longer-term follow-up examinations are re-
quired to show the long-term safety and durability of this treat-
ment alternative.

Disclosures: Isil Saatci—RELATED: Consulting Fee or Honorarium: Covidien/ev3.
Saruhan Cekirge—RELATED: Consulting Fee or Honorarium: Covidien/ev3;
UNRELATED: Consultancy: Covidien/ev3, MicroVention.
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Mind the Gap: Impact of Computational Fluid Dynamics
Solution Strategy on Prediction of Intracranial Aneurysm
Hemodynamics and Rupture Status Indicators

K. Valen-Sendstad and D.A. Steinman
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ABSTRACT

BACKGROUND AND PURPOSE: Computational fluid dynamics has become a popular tool for studying intracranial aneurysm hemody-
namics, demonstrating success for retrospectively discriminating rupture status; however, recent highly refined simulations suggest
potential deficiencies in solution strategies normally used in the aneurysm computational fluid dynamics literature. The purpose of the
present study was to determine the impact of this gap.

MATERIALS AND METHODS: Pulsatile flow in 12 realistic MCA aneurysms was simulated by using both high-resolution and normal-
resolution strategies. Velocity fields were compared at selected instants via domain-averaged error. We also compared wall shear stress
fields and various reduced hemodynamic indices: cycle-averaged mean and maximum wall shear stress, oscillatory shear index, low shear
area, viscous dissipation ratio, and kinetic energy ratio.

RESULTS: Instantaneous differences in flow and wall shear stress patterns were appreciable, especially for bifurcation aneurysms. Linear
regressions revealed strong correlations (R* > 0.9) between high-resolution and normal-resolution solutions for all indices except kinetic
energy ratio (R”> = 0.25) and oscillatory shear index (R> = 0.23); however, for most indices, the slopes were significantly <1, reflecting a
pronounced underestimation by the normal-resolution simulations. Some high-resolution simulations were highly unstable, with fluctu-
ating wall shear stresses reflected by the poor oscillatory shear index correlation.

CONCLUSIONS: Typical computational fluid dynamics solution strategies may ultimately be adequate for augmenting rupture risk
assessment on the basis of certain highly reduced indices; however, they cannot be relied on for predicting the magnitude and character
of the complex biomechanical stimuli to which the aneurysm wall may be exposed. This impact of the computational fluid dynamics
solution strategy is likely greater than that for other modeling assumptions or uncertainties.

ABBREVIATIONS: CFD = computational fluid dynamics; HR = high-resolution; NR = normal-resolution; OSI = oscillatory shear index; WSS = wall shear stress

H emodynamic forces, notably wall shear stresses (WSSs), are
thought to contribute to wall adaptation and remodeling."
Computational fluid dynamics (CFD) can nominally describe the
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hemodynamic environment to which the wall is exposed and,
therefore, predict the presence of abnormal wall shear stress as a
plausible surrogate marker of focal wall weakening. Using highly
automated algorithms, recent CFD studies have been successful in
retrospectively classifying hundreds of aneurysms according to
their rupture status.”* Although it has been questioned whether
these simulations are really patient specific owing to the various
modeling assumptions and uncertainties,” CFD is, arguably, a
promising tool for future clinical use.*”

Key factors that determine the accuracy of a particular CFD
simulation are the temporal and spatial discretizations specified
by the operator. In principle, these are chosen in anticipation of
the expected hemodynamics and then must be demonstrated to
converge to within some desired error tolerance via methodical
refinement studies.® In practice however, discretizations are usu-

Indicates article with supplemental on-line video.
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ally constrained by available computational resources and/or de-
sired solution times, and rarely are proper convergence studies
performed or reported. Moreover, commercial CFD solvers tend

%10 t0 ensure a

to use low-order stabilization terms as the default
result, even for otherwise-inadequate discretizations; this ten-
dency amounts to adding artificial viscosity or dissipation to
the solution. These are not minor technical issues because in-
experienced individuals can now readily use commercial CFD
solvers; solutions are being sought within clinical timeframes:
and CFD can have an impact on clinical decision-making."'""?

To illustrate the potential gap between what may be termed
normal-resolution (NR) and high-resolution (HR) solution strat-
egies, consider that the broadest CFD-based studies of aneurysm
rupture status have reported using 100 time-steps per cardiac cy-
cle with meshes of 1 to 5 million tetrahedra'* or 1000 time-steps
per cycle with 300,000 to 1 million elements.” On the other hand,
recent case studies using tens of thousands of time-steps per
cardiac cycle and tens of millions of tetrahedral elements (or
the equivalent) have reported the presence of highly unstable

15-18 consistent with clinical ob-

and possibly turbulent flows,
servations'® but seemingly at odds with most published aneu-
rysm CFD studies. The impact of the solution strategy was also
evidentin a recent CFD Challenge,?® which highlighted, for the
same aneurysm case, a wide variety of aneurysm inflow pat-
terns contributed by 25 groups, most using a range of NR
strategies.

Nevertheless, discrimination of aneurysm rupture status tends
to rely on hemodynamic indices that reduce complex velocity and
WSS fields to a single number or category via integration over the
cardiac cycle and/or aneurysm dome, with the potential for ame-
liorating differences in velocity and WSS fields predicted by HR-
versus-NR strategies. The aim of the present study was, therefore,
to investigate the impact of solution strategy on the prediction of
aneurysm velocity and WSS fields, to determine whether NR so-
lution strategies may be sufficient for hemodynamic indices
commonly used for discrimination of rupture status. Not having
access to the datasets of other groups, we achieved this by per-
forming a controlled numeric experiment wherein a representa-
tive HR and NR solution strategy was applied to the same set of
aneurysm cases.

MATERIALS AND METHODS

Patients and Imaging

The original cohort consisted of 20 consecutive patients with
MCA aneurysms treated at the Department of Neurosurgery,
University Hospital of North Norway. Of these patients, 12 were
suitable for image-based CFD modeling and, by convention, are
identified by their original case numbers, between 1 and 20. The
register was approved by the local ethics committee and the data
inspectorate; included patients gave consent for use of imaging
and clinical data. 3D imaging of the intracranial arteries and an-
eurysms was obtained on a 16-multidetector row spiral CT scan-
ner with 0.3- to 0.5-mm resolution. The resulting cases included
both sidewall and bifurcation aneurysm types and stable and un-
stable flow types. Further details, including morphologic charac-
terizations, are provided elsewhere.'®

HR-versus-NR Solution Strategies

To ensure as controlled a numeric experiment as possible, we
performed simulations by using solvers developed and validated
within the same open-source finite-element method library,
FEniCS (http://fenicsproject.org/)*": for HR, a minimally dissipa-
tive solver; for NR, a solver using a standard stabilization scheme.
Most important, both HR and NR simulations were performed by
using the same finite-element mesh for each case; the only differ-
ence was the use of quadratic-versus-linear elements for HR ver-
sus NR, or better than a 2 X increase in spatial resolution or an 8 X
increase in linear elements.

For HR simulations, we used a conditionally stable incremen-
tal pressure-correction scheme,'®?" based on Stanford’s well-
known CDP solver widely used in high-performance CFD re-
search.>> For our solver, we used second-order Taylor-Hood
tetrahedral elements and a second-order semi-implicit time-
stepping scheme. The number of time-steps per cardiac cycle
was set to 20,000 to minimize artificial diffusion and capture
possible flow instabilities."®

For the NR set of simulations, we used an unconditionally
stable implicit PSIO (pressure implicit with splitting of opera-
tors’) scheme, widely used in commercial CFD solvers. The num-
ber of time-steps per cardiac cycle was set to 1000, the finer of the
time-step sizes from the 2 largest rupture-status CFD studies.>’
At such temporal resolutions, the CFD solver needs to be stabi-
lized because numeric stability criteria are not met. We used a
first-order streamline-upwind/Petrov-Galerkin stabilization,
which is the default approach in commercial solvers like Fluent
(ANSYS, Canonsburg, Pennsylvania) and Star-CD (CD-adapco,
Melville, New York).>'° We used first-order accurate continuous
Galerkin elements for both the velocity and pressure and ad-
vanced the solution in time by using a fully implicit first-order
scheme. This solution strategy is representative of most aneurysm
CED studies published in the clinical literature, and most solu-
tions contributed to a recent aneurysm CFD Challenge.*®

Common Solution Parameters

The CT-imaged aneurysms were digitally segmented and meshed
by using the Vascular Modeling ToolKit (www.vmtk.org). We
included as much as possible from the surrounding arteries, and
vessels were extended by 10 diameters to reduce boundary effects.
Mesh density was chosen to be highest in the vicinity of the aneu-
rysm sac, where the tetrahedron side length was 0.12 mm on av-
erage (eg, compared to Cebral et al,'* who reported a minimum
resolution between 0.2 and 0.1 mm). Two layers of boundary
elements were used throughout the domain, with a total thickness
set equal to one-quarter of the tetrahedron side length. The num-
ber of tetrahedral elements was 1.44 million on average, ranging
from 1.1 to 2.0 million elements. As a result, the HR meshes, by
using second-order elements, were at least equivalent to linear
tetrahedral meshes with 8.8- to 16-million elements and a side
length of 0.06 mm.

We assumed rigid walls, a blood viscosity of 0.0035 Pa - s, and
blood density of 1025 kg/m”. A fully developed Womersley veloc-
ity profile was applied at the inlet on the basis of a representative
older adult ICA flow waveform>’ damped by 30% to account for
the reduced pulsatility at the MCA.** A cycle-averaged cross-sec-
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tional mean velocity of 0.37 m/s was applied to the inlet in all
cases, under the assumption that flow rate scales approximately
with cross-sectional area. The resulting peak systolic cross-sec-
tional mean velocity was 0.55 m/s. To represent the downstream
vasculature, we applied resistance boundary conditions* to en-
sure a physiologic outflow division. Simulations were run until
the flow exhibited cycle-to-cycle convergence or 4 cycles, which-
ever came first. We assumed a period of 1 second, and the analysis
was based on the output from 100 uniformly spaced time-steps
from the third cycle.

All simulations were performed on dual 2.5GHz quad-core
processors (Xeon L5420; Intel, Santa Clara, California). Simula-
tions performed using our highly optimized HR solver required
an average of 5 days per cardiac cycle (range, 3-9 days). The NR
solver, implemented for the purpose of this study and so not op-
timized, typically required <1 day per cycle.

Hemodynamic Indices

Velocity fields were compared quantitatively at selected instants
via the L, error of the velocity (JHR — NR||;/||[HR|| ; ), based on
the entire CFD model. We computed the following normalized
hemodynamic indices defined by Xiang et al,”> which we refer to as
“reduced” because they are vector quantities reduced to magni-
tudes that are further averaged over both time and space: cycle-
averaged mean and maximum WSS, oscillatory shear index
(OSI), and low shear area. We also computed the viscous dissipa-
tion ratio and kinetic energy ratio as defined by Cebral et al.” For
the indices of Xiang et al, the normalizing WSS was based on
integrating the cycle-averaged parent artery WSS starting from an
automatically identified “clipping point” proximal to the sac*®
and ending 1 diameter upstream. The aneurysm dome over which
WSS, OSI, and low shear area were determined was defined as the
portion of the aneurysm sac above an automatically defined os-
tium plane.?® For viscous dissipation ratio and kinetic energy ra-
tio, the extent of the “near-vessel region” was defined as locations
below and within 10 mm of the centroid of the aforementioned
ostium plane. Agreement between HR- and NR-derived hemody-
namic indices was quantified via linear regression.

RESULTS
As shown in Fig 1, domain-averaged velocity differences between
HR and NR simulations were up to 44%. Point-wise errors, espe-
cially within the, sac were higher, often exceeding 100%. All NR
simulations showed a smooth and laminar flow, with conver-
gence between the second and third cycle. For the HR simula-
tions, cycle-to-cycle convergence was reached for all except 2 bi-
furcation cases (numbers 12 and 16). Inspection of selected
velocity traces revealed unstable flow, starting just after peak sys-
tole, for these 2 cases as well as 2 other bifurcation cases (numbers
3 and 11), broadly consistent with what was previously reported
under steady inflow conditions.'® As demonstrated by Fig 1, the 4
unstable-flow bifurcation cases exhibited the largest differences
between NR and HR solutions, followed by the stable-flow bifur-
cation cases, then the (stable-flow) sidewall cases.

The large errors in velocity and WSS patterns for NR simula-
tions of the unstable-flow bifurcation cases are evident in Fig 2A.
In particular, velocity isosurfaces for the HR simulations were
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FIG 1. Instantaneous domain-averaged velocity errors in NR solu-
tions, by using the HR solutions as a reference standard. The 12 cases
are divided into sidewall (SW) and bifurcation (BIF) types, the latter
subdivided into cases exhibiting stable and unstable flows. Note the
identification numbers for the BIF unstable cases.

more complicated and showed deeper penetration into the aneu-
rysm sac (cases 11, 12, and 16) or more dynamic flow at the os-
tium (case 3). Cycle-averaged WSS distributions were surpris-
ingly similar in light of the large-velocity errors; however, OSI was
substantially underpredicted by the NR simulations. (As dis-
cussed later, this is a consequence of large instantaneous and/or
point-wise differences in WSS predicted by HR-versus-NR simu-
lations.) For stable-flow bifurcation cases (Fig 2B), marked differ-
ences in NR-versus-HR velocity patterns were evident for all ex-
cept case 20. Cycle-averaged WSS and OSI patterns were broadly
consistent for NR versus HR; however, WSS levels for NR simu-
lations were substantially lower for cases 9 and 18. Differences in
velocity and WSS patterns were less evident for the NR-versus-HR
sidewall cases (Fig 2C), with the exception of velocity patterns for
case 1 and OSI levels for case 5.

Linear regressions of the reduced hemodynamic indices for
NR-versus-HR simulations (Fig 3) showed varying levels of cor-
relation. Whereas WSS, maximum WSS, low shear area, and vis-
cous dissipation ratio were highly correlated and thus could be
relied on to stratify cases similarly whether based on NR or HR
simulations, OSI and kinetic energy ratio showed weak correla-
tion. When one looks at the slopes of the regression lines, how-
ever, it is clear that, with the exception of low shear area, NR
simulations substantially underpredicted the value of a given he-
modynamic index. This outcome was confirmed by paired ¢ tests,
which showed that NR indices were significantly lower than cor-
responding HR indices (P < .005) for all except the low shear area.

DISCUSSION

We have demonstrated, in a numeric experiment intended to be
as simple as possible, that the CFD solution strategy can have a
substantial impact on intracranial aneurysm flow patterns and the
magnitude of reduced hemodynamic indices. On the basis of Fig
2, we can conclude that NR simulations, representative of many of
the strategies reported in the aneurysm CFD literature, can pro-
vide only a limited understanding of aneurysm flow, especially for
bifurcation aneurysms. Moreover, NR simulations cannot be re-
lied on for predicting the magnitude of hemodynamic forces to
which the aneurysm wall is exposed. HR simulations are necessary
for detecting flow instabilities, describing proper jet penetration,



FIG 2. Qualitative differences in HR-versus-NR velocity and WSS fields for bifurcation cases with unstable flows (A), bifurcation cases with
stable flows (B), and sidewall cases (C). For each case, the top row compares the isovelocity surfaces at the time of maximum domain-averaged
error, the middle row compares the cycle-averaged WSS distributions, and the bottom row compares the OSI distributions.

and calculating absolute values of hemodynamic quantities. Al-
though certain highly reduced indices seem to be relatively robust
to the solution strategy, our results suggest that HR strategies may
be essential for gaining insights into the mechanobiology of wall
remodeling in aneurysms.

Arguably the most striking finding was the gap between pre-
dictions of OSI by NR-versus-HR simulations, whereas there was
much better correspondence for WSS. For HR simulations, in-

spection of Fig 2 reveals that sites of low WSS tended to correlate
with sites of high OSI. This finding reflects the fact that particu-
larly for the unstable bifurcation cases, HR simulations revealed
instantaneously high shear in these regions with strong oscilla-
tions, in both magnitude and direction, over the cardiac cycle,
whereas NR simulations predicted persistently low shear and un-
derestimated its temporal and directional variations (ie, OSI). An
example of this is shown in Fig 4 and the On-line Video. Thus, in
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FIG 3. Comparison of various normalized hemodynamic indices determined from HR-versus-NR solutions. The top left of each plot identifies
the index. The top right shows the coefficient of determination (R?) and the slope of the linear regressions as measures of correlation and
agreement, respectively. Note that different symbols are used to highlight the 3 different groups of cases, per the legend of the top left plot;
KER indicates kinetic energy ratio; LSA, low shear area; VDR, viscous dissipation ratio; MWSS, maximum wall shear stress.

FIG 4. Top: HR simulations of bifurcation unstable case 16 demonstrate large variations in WSS vectors during a brief (0.1 second) period of
postsystolic flow deceleration. Bottom: Corresponding NR simulations show negligible variations during this same period, despite having
comparable cycle-averaged WSS distributions (right column). See the On-line Video for a comparison during the entire cardiac cycle.

cases in which such dynamic flows are present, NR simulations
could lead to a conclusion that low WSS is a stimulus for patho-
logic wall remodeling leading to rupture, whereas the mechanistic
link to rupture status might not necessarily be low WSS, but rather
temporally high fluctuating WSS that is low on average. In this
context, in the odds ratio equation proposed by Xiang et al,” the

540 Valen-Sendstad  Mar 2014  www.ajnr.org

OSI term actually contributes very little to the discrimination of
rupture compared with the WSS term. In other words, mischar-
acterization of WSS dynamics might be at the root of ongoing
debates about whether low or high WSS is correlated with aneu-
rysm rupture status.” This scenario is particularly true for bifur-
cation aneurysms, where we have clearly demonstrated a strong



impact of solution strategy on the predicted hemodynamics, as
opposed to sidewall aneurysms, for which NR simulations were
largely adequate. Baharoglu et al*’ recently reported a dichotomy
between sidewall and bifurcation aneurysms (ie, morphologic
discriminants were accurate for sidewall aneurysms, but not for
bifurcation aneurysms). This finding suggests that there may be a
different mechanistic link to rupture in bifurcation aneurysms.

Another potentially important gap is the detection of flow in-
stabilities, which are thought to be the ultimate source of aneu-
rysm bruits.'>*® Our pulsatile HR simulations detected highly
unstable flow during and after systolic deceleration for certain of
the bifurcation aneurysm cases, namely those for which flow in-
stabilities were previously reported under stationary inflow con-
ditions'®; however, no such features were evident from the NR
simulations. Indeed, there is now independent evidence for such
flow instabilities based on high-resolution particle image veloci-
metry of realistic flow in a compliant model of a patient-specific
aneurysm, which revealed transitional flow phenomena during
the deceleration phase,* consistent with data presented in the
current study. Hence, as has previously been argued on the basis
of HR CFD findings'”"'® and as the authors of the particle image
velocimetry study also emphasized,* though there is a widely
held conception that aneurysm flow is laminar (ie, stable, or with
periodic instabilities and/or vortex shedding; as opposed to tur-
bulent flows or laminar/transitional flows, with high-frequency,
non-periodic instabilities having small spatial and temporal
scales), evidence suggests that this a priori assumption, which is
often used implicitly or explicitly to rationalize NR solution strat-
egies, must be reconsidered.

Irrespective of the nature of aneurysm flow, Fig 3 highlights
another gap between NR and HR simulations, namely a consis-
tent underestimation of all of the reduced hemodynamic indices
that were assessed, with the exception of low shear area. When one
considers absolute values (ie, not normalized by the parent artery
WSS) of cycle-averaged WSS and maximum WSS, for example,
HR predictions were, on average, 30% higher for WSS (3.96 +
2.00 Paversus 3.03 = 1.41 Pa) and 60% higher for maximum WSS
(49.2 = 14.6 Paversus 30.7 = 10.6 Pa). In other words, point-wise
WSS magnitudes are more challenging to properly resolve than
dome-integrated values; and high WSS may be disproportionately
underestimated by NR strategies compared with low WSS values.
To illustrate this further, in Fig 5 we plot mean and maximum
WSS for sidewall case 15 from our HR and NR solutions; but also
from additional NR simulations, which we performed using
coarser meshes ranging from 810,000 down to 170,000 elements.
It can be seen that convergence, particularly for maximum WSS, is
difficult to justify for meshes even around 1 million elements.

The above example highlights the importance of performing
proper convergence studies to prove that a numeric solution is
independent of the chosen parameters, such as mesh size and
time-step. When dealing with nonlinear equations such as those
that govern fluid flow, convergence studies become even more
important because a linear convergence cannot be expected (eg, it
was previously demonstrated for stationary flow of a normal left
anterior descending artery that a uniform mesh refinement strat-
egy did not show a consistent decrease in WSS errors and that an
extreme mesh convergence strategy was necessary to obtain con-

FIG 5. Impact of mesh resolution on the sac maximum and mean
cycle-averaged WSS for case 15. Symbols identify data from individual
simulations; the lines show power-law fits through the respective
data. Note the identification of the NR and HR resolutions on the
x-axis.

vergence’®). Although most published CFD studies of aneurysms
claim spatial and temporal convergence, neither the criteria nor
results are normally presented. Even in the CFD studies in which
refinement studies are mentioned, the general approach is to in-
crease the number of elements by 50% and evaluate the change in
some reduced hemodynamic index, typically with a tolerance of a
few percent. However, in 3D, a 50% increase in elements is
roughly equivalent to only a 14% decrease in cell side length (ie,
1.50"* = 1.14) along a given direction and should be considered
just the first step of a refinement study.

These “routine” convergence studies appear to fall signifi-
cantly short of what is needed, as may be deduced from the aneu-
rysm CFD convergence study reported by Hodis et al,? in which it
was concluded that “the grid convergence errors showed oscilla-
tory behavior; therefore, each patient-specific model required its
own grid convergence study to establish the accuracy of the anal-
ysis.” The impact on hemodynamic indices was not addressed in
that study, and for our HR simulations, the average element side
length in the aneurysm sac was 0.06 mm, well below the 0.08 mm
reported for the converged solutions of Hodis et al.?

The pronounced impact of the CFD solution strategy on the
magnitude of derived hemodynamic indices implies that the so-
lution strategy must be acknowledged as an additional source of
variability, especially if and when the findings of different groups,
potentially using a wide range of strategies, are compared or ana-
lyzed together. In striving for more patient-specific simulations,
most studies have focused on the impact of other assumptions or
uncertainties such as inflow/outflow conditions,”" non-Newto-
nian rheology,”® compliance,> and choice of imaging tech-
nique.’*?*> Although it is difficult to draw a direct comparison
between their findings and the results of the present study, inspec-
tion of figures from those studies suggests that the qualitative
differences due to those assumptions are less than the differences
due to choice of CFD solution strategy as demonstrated in our
study. By evaluating point-wise differences, we found changes on
the order of hundreds of percent (in both space and time) in some
cases, suggesting that adequate CFD resolution is a central issue
that cannot be ignored if patient-specific simulations are desired.
It is also possible that those other sources of variability need to be
revisited in light of the more complex and dynamic flows evident
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from HR simulations versus the NR strategies used previously to
infer their influence.

The present results are also interesting in the light of the pre-
viously expressed frustration of Kallmes® over the many hemody-
namic parameters and indices clinicians have to understand and
relate to. We found it difficult to find a consistent definition for
what constituted the aneurysm dome over which WSS quantities
were integrated or the parent artery region used to determine the
normalizing WSS. Moreover, we found that the reduced hemo-
dynamic indices were often imprecisely or variously defined (eg,
maximum WSS and low shear area,””), suggesting a further
source of variability that must be resolved by a standardization of
definitions and parameters before meta-analyses or multicenter
studies can be considered.

A limitation of our study is that the change in solution strategy
involved 2 aspects: resolution and stabilization. The latter was
unavoidable because coarsening the resolution causes the nu-
meric stability criteria to no longer be met by a minimally dissi-
pative solver such as the one we used for the HR simulations. For
the NR simulations we did, however, choose a widely used stabi-
lized solution strategy that is the default in several commercial
CFD solvers used in the aneurysm CFD literature. To minimize
the likelihood of overestimating the impact of solution strategy,
we consciously chose the highest of the mesh and, separately, tem-
poral resolutions reported by the 3 largest clinical studies to
date*™; a cursory inspection of other aneurysm CFD studies re-

cently published in the clinical literature®**

suggests that the
resolutions of our NR simulations are, if anything, on the high
side. Nevertheless, as noted by a recent aneurysm CFD Chal-

lenge,*®

itis difficult to compare node spacing, element types, and
sizes from one study to another; there are simply not enough
details provided about the solver parameters and cell distribu-
tions to exactly reproduce what other groups are using. Neverthe-
less, our NR simulations are likely finer than those of most of the
above-mentioned studies, particularly because we concentrated
our elements in the vicinity of the aneurysm rather than assuming
a uniform mesh density throughout the domain. Our demon-
strated impact of solution strategy can also be considered conser-
vative because of our choice of flow rates. For example, a recently
published CFD study of MCA aneurysms>” reported using a mean
inlet Reynolds number of 500 (versus our Reynolds number of
260) and a common carotid artery flow waveform (versus our
deliberate choice of a damped waveform more representative of
the reduced pulsatility at the MCA).

Like most image-based CFD studies of intracranial aneu-
rysms, we cannot exclude the possibility that the ostium area
might have been overestimated*® because we did not have 2D
DSA to compare against. As a result, assuming the same boundary
conditions, the effect of the solution strategy may have been over-
estimated in sidewall aneurysms but underestimated in bifurca-
tion aneurysms. We made the standard assumption of rigid walls
and Newtonian fluid, and we did not have the patient-specific
waveforms and flow rates. Our sample size was small and limited
to 1 vascular territory (MCA). Furthermore, we do not claim that
the HR simulations are fully resolved, but we are confident that
they capture the correct flow states and eddies with the most en-
ergy. The smallest scales of the flow are therefore not resolved, but
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on the other hand, the continuum hypothesis breaks down at
some point, and how to deal with this is an open question.*!

CONCLUSIONS

The CFD solution strategy has a pronounced effect on the predic-
tion of intracranial aneurysm hemodynamics, likely more so than
other modeling assumptions or uncertainties. Retrospective dis-
crimination of rupture status based on certain highly reduced
hemodynamic indices may therefore be considered relatively im-
mune to solution strategy, but only if the same strategy is used for
all cases. On the other hand, NR simulations might well mask
clinically relevant correlations for indices that do require HR
strategies, such as OSI. Moreover, regions of dynamic WSS are
more likely to be mistaken for regions of persistently low WSS by
NR strategies. In short, clinically expedient CFD solution strate-
gies might prove useful when and if they are eventually incorpo-
rated into clinical rupture-risk assessment, but HR strategies are
required to elucidate the underlying mechanisms of aneurysmal
wall remodeling and rupture.
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COMMENTARY

Resolving the Issue of Resolution

his Journal, as well as practically all publications that deal,

directly or indirectly, with hemodynamics and vascular
pathophysiology (from a clinical or biomechanical perspective, if
there is a difference) have seen an explosion of articles using com-
putational methodologies— often tagged with the CFD acronym,
Computational Fluid Dynamics. This research addresses condi-
tions like atherosclerosis, stenosis, and, of interest to this article,
aneurysms. In light of this undeniable surge of interest, an article
like the one published in this volume entitled, “Mind the Gap:
Impact of Computational Fluid Dynamics Solution Strategy on
Prediction of Intracranial Aneurysm Hemodynamics and Rup-
ture Status Indicators,”" by Valen-Sendstad and Steinman, which
documents in very robust, quantifiable, and indisputable terms
“how to do it right” is most welcome and will certainly become
indispensable guidance in the computational hemodynamics for
aneurysms community.

If I were to summarize the article in 2 sentences, I would say
that thorough literature inspection and reproduction of pub-
lished cases shows that often under-resolved simulations (ie, sim-
ulations involving meshes that are coarser than necessary) are
used to generate hemodynamic data for aneurysm cases. The con-
sequence of this process is that quantitative deductions may be
less accurate and specific than necessary. The authors demon-
strated their case excellently, and there is little ground for argu-
ment. From a certain perspective, this article contributes to a very
lively discussion involving CFD that started with the article of
Kallmes? and attracted many subsequent commentaries and edi-
torials. The discussion that emanated from Kallmes® focused
more on the “why” of CFD, whereas the article of Valen-Sendstad
and Steinman' emphasized the “how.”

Nevertheless, I think that the “Mind the Gap” part of the title
of the article implies “Re-mind the Gap.” As the authors clearly
show, often simulations are conducted and presented with com-
putational effort that does not do justice to the complexity of the
fluid dynamics involved in aneurysm flows. Actually, only re-
cently, very-high-accuracy modeling showed that blood flow fea-
tures that can be of great fundamental and diagnostic interest may
be present in aneurysms and may be missed if not computed at the
level of detail necessary.” Nevertheless, the computational fluid
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mechanics community knows how to confirm adequate mesh res-
olution and has established techniques and protocols that can be
followed to ensure that the resolution used for every flow problem
covers the fluid physics adequately. One can mention, for exam-
ple, the National Aeronautics and Space Administration—led ini-
tiative: the National Project for Application-Oriented Research in
CFD Alliance and its CFD Verification and the Validation Web-
site (http://www.grc.nasa.gov/WWW/wind/valid), where a for-
mal procedure to ensure grid independence in CFD has been
established. Similarly, journals involving flow computations,
published by the American Society of Mechanical Engineers, like
the Journal of Fluids Engineering — Transactions of the American
Society of Mechanical Engineers compel authors to abide by their
“Statement on the Control of Numerical Accuracy,” a formal
editorial policy for these journals (http://journaltool.asme.
org/templates/JFENumAccuracy.pdf). Maybe, given the explo-
sion of computational modeling in the field of neuroradiology,
a similar set of guidelines can be inspired by the article of
Valen-Sendstad and Steinman' for the American Journal of
Neuroradiology.

There is another side to consider when one argues necessary
resolution (and the price modelers and users are willing to pay, in
terms of computational cost): what is the clinical question the
simulation is aspiring to answer and, consequently, what is the
required level of accuracy for responding to that particular ques-
tion effectively? Although many different aspects of aneurysm
health care management have been examined computationally, I
can categorize the clinically relevant studies into 3 broad themes:

1) Computation of hemodynamics is used to extract indica-
tors that are then directly correlated to inception, growth, or rup-
ture.*” Usually, statistically meaningful numbers of cases are ex-
amined in such studies. In effect, such approaches strive to bypass
the biologic complexity of vascular wall biomechanics and link
hemodynamics with system-level responses and clinical out-
comes directly.

2) At the next level, hemodynamics is combined with arterial
wall biology modeling, attempting an almost first-principles cou-
pling of mechanical stimuli (flow-induced wall shear stress, for
example) with outcomes (inception, growth, or rupture) by ac-



counting explicitly for the vascular growth and remodeling pro-
cesses at play.®

The first strand of studies mentioned above is more mature
and is already used to extract interesting conclusions regarding
the effect of hemodynamics in aneurysmal evolution. In contrast,
the second thrust is still at a relatively early stage of development,
with qualitative and, especially, quantitative know-how regarding
the biologic signaling, mechanotransduction, and inflammatory
processes often missing. I will come back to that.

The 2 themes above aspire to address the same clinical ques-
tion—that is, the risk of rupture for a detected aneurysm. Con-
trary to that, a similarly important question involves the design,
application, and performance assessment of interventional
devices:

3) Computation of aneurysmal hemodynamics in the pres-
ence of interventional devices,” '° in which the desired outcome is
to evaluate whether a particular device will introduce adequate
blood flow stagnation and thus lead to stable thrombus
formation.

An interesting point can be made here if articles pertaining to
these 3 themes are inspected: There is a stronger motivation for
very high accuracy when the first and third classes of studies are
involved than when the second theme is examined. I believe that
the reason behind this correlation, which is indicated by the arti-
cle of Valen-Sendstad and Steinman,’ is that the reward for the
higher computational cost involved in better resolved simulations
is directly redeemable for device-evaluation modeling: A clear-cut
answer that indicates which device performs better is acquired,
and this effectively responds directly and in a predictive manner
to a clinical question. On the other hand, the causality connected
with the second theme above involves several unknowns from the
biologic side, but also uncertainty regarding relatively fundamen-
tal quantities involved in growth and remodeling studies. Con-
sider, for example, that imaging cannot give us, yet, a good
estimate of aneurysm dome wall thickness—a parameter of un-
disputed importance if a reliable rupture-risk model is to be es-
tablished. In such a framework, a 10% or 20% uncertainty in the
estimation of, say, wall shear stress is less important because it is to
be fed through a biologic pathway that presents us with at least
similar uncertainties. A similar point can be made regarding the
fibrous composition of the wall, endothelial coverage, proteomic
activity, and so forth. It is extremely promising that improve-
ments in imaging modalities, in image processing, and in molec-
ular imaging are all making important steps in closing the gap:
The information available is becoming more complete and more
comprehensive; therefore, the need for accuracy and consistency

has become more pressing and more persistent, as Valen-Send-
stad and Steinman' correctly assert.

The overall message is very positive and should be iterated
here, as is expressed in the “Mind the Gap”' article: CFD can
provide useful and valuable answers if the right questions are
asked and if it is done properly. The neuroradiology-CFD com-
munity needs to be reminded that the ease and availability of
computational simulations currently do not relax the require-
ments for rigor, adequate resolution and consistency; instead,
they further emphasize these requirements. The general fluid me-
chanics community has introduced formal “re-minders” of these
requirements, as mentioned above, and it is extremely important
that medically geared modelers are similarly “re-minded”—the
article by Valen-Sendstad and Steinman' does that in a most con-
vincing manner.
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Coiling of Large and Giant Aneurysms: Complications and

Long-Term Results of 334 Cases
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ABSTRACT

R. Rosenwasser, and P. Jabbour

%

BACKGROUND AND PURPOSE: Large and giant intracranial aneurysms are increasingly treated with endovascular techniques. The goal of
this study was to retrospectively analyze the complications and long-term results of coiling in large and giant aneurysms (=10 mm) and
identify predictors of outcome.

MATERIALS AND METHODS: A total of 334 large or giant aneurysms (=10 mm) were coiled in our institution between 2004 and 2011.
Medical charts and imaging studies were reviewed to determine baseline characteristics, procedural complications, and clinical/
angiographic outcomes. Aneurysm size was 15 mm on average. Two hundred twenty-five aneurysms were treated with conventional
coiling; 88, with stent-assisted coiling; 14, with parent vessel occlusion; and 7, with balloon-assisted coiling.

RESULTS: Complications occurred in 10.5% of patients, with 1 death (0.3%). Aneurysm location and ruptured aneurysms predicted
complications. Angiographic follow-up was available for 84% of patients at 25.4 months on average. Recanalization and retreatment
rates were 39% and 33%, respectively. Larger aneurysm size, increasing follow-up time, conventional coiling, and aneurysm location
predicted both recurrence and retreatment. The annual rebleeding rate was 1.9%. Larger aneurysm size, increasing follow-up time,
and aneurysm location predicted new or recurrent hemorrhage. Favorable outcomes occurred in 92% of patients. Larger aneurysm
size, poor Hunt and Hess grades, and new or recurrent hemorrhage predicted poor outcome.

CONCLUSIONS: Coiling of large and giant aneurysms has a reasonable safety profile with good clinical outcomes, but aneurysm reopen-
ing remains very common. Stent-assisted coiling has lower recurrence, retreatment, and new or recurrent hemorrhage rates with no
additional morbidity compared with conventional coiling. Aneurysm size was a major determinant of recanalization, retreatment, new or

recurrent hemorrhage, and poor outcome.

ABBREVIATIONS: GOS = Glasgow Outcome Score; PED = Pipeline Embolization Device

Large and giant intracranial aneurysms (=10 mm) have a poor
natural history and usually warrant intervention. A recently
published study from Japan reported an annual rupture rate of
4.37% for 10- to 24-mm aneurysms and 33.4% for aneurysms
larger than 24 mm." Treatment options for large and giant aneu-
rysms include open surgery or endovascular techniques. Surgical
treatment is often challenging and can be associated with significant
morbidity.>* Endovascular therapy has emerged as a minimally in-
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vasive alternative to open surgery in most neurovascular centers.*>
Available endovascular modalities include endosaccular coiling with
or without stent/balloon assistance, endovascular parent vessel de-
construction, Onyx HD-500 (ev3, Irvine, California) embolization,
and, recently, flow diversion.® Endosaccular coiling is currently the
most commonly used treatment technique for large and giant aneu-
rysms, especially in the setting of subarachnoid hemorrhage. Parent
vessel occlusion, when tolerated, is also a reliable and durable treat-
ment typically considered in giant aneurysms.*

Despite increasing and widespread use of endovascular tech-
niques, little is known about the morbidity rates, rehemorrhage rates,
and long-term angiographic results of coiling in large and giant an-
eurysms. In addition, predictors of treatment outcome have not been
identified. In this study, we analyzed the complications and long-
term results of coiling in the largest series of large and giant aneu-
rysms (=10 mm) to date. In addition, a multivariate logistic regres-
sion analysis was conducted to identify predictors of complications,



recurrence, retreatment, new or recurrent hemorrhage, and clinical
outcome.

MATERIALS AND METHODS

Study Design, Participants, and Setting

The university institutional review board approved the study pro-
tocol. We searched our prospectively maintained data base for all
patients with large or giant aneurysms (>10 mm) who were
treated with primary coil embolization in our institution between
May 2004 and May 2011. A total of 324 consecutive patients with
334 aneurysms met the study criteria and constituted our study
population. During the same time, 139 large or giant aneurysms
were clipped at our institution; these patients were not included in
the analysis. The decision to treat aneurysms with endovascular
therapy was based on patient preferences, aneurysm morphology,
aneurysm—parent vessel relationship, and comorbidities that ren-
dered a patient a poor surgical candidate.

Medical charts and imaging studies were reviewed to deter-
mine patient age, sex, aneurysm size, aneurysm location, aneu-
rysm morphology, Hunt and Hess grade, procedural specifics,
procedural morbidity and mortality, immediate and follow-up
angiographic results, need for retreatment, morbidity associated
with recoiling, angiographic outcome of recoiling, new or recur-
rent hemorrhage, and clinical outcome. Treatment failure was
defined as an inability to place coils into an aneurysm. Procedure-
related complications (ischemia, hemorrhage, dissections, new
cranial nerve deficits) were reported regardless of their clinical
significance. Thromboembolic complications were diagnosed in-
traoperatively on digital subtraction angiography, clinically as
new deficits or change in the level of consciousness, or on CT/MR
imaging (new infarcts) performed in cases of sudden neurologic
compromise. Ischemic/thromboembolic complications were also
recorded through follow-up. Radiographic follow-up (DSA or
MR) was scheduled at 6 months, 1 year, 2 years, and 5 years after
endovascular procedures. Initial aneurysm occlusion was deter-
mined as a percentage occlusion rate. Initial and follow-up angio-
graphic images were compared to determine the rate of aneurysm
recanalization. Any aneurysm that displayed a recurrence of =5%
on follow-up angiography was considered recurrent. Clinical out-
comes were retrospectively collected at discharge and at follow-up
from follow-up notes of the attending physician and classified by
using the Glasgow Outcome Score (GOS) as follows: I, deceased;
11, vegetative state; III, severely disabled; IV, moderately disabled;
and V, mildly or not disabled.

Aneurysm Coiling

The decision to treat aneurysms with endovascular therapy was
based on patient preferences, aneurysm morphology, aneurysm—
parent vessel relationship, and comorbidities that rendered a pa-
tient a poor surgical candidate. In aneurysms with a favorable
geometry, the aim of treatment was selective and complete coiling
of the aneurysm with preservation of the patency of the parent
artery. Depending on operator preferences, wide-neck aneurysms
were coiled either with stent assistance by using Neuroform
(Stryker Neurovascular, Fremont, California) and Enterprise
(Codman & Shurtleff, Raynham, Massachusetts) stents or with
balloon assistance by using the HyperGlide or HyperForm bal-
loon (ev3). For unruptured aneurysms, endosaccular coiling was
performed with an initial 100 U/Kg of heparin bolus and mainte-

nance of activated clotting time of 2 times the patient’s baseline
intraoperatively. Coils (bare platinum) were placed until satisfac-
tory aneurysm obliteration was achieved and/or placement of ad-
ditional coils was not possible. Patients in whom the use of a stent
was anticipated were pretreated with 81 mg of aspirin and 75 mg
of clopidogrel 10 days before the procedure. For stent-assisted
procedures performed in the setting of a subarachnoid hemor-
rhage, patients were loaded with 600 mg of clopidogrel intrapro-
cedurally and a 50-U/kg heparin bolus after deployment of the
first coil. Patients were then maintained on daily doses of 75 mg of
clopidogrel and 81 mg of aspirin for 2 months, followed by aspi-
rin, 81 mg daily, indefinitely. Because several operators per-
formed the procedures, the protocols and techniques may have
varied to some extent.

Parent Vessel Occlusion

Parent vessel occlusion was typically considered in giant and/or
fusiform aneurysms of the internal carotid artery. Patient toler-
ance for permanent vessel occlusion was first assessed with a bal-
loon test occlusion. Briefly, a balloon was advanced over a micro-
guidewire and slowly inflated at the planned occlusion site.
Complete balloon occlusion of the parent vessel was verified by
proximal contrast injection. The awake patient was then moni-
tored for 30 minutes with continuous clinical examination. The
test was performed under normotensive parameters for the first
15 minutes followed by a hypotensive challenge for the remaining
15 minutes. The extent of intracranial collateral circulation was
concurrently examined by angiography. The balloon test occlu-
sion was “passed” by patients who remained neurologically intact
during the test. The balloon was kept inflated, and flow arrest was
confirmed angiographically. Vessel occlusion was then achieved
with coils alone or with a combination of Onyx and coils. In the
latter case, a few coils were initially deployed in the vessel through
the inflated balloon or a separate microcatheter to create a frame-
work for subsequent Onyx injection. Patients were closely moni-
tored in the neurointensive care unit. All patients, including those
who had experienced a subarachnoid hemorrhage, were pre-
scribed maintenance antiplatelet therapy (usually daily aspirin).

Statistical Analysis

Data are presented as mean and range for continuous variables
and as frequency for categoric variables. Analysis was carried out
by using an unpaired ¢ test, XZ test, Fisher exact test, and analysis of
variance as appropriate. Univariate analysis was used to test cova-
riates predictive of dependent variables: procedural complica-
tions, aneurysm recanalization, aneurysm retreatment, new or
recurrent hemorrhage, and patient outcome (GOS IV-V versus
[-1II-I1I). Interaction and confounding were assessed through
stratification and relevant expansion covariates. Factors predic-
tive in univariate analysis (P < .15)” were entered into a multi-
variate logistic regression analysis. P values = .05 were considered
statistically significant. Statistical analysis was performed with
STATA 10.0 (StataCorp, College Station, Texas).

RESULTS

A total of 324 patients with 334 large or giant aneurysms under-
went coiling at our institution. Mean age was 57 years (range,
15—-89 years). Seventy-seven percent of patients (n = 250) were
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Table 1: Location of treated aneurysms and respective complication and recurrence rates

Location No. of Aneurysms (%) Complications (%) Recurrence (%) Retreatment (%)
Paraclinoid 63(18.9) 9(14.3) 26/53 (49) 22/53 (41.5)
Basilar artery 53(15.9) 4(7.5) 16/43 (37.2) 15/43 (34.9)
Posterior communicating artery 48 (14.4) 6(12.5) 11/33(333) 10/33(30.3)
Carotid ophthalmic 47 (14.0) 3(6.4) 12/39 (30.8) 10/39 (25.6)
Anterior communicating artery 34(10.2) 5(14.7) 6/25(24) 5/25(20)
Carotid cavernous 27 (8.0) 4(14.8) 9/21(42.9) 6/21(28.6)
Middle cerebral artery 25(7.5) 2(8) 8/16 (50) 5/16 (31.3)
Carotid terminus 17 (5.) 0 5/11(45.5) 4/1(36.4)
Vertebral artery 13(3.9) 107.7) 5/12 (417) 5/12 (417)
Anterior cerebral artery 6(1.8) 0 4/6(66.7) 4/6(66.7)
Posterior cerebral artery 1(0.3) 0 0/1 0/1
Total 334 34 102 85

female. Aneurysm size was 15 mm on average (range, 10—45
mm). Of 334 aneurysms, 216 (64%) were between 10 and 14 mm,
86 (26%) were between 15 and 24 mm, and 32 (10%) were =25
mm. Aneurysm locations are summarized in Table 1. Eighty per-
cent of aneurysms (1 = 268) were located in the anterior circula-
tion (including posterior communicating artery aneurysms).
Fourteen aneurysms (4.1%) had a fusiform morphology. Hunt
and Hess grades were zero in 175 (54%) patients, I in 32 (10%)
patients, Il in 16 (4.9%) patients, IITin 63 (19.4%) patients, IV in
34 (10.5%) patients, and V in 4 (1.2%) patients.

Initial Treatment

Of 334 aneurysms, 14 (2.4%) were initially treated with parent
vessel occlusion, and 320 (97.6%), with endosaccular coiling. Par-
ent vessel occlusion was performed with coils alone in 5 patients
and with a combination of Onyx and coils in 9 patients. Among
the other 320 aneurysms, 7 (2.2%) were treated with balloon-
assisted coiling; 88 (27.5%), with stent-assisted coiling; and 225
(70.3%), with unassisted coiling. Three patients (0.9%) had an
unsuccessful procedure and underwent surgical clipping. Seven-
teen patients were stent-coiled in the acute setting of subarach-
noid hemorrhage.

Complications related to the initial procedure occurred in 34
(10.5%) patients, resulting in 1 death (0.3%). Seventeen patients
died during initial hospitalization from causes unrelated to aneu-
rysm embolization. Complications were as follows: 31 (9.6%)
thromboembolic or ischemic events (including 3 clinically silent
infarcts), 2 (0.6%) intraprocedural aneurysm ruptures, and 1
(0.3%) cranial nerve palsy. Specifically, procedural complica-
tions occurred in 22 (9.8%) patients treated with unassisted
coiling, 10 (11.4%) patients treated with stent-assisted coiling,
and 2 (14.3%) patients treated with parent vessel occlusion
(P =.7). The complication rate was 7.4% (n = 13) for patients
with unruptured aneurysms and 14% (n = 21) for those with
ruptured aneurysms (P = .05). Complication rates were 10.2%
(n = 22) for aneurysms between 10 and 14 mm, 10.4% (n = 9)
for aneurysms between 15 and 24 mm, and 9.4% (n = 3) for
aneurysms of =25 mm (P = .8).

Table 1 summarizes complication rates per aneurysm loca-
tion. Patients who were stented in the acute setting of hemorrhage
did not have any hemorrhagic complications. In multivariate
analysis, carotid cavernous—paraclinoid—anterior communicat-
ing artery aneurysms (OR = 2.1; 95% CI, 1.1-3.9; P = .02) and
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Table 2: Complications and angiographic outcomes per aneurysm
size

10-14 mm 15-24 mm 225 mm
Complications  22/216 (10.2%) 9/86 (10.4%) 3/32(9.4%)
Recurrence 62/177 (35%) 29/62(46.8%) 11/21(52%)
Retreatment  52/177 (293%)  23/62(37.1%)  10/21(47.6%)

ruptured aneurysms (OR = 2.4; 95% CI, 1.1-4.3; P = .04) were
predictive of complications. There was also a trend toward ante-
rior circulation-versus-posterior circulation aneurysms (OR = 2;
95% CI, 0.9-5.0; P = .09) to predict complications. The type of
treatment and aneurysm size were not predictive factors.

Immediate occlusion (=95%) was achieved in 290 (87.6%)
aneurysms. Excluding the 3 patients with a failed procedure and
the 18 patients who died during initial hospitalization, angio-
graphic follow-up was available for 85% of patients (260/303) at a
mean of 25.4 months. Of 260 aneurysms, 102 (39%) showed re-
canalization at follow-up and 85 (33%) required further treat-
ment. Initial retreatment consisted of additional coiling in 51 an-
eurysms, balloon-assisted coiling in 2, stent-assisted coiling in 19,
Onyx HD 500 embolization in 2, Pipeline Embolization Device
(PED) therapy in 2, parent vessel occlusion in 3, and microsurgi-
cal clipping in 6. Recurrence and retreatment rates (Table 2) were,
respectively, 35% (62/177) and 29.3% (52/177) for aneurysms
between 10 and 14 mm, 46.8% (29/62) and 37.1% (23/62) for
aneurysms between 15 and 24 mm, and 52% (11/21) and 47.6%
(10/21) for aneurysms =25 mm (P = .005, P = .003). Recurrence
and retreatment rates were, respectively, 44% (72/164) and 37.2%
(61/164) for unassisted coiling, 32.5% (26/80) and 26% (21/80)
for stent-assisted coiling, 40% (2/5) and 40% (2/5) for balloon-
assisted coiling, and 18.2% (2/11) and 9.1% (1/11) for parent
vessel occlusion (P = .03, P = .02). Table 1 summarizes recanali-
zation and recurrence rates per aneurysm location. In multivari-
ate analysis, larger aneurysm size, increasing follow-up time, un-
assisted coiling and balloon-assisted coiling versus stent-assisted
coiling or parent vessel occlusion, and carotid cavernous—paracli-
noid—anterior cerebral artery—vertebral artery— carotid terminus—
middle cerebral artery aneurysms were independent predictors of
both recurrence and retreatment (Table 3).

At discharge, 89% (n = 286) of patients attained a favorable
outcome (GOS IV-V) (Table 4). Specifically, a favorable outcome
was noted in 98% (n = 172) of patients with unruptured aneu-
rysms and 77% (n = 114) of patients with ruptured aneurysms.



Table 3: Predictors of recurrence and retreatment

of new or recurrent hemorrhage was

Odds Ratio 95% Cl PValue  1.9% (11 hemorrhages in 564 years of

Procedural complications follow-up). Seven of these patients had
Ruptured aneurysms 24 11-4.3 04 aneurysm occlusion of =95% after ini-
Aneurysm location 2 11-3.9 022 tial embolization. Four hemorrhages oc-
Anterior circulation aneurysms 20 0.9-5.0 .09 .

R — curred within 2 months of treatment.
Aneurysm size 1.07 1.02-114 0062 Five of these patients died, and 3 re-
Follow-up time 1.04 1.02-1.06 <.001* mained severely disabled at follow-up.
Unassisted coiling and balloon remodeling 2 11-33 .022 Mean aneurysm size was 17 mm in this

. a
5 tAne;er snl location 19 1134 02 group. Ten patients had been initially
etreatmen . . -
Aneurysm size 108 102-114 003? treated with conventional coiling, and
Follow-up time 1.02 1.02-1.06 0022 only 1, with stent-assisted coiling. Thus,
Unassisted coiling and balloon remodeling 25 11-33 .005? the rate of new or recurrent hemorrhage
Aneurysm location 2.02 11-34 02° was 6.0% for conventional coiling versus

New or recurrgnt hemorrhage 1.3% for stent-assisted coiling (P = .1).

Aneurysm size 11 1.0-1.2 .04% L. .
Follow-up time 103 10411 05° In multivariate analysis, larger aneu-
Aneurysm location 25 1.5-7 .01 rysmsize (>15mm) (OR =1.1;95% ClI,
Clinical outcome 1.0-1.2; P = .04), increasing follow-up
Aneurysm size 0.89 0.82-0.97 or time (OR = 1.03; 95% CI, 1.0-1.1; P =
Hunt and Hess grades 0.36 0.24-0.55 <.001? 05), and basilar tip-anterior communi-
New or recurrent hemorrhage 0.04 0.005-0.28 .0022

@ Statistically significant values. Factors tested as predictors of complications: age, sex, embolization, initial aneurysm
occlusion, and date of treatment. Factors tested as predictors of recurrence, retreatment, and new or recurrent
hemorrhage: age, sex, aneurysm size, location, ruptured aneurysm status, Hunt and Hess grades, type of embolization,
initial aneurysm occlusion, date of treatment, procedural complications, GOS at discharge, and follow-up time. Factors
tested as predictors of clinical outcome: age, sex, aneurysm size, location, ruptured aneurysm status, Hunt and Hess
grades, type of embolization, initial aneurysm occlusion, date of treatment, procedural complications, GOS at dis-

charge, follow-up time, recurrence, retreatment, and new or recurrent hemorrhage.

Table 4: Clinical outcome of treated patients

GOS Discharge (%) Follow-Up (%)
I, Death 17(5.3) 7(27)
Il, Vegetative state 1(0.3) 1(0.4)
I1l, Severe disability 18 (5.6) 12(47)
IV, Moderate disability 21(6.5) 17 (6.6)
V, Mild/no disability 265 (82.3) 219 (85.6)

Aneurysm Recoiling: Morbidity and Angiographic
Outcome

Angiographic follow-up was available for 55 of the 75 aneurysms
that were recoiled (including stent/balloon-assisted coiling and
parent vessel occlusion). Among these 55 aneurysms, 30 (54.5%)
showed another recurrence at follow-up. Specifically, a recur-
rence was noted in 37.5% (6/16) of aneurysms retreated with
stent-assisted coiling versus 61.5% (24/39) of those recoiled with-
out stent assistance (P = .1).

Of the 30 aneurysms that showed a second recurrence after
coiling, 24 (43.6%) required retreatment, including recoiling in
19 aneurysms. Angiographic follow-up was available for 15 of
these 19 aneurysms, and a third recurrence was noted in 8 of these
15 aneurysms (53.3%), requiring further treatment in 6 (40%).

Complications were noted in 5 of the 75 patients (6.6%) whose
aneurysms required further coiling. The rate of complications per
recoiling procedure was 5% (5/100).

New or Recurrent Hemorrhage and Long-Term Clinical
Outcome

Eleven patients (4.2%, n = 256) had a new or recurrent subarach-
noid hemorrhage at a median of 12 months (range, 1 week to 7
years) following successful aneurysm treatment. The annual rate

cating—posterior communicating aneu-
2.5; 95% CI,
1.5-7; P = .01) were independent pre-

rysm locations (OR =

dictors of new or recurrent hemorrhage.
The type of initial aneurysm treatment
fell short of statistical significance.

Clinical follow-up was available for
85% of patients (n = 256) at a mean of 26.3 months, excluding
patients with a failed procedure and those who died during the
initial hospitalization. A favorable outcome (GOS IV-V) was at-
tained by 92% (n = 236) of patients at follow-up. Specifically,
87% (93/107) of patients with ruptured aneurysms and 96% (143/
149) of patients with unruptured aneurysms achieved a favorable
outcome (GOS IV-V). In multivariate analysis, increasing aneu-
rysm size (OR = 0.89; 95% ClI, 0.82-0.97; P = .01), poor Hunt
and Hess grades (OR = 0.36; 95% CI, 0.24-0.55; P < .001), and
new or recurrent hemorrhage (OR = 0.04; 95% CI, 0.005-0.28;
P = .002) were negative independent predictors of favorable out-
come (GOS IV-V).

DISCUSSION

In this study, we have reviewed our experience with coil emboli-
zation of large and giant aneurysms (=10 mm) and identified
several independent predictors of treatment outcome. This report
may serve as a reference for comparison with other treatment
options for this category of aneurysm, namely flow diversion and
surgical clipping. Our study has also afforded an opportunity to
compare different endovascular techniques in terms of complica-
tions and angiographic outcome.

Coil embolization remains the most commonly used endovas-
cular technique for securing large and giant aneurysms. Compli-
cations occurred in 10.5% of patients in our series, but many
were clinically silent or minor events. The procedural mortality
rate was minimal (0.3%), and the rate of favorable outcome at
clinical follow-up (92%) was high. Unfortunately, to our knowl-
edge, there are no reports in the literature pertaining specifically
to large and giant aneurysms (>10 mm) with which to compare
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our findings. In a systematic review of giant aneurysms (=25
mm) treated with conventional endovascular approaches, the
rates of morbidity and mortality were 17% and 8%, respectively.®
Gruber etal’ treated 31 very large and giant aneurysms (>20 mm)
with endosaccular coiling with a 13.3% procedure-related mor-
bidity rate and a 6.7% procedure-related mortality rate and re-
ported favorable outcomes in 73.3% of patients. Likewise, Sluze-
wski et al'® achieved a good clinical outcome in nearly 80% of
patients with very large and giant aneurysms (>20 mm) treated
with coiling. The higher rate of favorable outcomes in our study
likely reflects the inclusion of smaller aneurysms (10—20 mm) in
the analysis. In fact, increasing aneurysm size was independently
predictive of poor outcome, recanalization, retreatment, and new
or recurrent hemorrhage in multivariate analysis. Overall, coiling
of large and giant aneurysms (=10 mm) in our experience was
associated with a reasonable safety profile and good clinical out-
comes. Patients with larger aneurysms, however, are at higher risk
of poor outcome.

The present study demonstrates high rates of recurrence
(39%) and retreatment (33%) for large and giant aneurysms
treated with coiling. Moreover, the risk of aneurysm recurrence
was 54.5% after the first recoiling and 53.3% after the second
recoiling. Aneurysm reopening remains, therefore, the major
shortcoming of coiling (and repeat coiling) in large and giant
aneurysms. This has been attributed to thrombus resolution, coil
migration into the thrombus mass, and suboptimal packing of
these aneurysms.'® Our results are remarkably similar to those of
Murayama et al,'! who reported, in 2003, their 11-year experience
with aneurysm embolization. The recanalization rate was 35.3%
for large aneurysms in their study and 59.1% for giant aneurysms.
The lack of improvement relative to this prior series published 10
years ago suggests that further improvement in occlusion/recan-
alization rates for large aneurysms may well require adjunctive
therapy. The fact that stent-assisted coiling was associated with
lower recurrence rates in multivariate analysis compared with
conventional coiling (with or without balloon assistance) is a cru-
cial finding of our study. In addition, the risk of a second aneu-
rysm recurrence was lower when recoiling was performed with-
versus-without stent assistance (37.5% versus 61.5%). Moreover,
there was a lower incidence of new or recurrent hemorrhage in
patients treated with stent-assisted coiling versus conventional
coiling (1.1% versus 4.7%).

Several reasons may account for the improved durability of
treatment with self-expanding stents, including denser aneurysm
packing with increased neck coverage, flow diversion, parent ves-
sel straightening, and fibroelastic tissue formation along the neck
of the aneurysm.'*>"'® Most important, the lower recurrence and
rebleeding rates with stent-assisted techniques did not occur at
the expense of an increased rate of complications. Previously, Pio-

tin et al'”

reported permanent neurologic deficit and mortality
rates as high as 7.4% and 4.6%, respectively, with stent-assisted
coiling compared with 3.8% and 1.2% with conventional coiling.
Our study emphasizes the safety and efficacy of stent-assisted coil-
ing and suggests that it may be the preferred treatment technique
over conventional coiling for large and giant aneurysms.

The annual rebleeding rate was 1.9% in our study, exceeding

the rate reported in the endovascular arm of the International
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Subarachnoid Aneurysm Trial.'®

This is expected given that 92%
of coiled aneurysms in this trial were =10 mm. Rebleeding oc-
curred both early and late after initial coiling and was indepen-
dently predictive of poor clinical outcome. Larger aneurysms
(>15 mm) and basilar tip, anterior communicating, and poste-
rior communicating aneurysms were strong predictors of re-
bleeding. Thus, patients with these risk factors should be very
carefully followed and retreated, preferentially with stent-assisted
techniques, in the event of aneurysm reopening to prevent
rehemorrhage.

Recoiling in the present study was associated with a relatively
low complication rate (5%) and no mortality. Previous studies
have reported similarly low morbidity rates with recoiling. A mul-
ticenter study of 100 aneurysms requiring additional coiling be-
cause of an enlarging remnant and subtotal occlusion reported
minor permanent neurologic deficits in only 3% of cases."® Like-
wise, Kang et al*® and Slob et al*' observed no complications
during repeat embolization of recurrent aneurysms and suggested
that procedural morbidity for retreatment may be lower than that
for initial coiling.

The rate of complications for unruptured large and giant an-
eurysms in our study was low (7.4%), and excellent outcomes
were achieved in this group. The best endovascular technique for
these aneurysms (ie, coiling versus flow diversion), however, is
not clear. In a small series of 42 patients, Lanzino et al** reported
similar rates of morbidity and a higher rate of complete angio-
graphic obliteration with the PED (mean aneurysm size, 14.9
mm) compared with standard endovascular techniques (mean
aneurysm size, 13.9 mm). The authors concluded that careful
long-term follow-up was important to definitively validate flow
diversion as a superior treatment for proximal internal carotid
artery aneurysms. Elsewhere, flow diversion was associated with
significant procedural risks. A recent systematic review on unrup-
tured aneurysms treated with endovascular techniques found that
flow diversion was associated with significantly higher risks com-
pared with other endovascular techniques.?® The risk of major
stroke or neurologic death was 5.6% in the Pipeline for Uncoilable
or Failed Aneurysms trial** (mean aneurysm size, 14.6 mm) and
8.5% (including 4 fatal postprocedural hemorrhages) in a recent
multicenter study from 7 American neurosurgical centers (pro-
portion of aneurysms larger than 7 mm, 83%).>” In the Canadian
experience (mean aneurysm size, 19 mm), the overall morbidity
and mortality rate associated with PED treatment was 10.7%
(6.3% mortality, 4.4% morbidity).*®

These data suggest that the risk associated with flow diversion
is not insignificant and that further study is needed to elucidate
the best treatment option for unruptured large and giant aneu-
rysms. On the other hand, for patients with acutely ruptured an-
eurysms, flow diversion is barely an option and almost all aneu-
rysms are either coiled or clipped. McAuliffe and Wenderoth*”
treated 11 patients with recently ruptured aneurysms by using the
PED and reported 2 deaths during the acute illness due to aneu-
rysm rebleeding (18%). The authors recommended that the de-
vice be used as a coil scaffold rather than a flow diverter. In the
posterior circulation as well, flow diversion is generally used very
cautiously because it is associated with significant morbidity and
high rates of perforator infarcts.>>**?° Conversely, in the present



study, there was a trend toward lower complication rates with
coiling in the posterior circulation. Thus, coiling remains the pre-
ferred option for ruptured aneurysms and posterior circulation
aneurysms.

Parent vessel occlusion is widely used in the management of
giant intracranial aneurysms. The complication rate in the pres-
ent series (14.3%) was within the range reported in the litera-

-33
ture’16,30

and aneurysm reopening was somewhat uncommon.
The advantage of the technique is that it excludes the aneurysm
definitely from the circulation and may not require follow-up
imaging.* In contrast to flow diverters and endosaccular coiling,
there is practically no risk of delayed aneurysm rupture after par-
ent vessel occlusion. For some authors, parent vessel occlusion is
the safest and most effective treatment for large and giant aneu-
rysms and remains the first-line option in this setting.** The main
disadvantage of parent vessel occlusion is the risk of development
of postoperative stroke. Therefore, it is important to perform a
balloon test occlusion to determine patient tolerance for perma-
nent arterial occlusion because the incidence of postoperative
stroke is substantially higher without previous tolerance test-
ing.>>” Also, in the setting of subarachnoid hemorrhage, parent
vessel occlusion is generally avoided due to potential aggravation
of ischemic complications of vasospasm.

This was a retrospective review of a single-center experience
with coiling of large and giant aneurysms. There was no random-
ization of the different subgroups of the study. Comparison with
other studies reporting on flow diversion or surgical clipping re-
mains limited by inherent differences in methodology and design.
In the future, it would be interesting to compare conventional
endovascular techniques with flow diversion or surgical clipping
to determine the best technique in this setting.

CONCLUSIONS

In this study, coiling of large and giant aneurysms was associated
with a reasonable safety profile and good clinical outcome. Aneu-
rysm reopening, however, was very common after endosaccular
coiling. Larger aneurysm size was independently predictive of re-
canalization, retreatment, new or recurrent hemorrhage, and
poor outcome. Stent-assisted coiling was associated with lower
recurrence, retreatment, and new or recurrent hemorrhage rates
with no additional morbidity compared with conventional coil-
ing. Thus, stent-assisted coiling should probably be considered
the preferred treatment option over conventional coiling for large
and giant aneurysms. The annual rebleeding rate was 1.9%, and
larger aneurysms (>15 mm) and basilar tip, anterior communi-
cating artery, and posterior communicating artery aneurysms
were strong predictive factors. The major determinants of clinical
outcome were aneurysm size, Hunt and Hess grades, and new or
recurrent hemorrhage.
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ORIGINAL RESEARCH
INTERVENTIONAL

Socioeconomic Disparities in the Utilization of Mechanical
Thrombectomy for Acute Ischemic Stroke in US Hospitals

W. Brinjikji, A.A. Rabinstein, J.S. McDonald, and HJ. Cloft

ABSTRACT

BACKGROUND AND PURPOSE: Previous studies have demonstrated that socioeconomic disparities in the treatment of cerebrovascular
diseases exist. We studied a large administrative data base to study disparities in the utilization of mechanical thrombectomy for acute ischemic stroke.

MATERIALS AND METHODS: With the utilization of the Perspective data base, we studied disparities in mechanical thrombectomy utilization
between patient race and insurance status in 1) all patients presenting with acute ischemic stroke and 2) patients presenting with acute ischemic
stroke at centers that performed mechanical thrombectomy. We examined utilization rates of mechanical thrombectomy by race/ethnicity
(white, black, and Hispanic) and insurance status (Medicare, Medicaid, self-pay, and private). Multivariate logistic regression analysis adjusting for
potential confounding variables was performed to study the association between race/insurance status and mechanical thrombectomy utilization.

RESULTS: The overall mechanical thrombectomy utilization rate was 0.15% (371/249,336); utilization rate at centers that performed mechanical
thrombectomy was 1.0% (371/35,376). In the sample of all patients with acute ischemic stroke, multivariate logistic regression analysis demon-
strated that uninsured patients had significantly lower odds of mechanical thrombectomy utilization compared with privately insured patients
(OR =0.52,95% Cl = 0.25-0.95, P = .03), as did Medicare patients (OR = 0.53, 95% Cl = 0.41-0.70, P < .0001). Blacks had significantly lower odds
of mechanical thrombectomy utilization compared with whites (OR = 0.35, 95% CI = 0.23—0.5, P < .0001). When considering only patients
treated at centers performing mechanical thrombectomy, multivariate logistic regression analysis demonstrated that insurance was not associ-
ated with significant disparities in mechanical thrombectomy utilization; however, black patients had significantly lower odds of mechanical
thrombectomy utilization compared with whites (OR = 0.41, 95% CI = 0.27-0.60, P < .0001).

CONCLUSIONS: Significant socioeconomic disparities exist in the utilization of mechanical thrombectomy in the United States.

Endovascular clot retrieval has become an increasingly utilized
treatment for a select group of patients with acute ischemic
stroke.! Previous studies have demonstrated that significant so-
cioeconomic disparities exist in the utilization of treatments such
as tPA for acute ischemic stroke.> With the use of the Perspective
data base, we sought to determine if any socioeconomic dispari-
ties exist in the utilization of mechanical thrombectomy for the
treatment of acute ischemic stroke.

MATERIALS AND METHODS

Patient Population

The Perspective data base is a voluntary, fee-supported collection
of data developed by Premier, Inc (Charlotte, North Carolina), to
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assess quality and resource utilization. As of 2011, the Perspective
data base consisted of approximately 15% of hospitalizations na-
tionwide and represented more than 600 US hospitals. Detailed
information of a patient’s hospitalization, including patient de-
mographics, hospital information, diagnoses, procedures, dis-
charge status, payer, and all billed items, are recorded.

Patients who presented with acute ischemic stroke (ICD-
9-CM diagnostic codes 433.x1 and 434.x1) from November 2005
through December 2011 were identified from the Perspective data
base. Patients were only included if the stroke code was listed as
the primary hospitalization diagnosis to avoid including patients
with a history of stroke. Patients were stratified into 4 groups on
the basis of insurance status: 1) uninsured, 2) Medicaid, 3) Medi-
care, and 4) private insurance, and 3 groups on the basis of race: 1)
white, 2) black, and 3) Hispanic. Patients who received mechan-
ical thrombectomy were identified by utilization of ICD-9 proce-
dural code 39.74. We compared utilization rates of mechanical
thrombectomy between insurance groups and racial groups.
Other demographic variables and hospital characteristics
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Table 1: Demographic characteristics

208,753 patients. Of these, 159,673 pa-

All Patients

Thrombectomy Non-Thrombectomy

tients (76.5%) were white, 38,342 pa-

n (%) Patients n (%) Patients n (%) P tients (18.4%) were black, and 10,738
Total No. of patients 249,336 371(0.2) 248,965 (99.8) - patients (5.1%) were Hispanic. Mechan-
fS\Aean age, y (SD) 716 (14.0) 66.6 (16.3) 716 (14.0) <0001 a1 thrombectomy utilization rate was
ex . .
Male 114199 (45.8) 185 (49.9) 114,014 (45.8) 29 0.15% (371/249,336) in this sample. A
Female 135,137 (54.2) 186 (50.]) 134,951 (54.2) total of 35,747 patients were treated at
Race centers that performed mechanical
White 159,673 (76.5) 270(86.5) 159,403 (76.5) <0001 thrombectomy. The utilization rate of
E.ad( ) ?g;g‘; (]58]‘4) Z]Z (j? ;’g;’;g (]58]‘4) mechanical thrombectomy at these cen-
s tus 7385 “8) 736 ters was 1.0% (371/35,376). Demo-
Private 38,741(15.5) 95(25.6) 38,646 (15.5) <0001  graphic characteristics of the patients in
Medicare 181,995 (73.0) 224 (60.4) 181,771(73.0) this sample are summarized in Table 1.
Medicaid 16,540 (6.6) 39 (10.5) 16,501 (6.6)
Uninsured 12,060 (4.8) 13(3.5) 12,047 (4.8) o
Hospital location Insurance Status and Utilization
Urban 222,497 (89.2) 361(97.3) 222,136 (89.2) <0001  When considering patients treated at all
Rural 26,839 (10.8) 10(2.7) 26,829 (10.8) centers, mechanical thrombectomy uti-
Hospital teaching status lization rates among private insurance
Teaching 96,739 (38.8) 210 (56.6) 96,529 (38.8) <0001 tients was 0.24% (95/38,741). Me-
Non-teaching 152,597 (61.2) 161(43.4) 152,436 (61.2)

included in this study were sex, age, hospital location, and
hospital teaching status.

Separate analyses were performed to determine disparities in
the utilization rate of mechanical thrombectomy among 1) all
patients with a primary diagnosis of acute ischemic stroke and 2)
patients with acute ischemic stroke treated at centers that per-
formed mechanical thrombectomy in a given year.

Statistical Analysis

X~ tests were used to compare utilization rates of mechanical
thrombectomy between insurance groups and race groups. For
comparisons on the basis of insurance groups, the private insur-
ance group was the reference group. For comparisons on the basis
of race, white race was the reference. A multivariate logistic re-
gression analysis was performed to study the association between
insurance status and mechanical thrombectomy adjusting for pa-
tient age, race, sex, and hospital location and teaching status. A
multivariate logistic regression analysis was performed to study
the association between race and mechanical thrombectomy uti-
lization, adjusting for patient age, insurance status, sex, hospital
location, and teaching status. Multivariate logistic regression
analyses were performed for the 2 separate samples 1) all patients
with a primary diagnosis of acute ischemic stroke and 2) all pa-
tients with a primary diagnosis of acute ischemic stroke treated at
centers offering thrombectomy. Multivariate outcomes are pre-
sented as odds ratios and 95% Cls. All statistical analysis was per-
formed by use of the SAS-based software package JMP 9.0
(www.jmp.com).

RESULTS

Patient Population

A total of 249,336 patients were included in this study; 38,741
patients (15.5%) had private insurance, 181,995 patients (73.0%)
had Medicare, 16,540 patients (6.6%) had Medicaid, and 12,060
patients (4.8%) were uninsured. Race data were available for
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chanical thrombectomy utilization rate
among Medicare patients was 0.12%
(224/181,995), significantly lower than
that of private insurance patients (P < .0001). Medicaid patients
had a similar utilization rate of mechanical thrombectomy com-
pared with private insurance patients (39/16,540, 0.24%, P = .92).
Uninsured patients had significantly lower utilization rates of me-
chanical thrombectomy than private insurance patients (13/
12,060, 0.11%, P = .005).

When we considered only patients treated at centers offer-
ing mechanical thrombectomy, mechanical thrombectomy
utilization rates among private insurance patients was 1.4%
(95/6947). Mechanical thrombectomy utilization rates among
Medicare patients was 0.9% (224/24,756), significantly lower
than that of private insurance patients (P = .0008). Medicaid
patients had a similar utilization rate of mechanical thrombec-
tomy compared with private insurance patients (39/2545,
1.5%, P = .92). Uninsured patients had similar rates of me-
chanical thrombectomy compared with private insurance pa-
tients (13/1499, 0.9%, P = .13). These data are summarized in
Table 2.

Race and Utilization

When considering patients treated at all centers, mechanical
thrombectomy utilization rate among white patients was 0.17%
(293/159,673). Black patients had a significantly lower rate of me-
chanical thrombectomy utilization compared with white patients
(30/38,342, 0.07%, P < .0001). Hispanic patients had a similar
utilization rate of mechanical thrombectomy compared with
whites (15/10,738, 0.13%, P = .29).

When we considered only patients treated at centers offering
mechanical thrombectomy, mechanical thrombectomy utiliza-
tion rates among white patients was 1.2% (293/24,988). Black
patients had a significantly lower rate of mechanical thrombec-
tomy utilization compared with white patients (30/4950, 0.6%,
P = .0006). Hispanic patients had a similar utilization rate of
mechanical thrombectomy compared with whites (15/1395,
1.1%, P = .84). These data are summarized in Table 2.



Table 2: Insurance status and race and mechanical thrombectomy utilization

0.41,95% CI = 0.27-0.60, P < .0001).

Patients Treated at
Thrombectomy Centers

All Patients

There was no significant difference in
mechanical thrombectomy utilization

n (%) P n (%) P when comparing white and Hispanic
Race patients. These data are summarized
White 293(0.17) Reference 293(1.2) Reference in Table 3.
Black 30(0.07) <.0001 30(0.6) .0006
Hispanic 15(0.13) 29 15 (1.1) .84
Insurance DISCUSSION
Private 95(0.24) Reference 95 (1.4) Reference Our study demonstrated that significant
Medicare 224 (0.12) <.0001 224(0.9) .0008 race- and insurance-based disparities
Medicaid 39(0.24) 92 39(1.5) 61 exist in the utilization of mechanical
None 13(0.1) .005 13(0.9) 13

Table 3: Multivariate logistic regression analysis

thrombectomy for treatment of acute
ischemic stroke. On our adjusted analy-
ses, uninsured and Medicare patients

Patients Treated at

had significantly lower odds of mechan-

All Patients Thrombectomy Centers ical thrombectomy utilization when
OR (95% Cl) P OR (95% Cl) P compared with their privately insured
Race counterparts. Similarly, black patients
Black versus Hispanic 0.42(0.23-0.81) <.0001 0.50(0.26-0.97) .04 had significantly lower odds of mechan-
Black versus white 0.35(0.23-0.51) <.0001 0.41(0.27-0.60) <.0001 . e
Hispanic versus white 0.78 (0.44-127) 33 0.83 (0.46-136) 47 ical thrombectomy utilization when
TevrEne® compared with white and Hispanic pa-
Medicare versus private 0.53 (0.41-0.70) <.0001 112 (0.80-1.57) .52 tients. When we performed our adjusted
Medicaid versus private 109 (0.70-1.65) 7 119 (0.76-1.82) 43 analysis only examining thrombectomy
Nong versus private . 0.52(0.25-0.95) .03 0.63 (0.31-1.18) 16 utilization of patients treated at hospi-
Medicaid versus Medicare 116 (0.73-1.82) .52 1.07 (0.66-1.68) 78 .
None versus Medicare 0.56 (0.27-1.05) 07 0.57 (0.27-1.08) 08 tals offering thrombectomy, some of
None versus Medicaid 0.48 (0.22-0.95) 03 0.94 (0.60-1.51) 78 these disparities remained present. Al-

@ Adjusted for insurance status, sex, age, hospital teaching status, and hospital location.

though insurance status was no longer

® Adjusted for race, sex, age, hospital teaching status, and hospital location.

Muiltivariate Analysis: All Patients

After multivariate logistic regression analysis was performed, un-
insured patients had a significantly lower odds of mechanical
thrombectomy when compared with patients with private insur-
ance (OR = 0.52, 95% CI = 0.25-0.95, P = .03). Medicare pa-
tients also had lower odds of mechanical thrombectomy utiliza-
tion when compared with private insurance patients (OR = 0.53,
95% CI = 0.41-0.70, P < .0001). Medicaid patients had a similar
odds of mechanical thrombectomy utilization when compared
with private insurance patients (OR = 1.05, 95% CI = 0.67-1.59,
P = 83).

After multivariate logistic regression analysis examining race
and outcomes was performed, black patients had a significantly
lower odds of mechanical thrombectomy utilization compared
with white patients (OR = 0.35, 95% CI = 0.23-0.51, P <.0001).
Hispanic patients had a similar utilization rate of mechanical
thrombectomy compared with whites (OR = 0.78, 95% CI =
0.44-1.27, P = .33). These data are summarized in Table 3.

Multivariate Analysis: Patients Treated at Thrombectomy
Centers

When examining patients treated at thrombectomy centers,
there was no significant difference in thrombectomy utiliza-
tion rates by insurance status. When examining odds of utili-
zation by race, black patients had a significantly lower odds of
mechanical thrombectomy utilization when compared with
Hispanic patients (OR = 0.50, 95% CI = 0.26—0.97, P = .04).
Blacks also had a significantly lower odds of receiving mechan-
ical thrombectomy when compared with white patients (OR =

associated with thrombectomy utiliza-

tion, black patients were significantly
less likely to receive mechanical thrombectomy than were their
white and Hispanic counterparts. These findings suggest that dis-
parities in mechanical thrombectomy utilization in the United
States can be explained, in part, by lack of access to centers offer-
ing this treatment.

Studies examining racial and economic disparities in utiliza-
tion of mechanical thrombectomy for acute ischemic stroke are
scarce. One prior study of 602 patients found that blacks were
significantly less likely to undergo endovascular interventions at
stroke centers; however, when adjusted for the fact that African
Americans had more delayed arrivals to the emergency depart-
ment, they found no racial disparity.* In general, socioeconomic
status has been associated with significant disparities in the re-
source utilization for acute ischemic stroke. Patients of lower so-
cioeconomic status have been shown to receive less emergent im-
aging, lower rates of hospital admission, and lower rates of
poststroke care.>”” Several prior studies have demonstrated sig-
nificant socioeconomic disparities in the utilization of intrave-
nous rtPA for the treatment of acute ischemic stroke.”®'® Nasr et
al'® found that whites had significantly higher intravenous tPA
treatment rates for acute ischemic stroke when compared with
blacks and Hispanics in the United States. Johnston et al” found
that blacks were significantly less likely to receive intravenous tPA
for acute ischemic stroke and demonstrated that contraindica-
tions to treatment did not account for the differences in tPA uti-
lization rates. Prior studies in both the United States and Canada
have demonstrated that neighborhood income is not associated
with any significant differences in initial stroke care, but these
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studies did not evaluate differences in mechanical thrombectomy
utilization rates.' "'

There are many potential factors that could account for these
disparities. Prior studies have demonstrated that disparities in the
treatment of acute ischemic stroke in general could be related to
delays in treatment, education level, or differences in stroke etiol-
ogy.>"*"'> Minority patients are more likely to present with higher
severity of stroke symptoms than whites and also present with
more small-vessel lacunar strokes, thus making them less amena-
ble to mechanical thrombectomy.'®™'® Lower rates of mechanical
thrombectomy among Medicare recipients could be related to a
less aggressive therapeutic approach in older patients rather than
to any economic considerations.*°

Limitations

There are a number of limitations to our study. To maintain con-
sistency with the Perspective data base, we used the same racial/
ethnic terms defined in the data base (white, black, Hispanic);
however, we acknowledge that the broad racial designations pro-
vided present a potential limitation. Other weaknesses of this
study include the fact that we are unable to determine important
variables such as stroke severity at presentation, time to presenta-
tion, patient eligibility for mechanical thrombectomy, and the
presence of large-vessel occlusions. Because of our inability to
differentiate between various stroke subtypes, and, given the fact
that stroke subtypes vary significantly by race, the observed racial
disparities in our study must be interpreted cautiously. We cannot
exclude that a racial difference in the likelihood of consenting for
endovascular therapy could have played a contributing role. Cod-
ing errors are also a potential limitation of this study, as they are

with any study of a large administrative data base.*"**

CONCLUSIONS

Our study demonstrated that significant socioeconomic dispari-
ties exist in the utilization of mechanical thrombectomy for the
treatment of acute ischemic stroke. To ensure that all segments of
the population have equal access to optimal stroke care, further
studies are needed to study the underlying causes of these
disparities.

Disclosures: Alejandro A. Rabinstein—UNRELATED: Royalties: Elsevier, Comments:
For authorship rights; Other: Boston Scientific, Comments: Event adjudication board
member for trial PREVAIL. Jennifer S. McDonald—UNRELATED: Grants/Grants
Pending: GE Healthcare,* Comments: Investigator-initiated research grant. Harry J.
Cloft—UNRELATED: Grants/Grants Pending: Cordis Endovascular,* Comments: Site
Plat enrolling site for SAPPHIRE (Stenting and Angioplasty with Protection in Patients
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ORIGINAL RESEARCH
EXTRACRANIAL VASCULAR

Intraplaque High-Intensity Signal on 3D Time-of-Flight MR
Angiography Is Strongly Associated with Symptomatic Carotid

Artery Stenosis

A. Gupta, H. Baradaran, H. Kamel, A. Mangla, A. Pandya, V. Fodera, A. Dunning, and P.C. Sanelli

ABSTRACT

BACKGROUND AND PURPOSE: Intraplaque hemorrhage in carotid artery atherosclerotic plaque has been shown to be a marker of risk,
associated with prior and future ischemic events, and has been associated with regions of intraplaque high-intensity signal on 3D-TOF MRA.
We assessed the association of intraplaque high-intensity signal determined on 3D-TOF MRA with the incidence of prior ipsilateral stroke
or TIA.

MATERIALS AND METHODS: We assessed intraplaque hemorrhage by evaluating for intraplaque high-intensity signal adapting a recently
validated technique on 3D-TOF source images in participants with high-grade (=70%) extracranial carotid stenosis. Logistic regression
analyses were used to assess the strength of association between the presence of intraplaque high-intensity signal on routine MRA
sequences and prior stroke or TIA.

RESULTS: Intraplaque high-intensity signal was present in 22 (41.5%) of 53 carotid arteries studied in 51 patients. Ipsilateral ischemic events
occurred in 15 (68.1%) of 22 in the intraplaque high-intensity signal—positive group (10 strokes, 5 TIAs) and in 4 (12.9%) of 31in the intraplaque
high-intensity signal-negative group (3 strokes, 1 TIA). Ischemic events occurred within the 6-month period preceding imaging in 18 (94.7%)
of 19 cases. The univariate odds ratio of the association of intraplaque high-intensity signal with any prior ischemic event was 14.5 (95% Cl,
3.6-57.6), and the multivariate age- and sex-adjusted odds ratio was 14.2 (95% Cl, 3.3—60.5). The association remained present across 1.5T
and 3T magnet field strengths.

CONCLUSIONS: Intraplaque high-intensity signal determined from MRA sequences already in place to measure luminal stenosis is
strongly associated with prior ipsilateral ischemic events. Prospective validation of these findings to predict outcome in carotid artery

stenosis could provide a valuable and widely accessible stroke risk stratification tool.

ABBREVIATIONS: [HIS = intraplaque high-intensity signal; IPH = intraplaque hemorrhage

easurement of luminal diameter stenosis has been the

mainstay of extracranial vascular imaging, with treatment
guidelines from multicenter randomized controlled trials based
largely on patient stratification by stenosis severity.'> However,
with recent developments in MR imaging technology, it is possi-
ble to assess the composition of atherosclerotic carotid lesions to
determine the presence of complicated or advanced plaque ele-
ments that are at greater risk to cause ischemic symptoms.*® One
such component of carotid plaque that has been identified as a
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component of advanced atherosclerotic lesions is intraplaque
hemorrhage (IPH). When present in carotid atherosclerotic

7,8

plaque, IPH has been associated with previous”® and future’

stroke and has been proposed as a possible marker of not only
plaque inflammation'®
risk.!!

MR imaging tools have allowed IPH to be detected with high

diagnostic accuracy compared with histopathologic confirmation

but also of generalized cardiovascular

with most of the techniques that have been studied to date.* How-
ever, a significant barrier to the widespread use of IPH assessment
as a measure of embolic stroke risk has been that most studies
have relied on high-resolution imaging by using specialized, ded-
icated MR imaging surface carotid coils'? or black-blood coronal
T1-weighted fat-suppressed MR imaging techniques.’ Neither of
these techniques are part of the standard sequences routinely ob-
tained in MRA examinations, which rely on TOF techniques to

assess luminal diameter stenosis. Recent reports have suggested
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that routinely performed MRA techniques used to measure ste-
13,14

nosis, including 3D-TOF imaging, can accurately predict IPH
compared with histopathologic studies by the detection of intra-
plaque high-intensity signal (IHIS) relative to adjacent skeletal
muscle. These studies, however, have been performed by use of
dedicated carotid coils and not by standard quadrature neck array
coils. Furthermore, it is also unknown whether IPH determined
by 3D-TOF MRA neck images is associated with symptomatic
carotid artery disease. The purpose or our study was to assess the
association between THIS determined on noncontrast 3D-TOF
imaging and prior stroke or TIA in patients with high-grade ca-
rotid artery stenosis.

MATERIALS AND METHODS

Patients

Patients were screened for this institutional review board—ap-
proved retrospective study after review of consecutive MRA neck
examinations performed from August 2009 through August 2012.
Inclusion criteria included 1) high-grade extracranial internal ca-
rotid artery stenosis (70%-99%) identified on noncontrast 3D-
TOF MRA, 2) detailed documentation of electronic medical re-
cords of whether stroke or TIA had occurred before the MRA, and
3) detailed medical record documentation of pre-existing vascu-
lar risk factors.

Imaging Technique

MRA neck studies were performed on either 1.5T or 3T Signa (GE
Healthcare, Milwaukee, Wisconsin) scanners by use of standard
quadrature neck array coils. No dedicated high-resolution surface
coils were used, nor was gadolinium administered. 3D-TOF ac-
quisition involved a 20-cm field of view centered at the carotid
bifurcation, 1.4-mm section thickness, and a matrix of 320 X 192
and 320 X 224 on 1.5T and 3T, respectively. To assess the gener-
alizability of this technique to clinical practice, we included in our
analysis all studies with image quality sufficient to warrant a clin-
ical interpretation at the time of original image acquisition.

Imaging Data Assessment
IHIS, a presumed marker for IPH, was determined by adaption of
a method used by Qiao et al,*® in which hyperintense signal in-
tensity on 3D-TOF source images in carotid plaque was assessed
relative to adjacent muscle. Unlike the study by Qiao et al,'* our
technique did not use data collected with a dedicated carotid coil.
We used a quantitative cutoff value of signal intensity 50% greater
than skeletal muscle based on region-of-interest analysis in the
area of suspected IHIS.>'> THIS assessment was made blinded to
clinical data by 2 independent board-certified neuroradiologists
with disagreements resolved by a third neuroradiologist as a tie-
breaker. We further analyzed the cases with discordant interpre-
tations and specifically addressed the possibility that a decrease in
image quality could be contributing to discordant ITHIS interpre-
tations by making a subjective assessment of the presence or ab-
sence of motion degradation or other MR imaging artifacts, lim-
iting confident diagnosis of THIS in these cases.

Stenosis was categorized as 70%-95% or > 95%-99% by use
of a method adapted from a study of diagnostic accuracy of TOF
MRA in high-grade carotid artery stenosis.'® We used MRA MIP
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images to visually estimate the degree of stenosis, taking into ac-
count maximal luminal diameter stenosis relative to the caliber of
normal-appearing distal ICA on MIP images, and used axial 3D-
TOF source images to confirm stenosis measurements when MIP
data did not provide unequivocal assessment of stenosis. Because
measurements by use of the distal ICA as the denominator for
stenosis measurements might underestimate the degree of steno-
sis in near-occlusion, as per North American Symptomatic Ca-
rotid Endarterectomy Trial guidelines,'” NASCET-type measure-
ments were not used in such cases.

Clinical Data Assessment

The presence of ipsilateral TIA or stroke and coexisting vascular
risk factors were determined by the consensus of 2 stroke neurol-
ogists after examination of the electronic medical record. The
neurologists were blinded to the MRA THIS assessments. Stroke
and TIA were defined according to American Heart Association
criteria,'® with a stroke and TTA defined as a permanent or tran-
sient episode, respectively, of neurologic dysfunction caused by
focal brain or retinal ischemia. Only ipsilateral ischemic events
referable to the stenotic ICA were considered positive events. The
specific vascular risk factors collected in the cohort included the
presence or absence of diabetes, hypertension, atrial fibrillation,
hyperlipidemia, coronary artery disease, smoking history, chronic
obstructive pulmonary disease, and chronic kidney disease.

Statistical Analysis

Statistical analysis was performed by use of logistic regression
analysis to measure the strength of association between THIS and
ischemic events measured as an OR. A multivariate analysis was
also performed, with calculation of an age- and sex-adjusted OR,
as well as adjustment for covariate risk factors found to be statis-
tically significant. Subset analyses were also performed stratifying
test data from 1.5T or 3T MR imaging machines. We recorded the
discrepancy rate for measurement of IHIS with interobserver
agreement determined both by calculation of simple percent
agreement and a Cohen k coefficient statistic. Finally, to evaluate
the possibility that interobserver interpretation differences were
contributing significantly to the OR calculation, sensitivity anal-
yses were performed with logistic regression analyses in 3 scenar-
ios: 1) only with concordant THIS interpretations, 2) treating all
discordant interpretations as positive for IHIS, and 3) treating all
discordant interpretations as negative for THIS. All P values < .05
were considered statistically significant.

RESULTS

After the review of 4895 consecutive neck MRAs, 4648 studies
were excluded because no high-grade stenosis was present. In the
247 of 4895 MRAs with high-grade stenosis or occlusion (5.0% of
total MRA cases screened), after application of additional exclu-
sion criteria, including exclusion of cases with occlusion or cases
with primary vascular imaging done with a technique besides 3D-
TOF, such as with contrast-enhanced MRA, our final cohort of 51
patients with 53 unique carotid arteries met inclusion criteria.
Vascular risk factors were not significantly different between
groups (Table 1), though more men had IHIS. IHIS was present in
22 (41.5%) of 53 carotid arteries studied (see representative case,



Fig 1). There was a 77% interobserver agreement rate (agreement
in 41/53 cases), resulting in a k coefficient of 0.50, suggesting
moderate to good interobserver agreement. In the 12 cases with
discordant interpretations, 10 of 12 studies were judged to have at
least a moderate degree of motion degradation or other MR im-
aging artifacts limiting confident assessment of the presence or
absence of THIS.

Ipsilateral ischemic events occurred in 15 (68.1%) of 22 pa-
tients in the IHIS-positive group (10 strokes, 5 TIAs) and in 4
(12.9%) of 31 patients in the IHIS-negative group (3 strokes, 1
TIA) (Table 2). Ischemic events occurred within the 6 months
preceding imaging in 18 (94.7%) of 19 cases, with the single out-
lier representing an ipsilateral stroke which occurred 10 years be-
fore imaging. In the univariate logistic regression analysis, the OR
of the association of THIS and prior ischemic events was 14.5 (95%
Cl, 3.6-57.6), whereas the age- and sex-adjusted OR was 14.2

Table 1: Vascular risk factors in patients with and without IPH
defined on MRA

IPH-Positive IPH-Negative P

Risk Factors (n=22) (n=31) Value
Age (mean years) 764 +9.46 77.6*+943 .6406
Sex: male, n (%) 13(59) 9(29) .0286
Diabetes (%) 9 (41) 13 (42) .9404
Hypertension (%) 18(82) 30(97) 1474
Hyperlipidemia (%) 18 (82) 26 (84) .8445
Atrial fibrillation (%) 4(18) 3(10) 3676
Coronary artery disease (%) 9 (41) 14 (45) 7583
Smoking (%) 15 (68) 19(6) 6062
Heart failure (%) 3(14) 4(13) .9381
COPD (%) 2(9) 413) 6660
Chronic kidney disease (%) 7(32) 6(19) 2988
Stenosis severity: 95%—99% (%) 1(5) 3(10) .6332

Note:—COPD indicates chronic obstructive pulmonary disease.

FIG1. A, Axial 3D-TOF source image demonstrates signal hyperintensity in the plaque (arrow) of
the high-grade right internal carotid artery stenosis. B, 3D-TOF maximum-intensity projection
image of the same right carotid artery bifurcation illustrates a long-segment hyperintense signal
(arrow) within the plaque of the right internal carotid artery consistent with IPH.

(95% CI, 3.3-60.5). Excluding the 1 outlier ischemic event occur-
ring 10 years before imaging, we found that the OR of the associ-
ation of IPH and ischemic events within the prior 6 months was
13.5 (95% CI, 3.4-54.1). In addition, the association was pre-
served across magnet field strengths, as 32 arteries on a 1.5T mag-
net and 21 arteries on a 3T magnet had ORs of 17.8 (95% CI,
3.0-105.9) and 13.8 (95% ClI, 1.2-156.6), respectively. OR data
are summarized in Table 3. Finally, the strength of the association
was between ischemic events, and THIS was preserved across sen-
sitivity analyses: 1) OR of 12.5 (95% CI, 2.53—61.8) in cases with
only concordant interpretations analyzed, 2) OR of 5.46 (95% CI,
1.37-21.8) if the 12 discrepant cases were treated as IHIS negative,
and 3) OR of 10.41 (95% CI, 2.73-39.8) if the 12 discrepant cases
were treated as IHIS positive.

DISCUSSION
Our study demonstrates an association between THIS, a potential
marker of IPH, determined from routinely acquired 3D-TOF
MRA source images and ischemic events. Specifically, our data
suggest that patients with high-grade, extracranial carotid artery
stenosis and THIS are almost 14 times more likely to have had
symptomatic disease compared with those with high-grade steno-
sis and no THIS. Although several studies have characterized IPH
or MR imaging by using black-blood, fat-suppressed T1-weighted
sequences’ and high-resolution surface carotid coils,'* these stud-
ies have thus far had limited clinical usefulness, as they have relied
on specialized sequences or equipment not used in most MRA
neck examinations done to characterize vessel stenosis. Previous
studies have used source images from 3D-TOF studies to assess
the presence of IPH,'*'*'? including a study comparing MR im-
aging—suspected IPH with histopathologic confirmation.® In this
study, Qiao et al® found that source im-
ages from 3D-TOF MRA or from mask-
phase images from contrast-enhanced
MRA could detect IPH with high diag-
nostic accuracy and with excellent inter-
observer reliability, though the study did
not measure the association of IPH from
MRA images and ischemic events. In an-
other similar study, Yamada et al'* used
high signal intensity on 3D-TOF MRA
MIP images as a surrogate for IPH but
did not correlate these findings with the
presence or absence of symptomatic ca-
rotid disease. Our study demonstrates a
strong association between ischemic
events and IPH, as determined on
widely available, large field-of-view neck
coils with a 4-minute MRA sequence
(3D-TOF), which is nearly universally
acquired during screening examinations
of the extracranial vascular structures.
It is important to recognize that the
studies reported in the prior literature
assessing the association between 3D-
TOF plaque high signal and IPH on his-
tologic examinations have been per-
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Table 2: Presence of symptomatic cerebrovascular ischemia with or without IPH on MRA

THIS in our study and prior stroke (OR,

IPH-Positive IPH-Negative P Value approximately 14) is in line with a meta-
History of any prior ipsilateral symptomatic 15 (68) 4(13) <.0001 analysis of the strength of association
diseafse, @ (%) ) ) between IPH and future ischemic events
Medlan t|me'5|n§.e prior TIA/stroke, days 0 (IQR: 0-10) 0 (IQR: 0-7) 7619 (OR, approximately 12).° The rate of
History of prior ipsilateral stroke, n (%) 10 (67) 3(75) 7500 IPH i h 41.5%) is simil
Median time since prior stroke, days 0(IQR:0-7) 0 (IQR: 0-0) .3605 mour CO. ort (41.5%) I.S similar to
History of prior TIA, n (%) 5(33) 1(25) 7500  that reported in recent published stud-
Median time since prior TIA, days 0 (IQR: 0-180) 14 (IQR: N/A) .5338 ies.” We noted IPH even in cases where

Note:—IQR indicates interquartile range; N/A, not available.

Table 3: Summary of effect size and strength of association
between IHIS and stroke or TIA

Type of Association OR 95% Cl
IHIS and any prior ischemic event 145  3.6-57.6
IHIS and prior ischemic event within 6 months ~ 13.5  3.4-54.1
IHIS on 1.5T and prior ischemic event 178  3.0-105.9
IHIS on 3T and prior ischemic event 3.8  12-156.6

formed by use of dedicated surface carotid coils.">'*'® As such,
although it is likely that THIS detected on 3D-TOF MRA per-
formed with a standardized quadrature neck array coil will highly
correspond with IPH on histologic examination, further radio-
logic-pathologic correlation studies are warranted to assess the
diagnostic accuracy of the specific technique used in our study.

Two additional points regarding the MR imaging technique
used for our study warrant further discussion. First, our study
suggests that the association between ITHIS and ischemic events is
preserved across magnet field strengths. Because nearly all exist-
ing studies of IPH or IHIS have been performed on 1.5T mag-
nets,”!' 122922 and because the paramagnetic properties of IPH
can potentially result in decreased signal hyperintensity on TIWI
at 3T, our work supports the histopathologic correlation study by
Qiao et al,?® suggesting a role for 3T imaging in IPH assessment by
use of simple TOF techniques. Second, because TOF imaging has
generally been used to assess for luminal diameter stenosis with
limited data in the literature describing the use of this technique to
assess the presence of IPH, we assessed the interobserver variabil-
ity and found a k coefficient suggesting moderate to good inter-
observer agreement. The logistic regression sensitivity analyses
performed in our study demonstrate that our main results were
robust to the interobserver variability present, and that 10
(83.3%) of 12 discrepant cases may have been related to motion-
limited studies. Although we chose to analyze these motion-lim-
ited studies in our primary analysis to assess the generalizability of
IHIS and IPH assessment in screening MRA studies, including
studies occurring in critically ill patients or in patients unable to
completely lie still for other reasons, future studies may be helpful
to clarify how MR imaging quality influences the diagnostic accu-
racy of IPH assessment on 3D-TOF MRA vs histopathologic as-
sessment. This is especially important regarding IPH assessment
with standard field-of-view head and neck MR imaging coils be-
cause, despite the significant benefits of accessibility, speed, and
ease of implementation, these coils provide less spatial resolution
of the carotid artery than do multisequence, high-resolution tech-
niques with dedicated surface carotid coils.

Our results are consistent with recent literature showing MR
imaging of IPH to be associated with prior” and future ischemic
events.”'? The magnitude of the strength of association between
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imaging was performed outside of the

immediate 24 hours after stroke or TIA.
In a recent study of IPH in symptomatic carotid disease by use of
coronal T1-weighted fat-suppressed sequences to characterize
IPH, Hosseini et al® found that stroke risk with IPH was preserved
for at least 5 years. The presence of IPH long after stroke and its
ability to predict future stroke reinforce its potential value as a
robust biomarker of plaque vulnerability in carotid atheroscle-
rotic disease. Given the strong association between IPH and fu-
ture events by use of specialized techniques, our findings raise the
hope that routinely acquired imaging of the neck might play a role
in predicting future events.

Our study had limitations that should be considered. First, our
study was limited by a retrospective design, which could intro-
duce significant patient heterogeneity into our analysis and the
possibility that confounding vascular risk factors may be contrib-
uting to the differences present between groups. Despite this, de-
tailed vascular risk factors were collected and were found to be
similar between THIS-positive and THIS-negative groups, suggest-
ing a low risk for confounding bias. In addition, we screened
nearly 5000 MRA examinations to ensure a relatively homoge-
neous group of patients in stenosis severity (all =70%), in an
effort to minimize the effect that differences in the degree of ste-
nosis might have in a larger but more heterogeneous patient pop-
ulation. Second, a potential limitation was that IHIS could repre-
sent a combination of a lipid-rich necrotic core and IPH.'* The
existing data suggest that this, however, is not a significant limi-
tation because radiology-pathology correlation studies of 3D-
TOF techniques have yielded a good diagnostic accuracy of MR
imaging IPH classification compared with IPH determined from
surgical specimens at carotid endarterectomy.'? Furthermore, be-
cause both a lipid-rich necrotic core and IPH are considered
markers of plaque vulnerability,® definitive differentiation may be
of limited clinical relevance. Third, given the spatial resolution
limits of 3D-TOF MRA by use of a quadrature neck array coil,
confident differentiation of THIS from an area of ulcerated plaque
can be difficult. The effects of a quadrature neck array coil and its
diagnostic accuracy in IPH determination vs histopathologic as-
sessment are areas requiring further investigation. Fourth, our
study assessed stroke or TIA that occurred before imaging, and as
such, it remains unclear to what extent future events can be pre-
dicted by the use of this technique. We agree that validation of the
use of 3D-TOF source images as a risk stratification tool for stroke
will require a controlled prospective investigation. However, IPH
detected by both coronal black-blood gradient-echo® and dedi-
cated carotid-coil-dependent, high-resolution techniques'* has
been shown to predict future stroke or TTA in independent studies
in the literature. Because 3D-TOF source images have comparable
accuracy in the identification of IPH relative to these other tech-



niques, it is reasonable to hypothesize that THIS as determined on
3D-TOF MRA, a marker for IPH in our study, may have a similar
predictive capacity.

CONCLUSIONS

Our study demonstrates that routinely acquired, screening MRA
neck 3D-TOF source images, already widely used to measure lu-
minal stenosis, can detect IHIS, which is strongly associated with
prior ischemic events in patients with high-grade carotid artery
stenosis. The prospective validation of our findings, as well as
further histologic confirmation, may translate into regular re-
porting of IPH assessed by IHIS as a risk stratification tool to
complement measures of luminal diameter stenosis on neck
MRA.

Disclosures: Ajay Gupta—UNRELATED: Grants/Grants Pending: AUR GE Radiology
Research and Academic Fellowship,* Comments: Salary support provided by this
grant from 2012-2014. *Money paid to institution.
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CT Angiography Findings in Carotid Blowout Syndrome and Its
Role as a Predictor of 1-Year Survival

C.-W. Lee, C.-Y. Yang, Y.-F. Chen, A. Huang, Y.-H. Wang, and H.-M. Liu
O=

ABSTRACT

BACKGROUND AND PURPOSE: Carotid blowout is a serious late complication of prior treatment of advanced head and neck cancer. We
evaluate the efficacy of CTA in the diagnosis of impending carotid blowout syndrome in patients with head and neck cancer, and its
capability to predict clinical outcome.

MATERIALS AND METHODS: The clinical data of 29 patients with impending carotid blowout who underwent CTA were collected and
analyzed. Imaging signs included tissue necrosis, exposed artery, viable perivascular tumor, pseudoaneurysm, and contrast extravasation.
DSA was obtained in 20 patients. One-year outcomes were compared based on management.

RESULTS: The most common CTA finding was necrosis (94%), followed by exposed artery (73%), viable tumor (67%), pseudoaneurysm
(58%), and contrast extravasation (30%). Exposed artery, pseudoaneurysm, and contrast extravasation were the 3 CTA findings related to
outcomes. All of the pseudoaneurysm and contrast extravasation cases were associated with an exposed artery. An exposed artery was the
most important prognostic predictor and could not be diagnosed on DSA. Patients without the 3 findings on CTA (group 1) had the best
survival rate at 1-year follow-up, followed by patients with the 3 findings treated immediately by permanent artery occlusion (group 2).
Patients with the 3 findings who had no immediate treatment (group 3) had the worst outcomes (P < .001in group 1vs group 3 and group
2 vs group 3; P = .056 group 1vs group 2).

CONCLUSIONS: CTA, with its ability to diagnose an exposed artery compared with DSA, may offer important management and prog-
nostic information in patients with impending carotid blowout.

ABBREVIATIONS: CBS = carotid blowout syndrome; PAO = permanent arterial occlusion

Carotid blowout syndrome (CBS) is defined as rupture of the ~ 7.6-fold with further radiation therapy.> CBS typically occurs

carotid artery and its branches and is a serious complication ~ 2-20 years after surgery or radiation therapy,> and average esti-

after treatment of advanced head and neck cancer. Potential  mates of cumulative neurologic morbidity and mortality are

causes of CBS include radical resection, radiation therapy and
radiation necrosis, carotid exposure, wound infection, pharyngo-
cutaneous fistula, and recurrent or persistent carcinoma.! The
overall incidence of carotid blowout after neck dissection has been
reported to be as high as 4.3%, and the risk is increased another
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above 60% and 40%, respectively, in patients with CBS.° CBS can
be categorized into 1 of 3 categories: threatened, impending, and
acute carotid blowout." Threatened carotid blowout is defined as
physical examination or imaging results that suggest inevitable
hemorrhage from 1 of the carotid arteries or its branches if no
action is taken. Impending carotid blowout (also called sentinel
hemorrhage) is defined as transient hemorrhage that resolves
spontaneously or with packing or pressure. Acute carotid blowout
represents hemorrhage that cannot be controlled by packing or
pressure.’ Surgical management of carotid blowout is usually
technically difficult and is associated with high morbidity and
mortality rates."”>®” After surgical ligation or permanent arterial
occlusion (PAO) of the carotid artery, the incidence of immediate
or delayed cerebral ischemic complications can be as high as 15%—
20%.7*"'* The complication rate of a balloon occlusion test be-
fore PAO of the carotid artery is reported to be as high as 3.2%,



and it may be even higher in fragile postirradiation vessels.'> De-
layed ischemia after passing the balloon occlusion test is yet an-
other concern.'®'*'> Stent-graft deployment, with or without
coiling, is another endovascular treatment of CBS. Stent-grafting
can preserve the affected carotid flow but has a high rate of early
and delayed complications.’®'® No significant difference in
short-term outcome between stent-graft deployment and PAO
has been reported,”® and long-term results have not been
reported.'”

CTA has become widely available and is sensitive and specific
in the detection of hemorrhagic vascular disorders such as aneu-
rysms, arteriovenous malformations, dural arteriovenous fistulas,
and intracranial dissections. Contrast extravasation on CTA pre-
dicts hematoma expansion, mortality, and clinical outcome in
primary intracerebral hemorrhage.>' >° To our knowledge, there
have been no past reports about the use of CTA in the diagnosis of
CBS or as an outcome predictor. The aim of our study was to
evaluate the efficacy of CTA in the diagnosis of impending CBS,
and its capability to predict clinical outcome after management.

MATERIALS AND METHODS

This retrospective study was approved by our institutional review
board. We retrieved and reviewed the records of patients with
head and neck bleeding treated at our institution from July 2010—
October 2011. Patients were included if they had a history of head
and neck cancer and were treated with surgery and/or radiation
and/or chemotherapy, and had acute hemorrhage controlled with
pressure or packing (impending CBS).! Patients with bleeding
that resolved spontaneously or with acute massive bleeding that
needed immediate resuscitative therapy or embolization would
not have undergone CTA at our institution and were excluded.
Patients with bleeding that resolved spontaneously were closely
observed for 24 hours, and CTA was performed if rebleeding oc-
curred. The CTA findings, endovascular treatment, and outcomes
were recorded and analyzed.

CTA Imaging and Evaluation

CTA was performed with a single 64-detector CT scanner (Light-
Speed VCT; GE Healthcare, Milwaukee, Wisconsin). The routine
CTA protocol for head and neck bleeding included scanning 3
phases: the precontrast phase, the arterial phase, and the venous
phase. The scanning protocol was as follows: 64 X 0.625 collima-
tion, 0.516 pitch, 0.4-second rotational time, and 100 kVp; 200
mA was used for precontrast studies, and 400 mA was used for
arterial-phase and venous-phase studies. The coverage was from
the aortic arch to the lateral ventricle level. Dual injectors were
used. We measured the time of peak enhancement at the level of
the aorta first with the bolus tracing method. A total of 12 mL of
low-osmolarity contrast material was injected, followed by 16 mL
of normal saline at a rate of 4 mL/s, which was scanned at a 2-sec-
ond interval at the level of the ascending aorta. A total of 60 mL of
contrast material followed by 35 mL of normal saline at a rate of 4
mL/s was injected for the arterial-phase scan after a delay. The
venous phase was obtained 30 seconds after the arterial phase.
The acquired images were reconstructed into axial, coronal, and
sagittal images with 0.625-mm section thickness and stored. Max-
imal intensity projection images were reconstructed from sub-

tracted arterial-phase images. An experienced radiologist per-
formed DSA with a biplane angiographic unit. When CTA
indicated a treatment target, DSA was performed on the target
vessel first. The vertebral arteries and contralateral common ca-
rotid artery were checked after PAO. Routinely, a 5F catheter and
low-osmolarity contrast medium were used, and filming was per-
formed at a frame rate of 4 per second. The DSA was used as the
reference standard for the diagnosis of pseudoaneurysm and con-
trast extravasation in CBS. 3D rotational angiography was not
performed in CBS in order to save time. All CTA images and DSA
images were independently and retrospectively evaluated by 2 ex-
perienced neuroradiologists (C.-W.L. and H.-M.L. with 8 and 25
years of experience, respectively). The CTA and DSA interpreta-
tions were done separately, and readers were blinded to the result
of the other study. The CTA and DSA images were evaluated for
the following characteristics: 1) viable perivascular tumor, which
was defined as any enhancing soft tissue on CTA or tumor blush
anywhere on DSA; 2) tissue or tumor necrosis, which was defined
as an area with lack of contrast enhancement in the soft tissues of
the neck or tumor mass, adjacent to the suspect vessel; 3) contrast
extravasation, which was defined as leakage of contrast medium,
especially during the venous phase; 4) pseudoaneurysm, which
was defined as a focal bulging of more than 30% of the parent
arterial diameter; and 5) exposed artery, which was defined as
more than half of the arterial circumference involved by necrotic
tissue.

Interpretation was performed by use of the following se-
quence. MIP images were used to look for pseudoaneurysm and
extravasation first. Once contrast extravasation was found, the
bleeding point was detected by checking the sequential changes in
the arterial- and venous-phase images. Checking the necrotic
margin for identification of small pseudoaneurysms or exposed
arteries was particularly important. Viable tumor and necrosis
were reported as simply present or absent. Long segmental ex-
posed arterial branches were defined as a single exposed artery.
Pseudoaneurysms in a segmental exposed artery were counted as
a single pseudoaneurysm. If there were multiple pseudoaneu-
rysms or exposed arteries, they were reported separately. If there
was disagreement between the 2 readers, a consensus decision was
made after discussion.

Patient Treatment

At our institute, the choice of treatment for impending CBS was
PAO without a balloon occlusion test. Platinum coils were the
primary embolic material, and n-butyl-2-cyanoacrylate was used
only in small external carotid artery branch lesions. To save time
and avoid the danger of worse bleeding by using heparin, we did
not perform the balloon occlusion test before PAO. We did not
treat the impending CBS with stent-graft deployment. Long-term
results of treatment with a stent graft in impending CBS have not
been investigated and are therefore unknown.'®'® Perioperative
use of antiplatelets and anticoagulants in patients undergoing
stent-graft treatment was another concern. The timing of endo-
vascular intervention was dependent on the clinical presentation,
CTA findings, and patient and family decision. If a patient refused
endovascular treatment, palliative treatment was given. Palliative
treatment of patients with impending CBS who declined aggres-
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FIG1. A 52-year-old man with a history of oropharyngeal cancer. A, MIP CTA imaging performed after bleeding was controlled by local packing
shows contrast extravasation (arrow) from the common carotid artery near the bifurcation. B, Source image shows an exposed common carotid
artery (arrows) surrounded by necrosis. C, DSA done immediately after CTA does not show contrast extravasation. However, the possibility of

a further tamponade effect after CTA cannot be excluded in this case.

sive treatment included continuous pressure or packing, blood
transfusion, fluid supplement, and tracheostomy if necessary.

Patient Outcomes

Patients were evaluated for atleast 1 year after initial CTA or at the
last hospital visit unless death occurred. We divided the patients
into 3 groups according to the first CTA findings and treatment.
Patients were categorized into group 1 if the CTA did not show
pseudoaneurysm, extravasation, or an exposed artery, and they
were treated conservatively. Patients were categorized as group 2
if the CTA demonstrated a pseudoaneurysm, extravasation, or an
exposed artery, and they underwent immediate endovascular
treatment. Patients were categorized as group 3 if the CTA dem-
onstrated a pseudoaneurysm, extravasation, or an exposed artery,
and they received no or delayed endovascular treatment.

Statistical Analysis

The adjusted Wald method was used to estimate the 95% Cls of
the observed rates. The k statistic was used to analyze the interob-
server reliability. A value of 0.61-0.80 implied substantial agree-
ment, and a value of 0.81-1.00 implied almost perfect agreement.
The Kaplan-Meier survival curve with the pair-wise log-rank test
was used to assess the difference of survival among the 3 groups.
Survival was considered statistically different if P < .05.

RESULTS

From July 2010-October 2011, a total of 29 patients (2 women
and 27 men) with a mean age of 53.5 years (age range, 38—76
years) were treated for impending CBS and were included in this
study. Eighteen patients had received a radical neck dissection, 25
had received radiation therapy, 6 had received a second course of
radiation therapy, 22 had received chemotherapy, and 1 had re-
ceived photodynamic therapy. Four patients had a second CTA
for another bleeding episode 52 to 162 days after the first CTA.
Twenty patients had DSA after the first CTA, and 3 patients un-
derwent DSA after the second CTA. In total, 33 CTA examina-
tions were available for evaluation.
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CTA Imaging and Evaluation

The most common CTA imaging finding was necrosis (94%),
followed by an exposed artery (73%), viable tumor (67%), pseu-
doaneurysm (58%), and contrast extravasation (30%) (Figs 1 and
2). Contrast extravasation was more commonly found on the sec-
ond CTA. The prevalence of image findings is listed in Table 1.
Interobserver reliability showed almost perfect agreement regard-
ing viable tumor, pseudoaneurysm, contrast extravasation, and
exposed artery, and substantial agreement with respect to necrosis
(Table 2). All pseudoaneurysms and contrast extravasation were
associated with an exposed artery.

DSA and Management

Twenty-three DSA examinations were performed in 20 patients:
16 examinations were done within 6 hours after CTA, 6 were
performed between 6 and 24 hours after CTA, and 1 was per-
formed more than 24 hours after CTA. Two patients with a total
of 3 pseudoaneurysms refused to undergo DSA after CTA. Three
patients did not show evidence of pseudoaneurysm or extravasa-
tion on both the first CTA and DSA, but in 1 a pseudoaneurysm
was identified on the second CTA and DSA that were performed
90 days later. The diagnostic performance of CTA compared with
DSA in the detection of pseudoaneurysm and contrast extravasa-
tion was excellent. Comparison of both DSA and CTA results is
shown in Table 3. Only 1 pseudoaneurysm was identified on DSA
that was not seen on CTA; this occurred in a patient who had a
delayed DSA performed after rebleeding.

Four patients had exposed arteries (including 1 patient with 2
exposed arteries) and refused endovascular management (3 pa-
tients at the first episode of bleeding and 1 patient at the second).
One patient who received PAO died 63 days later as a result of
rebleeding, at which time he declined further treatment. Two pa-
tients with exposed arteries on CTA did not undergo emboliza-
tion immediately because their bleeding stopped before CTA, but
massive bleeding subsequently occurred. Although embolizations
were performed after resuscitation, they died at 7 and 18 days,
respectively, after PAO. Another 2 patients had cardiac arrest be-



FIG 2. A 42-year-old man with a history of nasopharyngeal cancer. A, MIP CTA image shows a pseudoaneurysm (arrow) at the right occipital
artery. B, Oblique reformatted image shows the pseudoaneurysm surrounded by necrotic tissue (star). Half of the circumference of the right
internal carotid artery (large arrow) is exposed to the necrotic tissue, and the unexposed vertebral artery (small arrow) is close to the necrotic
margin. C, DSA confirms the pseudoaneurysm of the occipital artery. The pseudoaneurysm is embolized with coils. At 64 days after treatment,
another blowout occurs. D, Oblique reformatted CTA image shows a newly developed pseudoaneurysm (large arrow) with extravasation from

the right vertebral artery (small arrow). E, DSA confirms the diagnosis.

Table 1: CTA findings in 29 patients with carotid blowout
syndrome

Table 2: Interobserver agreement of CTA findings in 29 patients
with carotid blowout syndrome

Imaging Finding AllCTA First CTA Second CTA Imaging Finding K 95% ClI
Necrosis Necrosis 0.785 0.38-1.00
Percentage (ratio) 94% (31/33) 93%(27/29) 100% (4/4) Viable perivascular tumor 0.864 0.68-1.00
95% Cl 0.79-0.99  0.77-0.99 0.54-1.00 Pseudoaneurysm 0.942 0.83-1.00
Viable perivascular tumor Contrast extravasation 0.932 0.80-1.00
Percentage (ratio) 67% (22/33) 66%(19/29)  75% (3/4) Exposed artery 0.807 0.60-1.00
95% ClI 0.50-0.80  0.47-0.80 0.29-0.97
Pseudoaneurysm
Percentage (ratio) 58% (19/33) 59%(17/29) ~ 50%(2/4) findings, including even 1 patient with negative DSA findings.
95% ClI 0.41-0.73 0.40-0.75 0.15-0.85 . .
e e ——— One patient had conservative treatment and was lost to follow-up
Percentage (ratio) 30% (10/33) 24%(7/29)  75%(3/4) after 190 days.
95% ClI 0.17-0.47 0.12-0.42 0.29-0.97
Exposed artery Patient Outcomes
Percentage (ratio) 73% (24/33) 69% (20/29) 100% (4/4) Five (17.5%) of the 29 patients had rebleeding 52 to 162 days after
95% Cl 0.56-0.85 0.51-0.83 0.54-1.00

fore CTA and died 1 and 11 days, respectively, after treatment.
Two of the 4 patients who refused PAO died from hemorrhagic
shock within 1 day, and the other 2 patients died 20 and 32 days,
respectively, later. All patients had PAO according to the CTA

the first CTA. Two had received conservative treatment, and 3
patients had received PAO after the first CBS. Four had CTA
studies that showed new and different segmental exposed arteries.
The survival curves of the 3 groups of patients with CBS are shown
in Fig 3. The median survival time was more than 365 days in
group 1 (n = 9), 141 days in group 2 (n = 15), and 18 days in
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Table 3: Comparison of the diagnosis between the 23 studies of CTA and conventional angiography in 20 patients with carotid blowout

syndrome
CTA
Pseudoaneurysm Contrast Extravasation Viable Perivascular Tumor Necrosis Exposed Artery
Positive Negative Positive Negative Positive Negative  Positive Negative Positive Negative
Positive results on DSA 17 1 6 1 5 0 0 0 0 0
Negative results on DSA 0 5 4 12 1L 7 23 0 20 3

FIG 3. Kaplan-Meier survival curves with pair-wise log-rank test show group 1 (blue, no pseu-
doaneurysm/extravasation/exposed artery on CTA) has the best survival rate, followed by
group 2 (green, with pseudoaneurysm/extravasation/exposed artery on CTA and treated by
permanent artery occlusion), and the worst survival is noted in group 3 (red, with pseudoaneu-
rysm/extravasation/exposed artery on CTA but not treated by permanent artery occlusion).

group 3 (n = 5). There were significant differences in survival
time between group 1 and group 3 (P < .001) and between group
2and group 3 (P <.001). The survival duration of group 1 tended
to be better than in group 2 but did not reach statistical signifi-
cance (P = .056). There was no significant difference in survival
duration between patients with (n = 19; median survival dura-
tion, 145 days) and without (n = 10; median survival duration, 74
days) visible viable tumors (P = .349), between patients with (n =
18; median survival duration, 145 days) and without (n = 11;
median survival duration, 74 days) radical neck dissection, be-
tween patients with (n = 25; median survival duration, 141 days)
and without (n = 4; median survival duration > 365 days) irra-
diation (P = .207), and between patients with (n=22; median
survival duration, 120 days) and without (n = 7; median survival
duration > 365 days) chemotherapy (P = .247). Only 2 patients
had no necrosis, and they both survived for more than 1 year.

DISCUSSION

In our study, we found that CTA has a high accuracy for the
diagnosis of impending CBS. Pseudoaneurysm, contrast extrava-
sation, and exposed arteries on CTA were the 3 main indicators
for aggressive treatment in patients with impending CBS. In pa-
tients with impending CBS with these 3 indicators, those treated
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with urgent PAO usually had a better out-
come than those who received no or de-
layed treatment.

In our series, only patients with im-
pending CBS underwent CTA, and the
percentage of those with contrast extrav-
asation was not high (24.1% on initial
CTA and 30% on all CTA). CTA showed
contrast extravasation in 9 of 21 pseudoa-
neurysms and 10 of 26 exposed arteries.
Among the 10 contrast extravasations
that were shown on CTA, only 6 were
identified on DSA, and 1 contrast extrav-
asation was shown on DSA but not on
CTA. This finding might be the result of
intermittent bleeding and/or different
timing of CTA vs DSA. Pseudoaneurysm
was the most consistent finding between
DSA and CTA. One pseudoaneurysm was
shown on DSA but not on CTA, and this
patient’s DSA was done with delay. This
result suggests that CTA is comparable to
DSA in the detection of pseudoaneurysm
in impending CBS. Necrosis and exposed
arteries were the 2 most common CTA
findings. An artery surrounded by ne-
crotic tissue is prone to the development
of a pseudoaneurysm and bleeding.>® DSA is essentially a study of
the lumen of the vessel, and when extraluminal necrosis is present
and is exposing the segmental artery, the lumen may appear angio-
graphically normal. In our series, all pseudoaneurysms and extrava-
sations were shown on an exposed arterial segment, and exposed
arteries could only be detected by CTA, not by DSA. We suggest that
an exposed artery is the most significant indicator on CTA for pa-
tients with CBS. DSA cannot detect an exposed artery and, in addi-
tion, might underestimate the extent of the lesion for PAO.

The overall incidence of recurrent CBS has been reported to be
26% and is mostly the result of progressive disease or treatment fail-
ure.”” The incidence of recurrent CBS has been described as similar
in patients who have undergone PAO or endovascular stent place-
ment.'®'” In our series, the rate of recurrent CBS was approximately
17.5%, which is less than that in other published reports. We per-
formed PAO according to CTA findings in the first CBS, and this
might decrease the rate of treatment failure and occlude the vessel to
a more accurate extent in our series. We recommend CTA to depict
an exposed artery in patients with impending CBS, if possible.

CTA can noninvasively demonstrate the current status of dis-
eased vessels without stroke risk in patients with episodic but
clinically stable CBS, and prognostic information is rapidly avail-



able. CTA can define groups of patients who had bleeding but do
not demonstrate the 3 indicators for urgent management (group
1). In this group, the outcome was relatively good even without
PAO, and we believe that treatment of patients with impending
CBS can be guided appropriately by CTA findings.

The survival duration was significantly better in group 1 than
in group 3, indicating that patients without the 3 indicators on
CTA had better outcomes than those with such indicators. The
survival time was significantly better in group 2 than in group 3,
indicating that the outcome in patients with impending CBS with
these 3 indicators who received PAO was better than in those who
received no or delayed treatment. The survival time was better in
group 1 than in group 2, though the difference was not statistically
significant. This finding indicates that PAO can improve the survival
time in patients with these 3 indicators, or the progression of disease
may cause new vascular lesions or death in both groups. A question
that warrants further study is whether PAO of a normal-appearing
artery very close to necrotic tissue can prevent bleeding in the future.

There were some limitations of our study that should be consid-
ered. This study was retrospective, and the number of patients was
small because impending CBS is not a common disease. We did not
perform 3D rotational angiography, which might have decreased the
sensitivity of DSA. In addition, diagnosis of the subtle exposed arter-
ies or small pseudoaneurysms on CTA is time consuming and expe-
rience dependent. Finally, we did not include patients with acute CBS
who required immediate PAO; thus, the results can be only applied to
patients who are relatively stable hemodynamically.

CONCLUSIONS

CTA demonstrates imaging findings not available with DSA that
have potentially useful prognostic information for patients with
impending CBS. Contrast extravasation, pseudoaneurysm, and
exposed artery were all associated with poorer outcomes, with an
exposed artery being the most significant predictor. Endovascular
treatment should be performed as soon as possible in patients with
impending CBS with these findings. If the above findings are absent,
then conservative treatment can result in acceptable outcomes.
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EXTRACRANIAL VASCULAR

Multilevel Assessment of Atherosclerotic Extent Using a
40-Section Multidetector Scanner after Transient Ischemic
Attack or Ischemic Stroke

L. Mechtouff, L. Boussel, S. Cakmak, J.-L. Lamboley, M. Bourhis, N. Boublay, A.-M. Schott, L. Derex, T.-H. Cho,
N. Nighoghossian, and P.C. Douek

ABSTRACT

BACKGROUND AND PURPOSE: The first part of this study assessed the potential of MDCT with a CTA examination of the aorta and the
coronary, cervical, and intracranial vessels in the etiologic work-up of TIA or ischemic stroke compared with established imaging methods.
The objective of the second part of this study was to assess the atherosclerotic extent by use of MDCT in these patients.

MATERIALS AND METHODS: From August 2007 to August 2011, a total of 96 patients with ischemic stroke or TIA without an evident
cardioembolic source were enrolled. All patients underwent MDCT. Atherosclerotic extent was classified in 0,1, 2, 3, and 4 atherosclerotic
levels according to the number of arterial territories (aortic arch, coronary, cervical, intracranial) affected by atherosclerosis defined as
=50% cervical, intracranial, or coronary stenosis or =4-mm aortic arch plaque.

RESULTS: There were 91 patients who had an interpretable MDCT. Mean age was 67.4 years (* 11 years), and 75 patients (83.3%) were men.
The prevalence of 0,1, 2, 3, and 4 atherosclerotic levels was 48.3%, 35.2%, 12.1%, 4.4%, and 0%, respectively. Aortic arch atheroma was found
in 47.6% of patients with 1 atherosclerotic level. The combination of aortic arch atheroma and cervical stenosis was found in 63.6% of
patients with =2 atherosclerotic levels. Patients with =2 atherosclerotic levels were older than patients with < 2 atherosclerotic levels
(P = .04) in univariate analysis.

CONCLUSIONS: MDCT might be useful to assess the extent of atherosclerosis. It could help to screen for high-risk patients who could

benefit from a more aggressive preventive strategy.

ABBREVIATION: ECG = electrocardiogram

Assessment of atherosclerosis from the heart to the brain in
patients with stroke may allow an optimal selection of high-
risk patients who could benefit from a more aggressive preventive
strategy. Several studies have evaluated the accuracy of MDCT
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with CTA examination of the aorta and coronary, cervical, and
intracranial vessels to detect atherosclerosis.'™

The first part of our study was a single-center, prospective,
open-pilot study that was designed to assess MDCT with a CTA
examination of the aorta and coronary, cervical, and intracranial
vessels in the etiologic work-up of TIA and acute ischemic stroke
compared with established imaging methods. Clinical and radio-
logic methods have been described elsewhere.® In brief, patients
28-90 years old who were admitted to the hospital for a recent
TIA or acute ischemic stroke without evident cardioembolic
source in the Lyon Stroke Unit between August 1, 2007, and April
30, 2008, were included in this study. The period of inclusion was
later extended to August 1, 2011. All patients had an MDCT ex-
amination with CTA of the aorta and coronary, cervical, and in-
tracranial vessels compared with transthoracic echocardiography
and transesophageal echocardiography, duplex ultrasonography
of the cervical vessels, and MRA of the cervical and intracranial
vessels. MDCT was not a part of the initial acute stroke assessment
but was done within 7 days. We obtained approval from our local
ethics committee and institutional review board and informed



consent from each patient. It has been demonstrated that MDCT
is feasible and accurate for the identification of stroke causes
though its sensitivity for the detection of minor cardiac sources is
limited.

The objective of the second part of our study was to assess
the global atherosclerotic extent by using MDCT in these
patients.

MATERIALS AND METHODS

Research Design

In the second part of our study, we used data collected in the first
part of the study.®

Imaging Protocols

We performed contrast-enhanced MDCT by using a Brilliance 40
scanner (Philips Healthcare, Best, the Netherlands), with
iomeprol (Iomeron 400; Bracco Diagnostics, Milan, Italy) in-
jected into the right cubital vein with an 18-gauge catheter. The
patient was placed in the supine, head-first position. A 2-step
protocol was performed: first, electrocardiogram (ECG)-gated
aortic and heart acquisitions were performed in the head-to-feet
direction, encompassing the aortic and heart area from the top of
the aortic arch to the diaphragm. The following parameters were
used: 40 detectors, individual detector width of 0.625 mm,
retrospective ECG gating, tube voltage of 120 kV, tube current
of 300 mAs, pitch of 0.2, and half-rotation reconstruction.
Iomeprol 70 mL and then saline solution 60 mL were injected
at 4 mL/s. A bolus-tracking method was used with an attenu-
ation threshold of 200 Hounsfield units in the ascending aorta.
Reconstruction parameters for the axial sections were a
1.5-mm effective section thickness, 1-mm increments, a recon-
struction filter Cardiac B, and an adapted field of view. Retro-
spective ECG-gated reconstruction was performed at 40% and
75% of the R-R interval. Then, 2 minutes later, a non—-ECG-
gated acquisition from the aortic arch to the vertex (approxi-
mately 50 cm) was performed with the following parameters:
feet-to-head direction, section thickness of 1.2 mm, pitch of
1.2, tube voltage of 120 kV, amperage of 300 mAs per section,
reconstruction filter B, and the bolus tracker set on the aortic
arch with an attenuation threshold at 200 Hounsfield units.
Iomeprol 50 mL and then saline solution 60 mL were injected
at 4 mL/s, for a total injected contrast material volume of 120
mL. The patient underwent imaging with the arms over the
head during the aortic and heart acquisitions and with the arms
at the sides during the second acquisition. General guidelines
for ECG-gated cardiac MDCT were followed regarding the
qualifications of the personnel, radiation dose monitoring, and
the safety rules for contrast agent and B-blocker administra-
tion.””® B-Blockers (esmolol hydrochloride; Brevibloc; Baxter,
Deerfield, Illinois) (0.5-1.0 mg per kilogram of body weight)
were administered intravenously, if necessary, when the heart
rate was higher than 80 beats per minute. CT was performed
even in cases of atrial fibrillation. The total radiation dose and
the heart rate of each patient during the examination were
recorded. The thyroid gland was irradiated once during the
acquisition from the aortic arch to the vertex.

Imaging Evaluation
The diagnostic work-up was focused on the following vascular
abnormalities by use of MDCT with CTA:

e Atherosclerotic lesion of the carotid arteries leading to =50%
stenosis. The degree of carotid stenosis was measured with the
North American Symptomatic Carotid Endarterectomy Trial
(NASCET) criteria.'® A measure (measure 1) was taken of the
diameter of the narrowest portion of the cervical ICA in the
axial plane. This was compared with the maximal diameter
(measure 2) of the cervical ICA distal to the carotid bulb at a
location in which the imaging plane was orthogonal to the ar-
tery, the arterial walls were parallel, and where there was no
arterial disease. The degree of cross-sectional stenosis was cal-
culated in percent as: percent stenosis (1—[measure 1/measure
2]) X 100%, analogous to the method used in NASCET. In
cases of poststenotic dilation of the ICA, we used as a denomi-
nator for the ratio calculation the diameter of the internal ca-
rotid well beyond the bulb, where the walls are parallel. Near-
occlusion cases were defined as the presence of notable stenosis
of the ICA bulb and distal ICA caliber reduction, compared
with 1) expected size, 2) the controlateral ICA, and 3) the ipsi-
lateral external carotid artery). In these cases, we did not do a
ratio calculation and arbitrarily assigned as 95% stenosis as es-
tablished in NASCET. %2

Atherosclerotic lesion of the vertebral arteries leading to =50%

stenosis
Aortic arch atheroma of > 4 mm

Intracranial artery stenosis =50%

Coronary artery stenosis =50%

Atherosclerotic extent was classified in 0, 1, 2, 3, and 4 athero-
sclerotic levels according to the number of arterial territories (aor-
tic, coronary, cervical, intracranial) affected by at least 1 vascular
abnormality as we described previously.

Statistical Analysis

Continuous variables were expressed as mean (standard devia-
tion), and categoric variables were expressed as percentages. We
compared continuous variables by using the ¢ test or the Mann-
Whitney test where appropriate, and categoric variables by using
the Pearson x? test or the Fisher exact test where appropriate. The
associations between atherosclerotic extent (< 2 vs =2 athero-
sclerotic levels) and main vascular risk factors were measured by
calculation of adjusted odds ratios and 95% confidence intervals
by logistic regression analyses.

Multivariable models were adjusted for age, sex, diabetes, hy-
pertension, dyslipidemia, and tobacco. The distribution of arte-
rial disease combinations in patients with =2 atherosclerotic lev-
els was compared by use of the Fisher exact test. A P value < .05
was considered statistically significant.

We performed statistical analysis by using STATA, version
11.0 (StataCorp, College Station, Texas) and R software, version
2.10.1 (http://www.r-project.org/).

RESULTS
Ninety-six patients were included. MDCT with CTA examination
of the heart, aorta, and the cervical and intracranial vessels was not
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Table 1: Demographic and medical data according to number of atherosclerotic levels in

91 patients

The prevalence of =4 mm aortic arch

Number of atherosclerotic

atheroma, =50% coronary artery steno-
sis, =50% cervical artery stenosis, and

levels 0 1 2

Number of patients, n (%) 44 (483%) 32(352%)  M(121%)
Age, y, mean (SD) 63.6(10.6) 701(10.3) 72.5(10.8)
Male sex, n (%) 6(837) 25(781)  10(90.9)
TIA, n (%) 27(628)  17(53)) 6(54.6)
Stroke
Initial NIHSS, mean (SD) 52(39)  77(54)  65(58)
Hypertension, n (%) 15(34.9) 16 (50.0) 5 (45.5)
LDL cholesterol, g/L 1.23(0.3) 120 (0.4) 114(0.3)
Smoking, n (%)

Former 7(16.3) 8(25.8) 3(27.3)

Current 11(25.6) 6(19.3) 2(18.2)

Never 25(581)  17(548)  6(54.6)
CRP, mg/L (%) 100(27.0) 6175  45(43)
Fibrinogen, g/L (%) 3.4(1.0) 3.6(0.8) 3.2(10)
History of vascular disease (%) 9(20.9) 11(35.5) 6 (54.6)

(i %) ':l =50% intracranial artery stenosis was
72.5(10.0) 674(11 0) 23.3%, 14.1%, 23.9%, and 13.6%, respec-
40100.0) 75(833)  tively (Fig1).
3(75.0)  53(58.9) Forty-four patients (48.3%) had no
atherosclerotic level. The prevalence of 1,
0‘; ?5)062)) 28] 829 )2) 2, 3, and 4 atherosclerotic levels was
150 (0.4') 12 (0.4) 35.2%, 12.1% 4.4%, and 0%, respectively.
Demographic and clinical data according
1(25.0) 9(21.4) to the number of atherosclerotic levels are
2(50.0)  21(236)  detailed in Table 2. Results did not differ
3'(1 E]zz)o) 43 §]595;)) according to diagnosis (TIA vs ischemic
36(0.3) 5(1.0) stroke) (P = .75). The number of athero-
0 6(29.2) sclerotic levels was not associated with

Note:—CRP indicates C-reactive protein; LDL, low-density lipoprotein; SD, standard deviation.

FIG 1. MDCT images (40 sections) show atherosclerosis of the aortic arch (A), internal carotid
artery (B), left middle cerebral artery (C), and circumflex coronary artery (D).

done or was not interpretable in 5 patients. The characteristics of
the remaining 91 patients are shown in Table 1. Mean age was 67.4
(=% 11.0) years, 75 patients (83.3%) were men, 38 (41.1%) were
diagnosed with ischemic stroke, and 53 (58.9%) were diagnosed
with a TIA. The mean radiation dose to the patients was 18.7
(£ 5.0) mSv.
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classic vascular risk factors besides age.
Patients with =2 atherosclerotic levels
were older than patients with < 2 athero-
.04). After adjust-
ment for main confounding variables,

sclerotic levels (P =

this association was not found.

Among patients with 1 atherosclerotic
level, 47.6% had =4 mm aortic arch ath-
eroma, 20.7% had =50% coronary artery
stenosis, 26.7% had =50% cervical artery
stenosis, and 26.7% had =50% intracra-
nial artery stenosis. Among patients with
2 atherosclerotic levels, 63.6% had both
=4 mm aortic arch atheroma and =50%
cervical artery stenosis. Among patients
50% had
both =4 mm aortic arch atheroma and

with 3 atherosclerotic levels,

=50% cervical and coronary artery steno-
sis. The distribution of artery disease
combinations in patients with =2 athero-
sclerotic levels was significantly different
(P = .022) (Fig 2). Aortic arch atheroma
=4 mm and =50% cervical artery steno-
sis were most often associated.

DISCUSSION

We have shown that 16.5% of patients
with stroke or TIA without evident car-
dioembolic source have =2 atheroscle-
rotic levels by use of MDCT. The combi-
nation of =4-mm aortic arch atheroma
and =50% cervical stenosis was more of-
ten found.

The extent of atherosclerosis is heavier
than in a previous study assessing 3 arte-
rial levels (aorta, coronary, and cervical
arteries) by use of a CTA protocol in patients with suspicion for
TIA or stroke.'” In this previous study, among 79 patients, 26
(33%) had 1 atherosclerotic level, mainly a =50% coronary artery
stenosis. Only 7 patients (9%) had at least 2 atherosclerotic
locations. The enrollment of patients with suspicion of TIA or
stroke confirmed in only 60% of cases and the lack of assess-



Table 2: Number of atherosclerotic levels and risk factors

Number of Atherosclerotic

Levels
<2 22 P Value

Number of patients 76 15
Age, y, mean (SD) 664(10.9)  72.5(10.2) .04
Sex

Female, n (%) 14 (18.4) 1(6.4) 45

Male, n (%) 61(813) 14(93.3)
Hypertension, n (%) 31(41.3) 7 (46.7) 77
Diabetes, n (%) 9(12) 0 34
LDL cholesterol (g/L), 122(0.4) 1.23(0.4) 9

mean (SD)

Smoking

Former, n (%) 15(20.3) 4(26.7) 75
Current, n (%) 17 (23.0) 4(
Never, n (%) 42 (56.8) 7(46.7)
CRP (mg/L), mean (SD) 8.4 (214) 4(3.8) .83
History of vascular disease, 20(27.0) 6 (40) .07
n (%)

Note:—CRP indicates C-reactive protein; LDL, low-density lipoprotein; SD, standard
deviation.

FIG 2. Arterial disease combinations in patients with =2 atheroscle-
rotic levels.

ment of the intracranial arteries might account for this
difference.

The association between aortic and cervical atherosclerosis
was not found by MDCT in this previous study (Adraktas et al)'?
but has been commonplace in studies using transesophageal
echocardiography and carotid ultrasonography in patients with
stroke.'*'® A prospective study and a case-control study have
shown that aortic plaques were more likely detected in patients
with stroke with =50% carotid artery stenosis compared with <
50% carotid artery stenosis.'*'> Similar results have been shown
with mobile thrombi. This association was also found in a third
study.'®

The distribution of atherosclerotic disease is in line with pre-
vious studies using MDCT in patients with stroke apart from cer-
vical stenosis. Studies have detected =50% intracranial artery ste-
nosis in 10% of cases'” and =4-mm aortic arch plaques in

4,18

approximately 20% of cases,"® which could have contributed to

stroke occurrence. Asymptomatic coronary artery disease has also

been detected in 18%—-37.5% of cases.'®** The prevalence of at
least 1 =50% cervical artery stenosis assessed by MDCT in pa-
tients with stroke is not available.

The main limitation of our CT protocol was the required ra-
diation dose. Despite an attempt to lower the dose by decreasing
the milliampere-second setting (from 300 mAs per section), the
retrospective helical mode we used for cardiac examination led to
high radiation exposure.

A MDCT protocol allows assessment of not only the aortic,
cervical, and intracranial arteries as a usual etiologic work-up of
TIA and stroke but also of the coronary arteries. The rate of car-
diac mortality is twice as high as cerebrovascular mortality in
patients with stroke.>>** Detection of asymptomatic coronary ar-
tery stenosis could lead to optimized preventive strategies. In-
deed, some anatomic patterns of coronary artery disease such as
significant left main stenosis or multivessel disease are strong in-
dications for revascularization.*

CONCLUSIONS

According to the 2 parts of our study, MDCT might be used si-
multaneously for the etiologic work-up of TIA and ischemic
stroke and for assessment of the extent of atherosclerosis. It could
help to screen for high-risk patients who could benefit from more
aggressive preventive strategies. More research is needed to assess
whether the extent of atherosclerosis is associated with classic vas-
cular risk factors and whether it could be an independent prog-
nostic factor regarding vascular outcome in patients with stroke.

Disclosures: Philippe Charles Douek—UNRELATED: Consultancy: Genfit; Grants/
Grants Pending: ANR*; Patents (planned, pending or issued): MR micro antenna
(2002) not related to the work; Payment for Development of Educational Presen-
tations: Philips, Comments: workshop on cardiac CT (image processing software in
demonstration during workshop); Travel/Accommodations/Meeting Expenses Un-
related to Activities Listed: Philips, Comments: Funding for travel to Radiological
Society of North America 2012. *Money paid to institution.

REFERENCES

1. Nonent M, Serfaty JM, Nighoghossian N, et al. Concordance rate
differences of 3 noninvasive imaging techniques to measure carotid
stenosis in clinical routine practice: results of the CARMEDAS mul-
ticenter study. Stroke 2004;35:682—86

2. Hamon M, Morello R, Riddell JW, et al. Coronary arteries: diagnos-
tic performance of 16- versus 64-section spiral CT compared with
invasive  coronary  angiography—meta-analysis.
2007;245:720-31

3. Nguyen-Huynh MN, Wintermark M, English J, et al. How accurate is
CT angiography in evaluating intracranial atherosclerotic disease?
Stroke 2008;39:1184—88

4. KoY, Park JH, Yang MH, et al. Significance of aortic atherosclerotic
disease in possibly embolic stroke: 64-multidetector row computed
tomography study. ] Neurol 2010;257:699-705

5. Wardlaw JM, Stevenson MD, Chappell F, et al. Carotid artery imag-
ing for secondary stroke prevention: both imaging modality and
rapid access to imaging are important. Stroke 2009;40:3511-17

6. Boussel L, Cakmak S, Wintermark M, et al. Ischemic stroke: etiologic
work-up with multidetector CT of heart and extra- and intracranial
arteries. Radiology 2011;258:206—12

7. Budoff MJ, Cohen MC, Garcia MJ, et al. ACCF/AHA clinical compe-
tence statement on cardiac imaging with computed tomography
and magnetic resonance. Circulation 2005;112:598—-617

8. Schroeder S, Achenbach S, Bengel F, et al. Cardiac computed
tomography: indications, applications, limitations, and training
requirements—report of a writing group deployed by the Working

Radiology

AINR Am J Neuroradiol 35:568-72  Mar 2014 www.ajnr.org 571



10.

11.

12.

13.

14.

15.

16.

17.

18.

572

Group Nuclear Cardiology and Cardiac CT of the European Society
of Cardiology and the European Council of Nuclear Cardiology.
Eur Heart ] 2008;29:531-56

. Weinreb JC, Larson PA, Woodard PK, et al. American College of

Radiology clinical statement on noninvasive cardiac imaging. Ra-
diology 2005;235:723-27

North American Symptomatic Carotid Endarterectomy Trial
(NASCET). Methods, patient characteristics, and progress. Stroke
1991;22:711-20

Bartlett ES, Walters TD, Symons SP, et al. Diagnosing carotid steno-
sis near-occlusion by using CT angiography. AJNR Am ] Neuroradiol
2006;27:632-37

Fox AJ. How to measure carotid stenosis. Radiology 1993;186:
316-18

Adraktas DD, Brasic N, Furtado AD, et al. Carotid atherosclerosis
does not predict coronary, vertebral, or aortic atherosclerosis in
patients with acute stroke symptoms. Stroke 2010;41:1604—09
Harloff A, Handke M, Geibel A, et al. Do stroke patients with normal
carotid arteries require TEE for exclusion of relevant aortic
plaques? ] Neurol Neurosurg Psychiatry 2005;76:1654—58
Demopoulos LA, Tunick PA, Bernstein NE, et al. Protruding athero-
mas of the aortic arch in symptomatic patients with carotid artery
disease. Am Heart ] 1995;129:40—44

Amarenco P, Cohen A, Tzourio C, et al. Atherosclerotic disease of
the aortic arch and the risk of ischemic stroke. N Engl ] Med
1994;331:1474-79

Homburg PJ, Plas GJ, Rozie S, et al. Prevalence and calcification of
intracranial arterial stenotic lesions as assessed with multidetector
computed tomography angiography. Stroke 2011;42:1244-50

Cho HJ, Lee JH, Kim Y], et al. Comprehensive evaluation of coro-

Mechtouff Mar 2014 www.ajnr.org

20.

21.

22.

23.

24.

25.

nary artery disease and aortic atherosclerosis in acute ischemic
stroke patients: usefulness based on Framingham risk score and
stroke subtype. Cerebrovasc Dis 2011;31:592—600

. Calvet D, Touzé E, Varenne O, et al. Prevalence of asymptomatic

coronary artery disease in ischemic stroke patients: the PRECORIS
study. Circulation 2010;121:1623-29

Hoshino A, Nakamura T, Enomoto S, et al. Prevalence of coronary
artery disease in Japanese patients with cerebral infarction: impact
of metabolic syndrome and intracranial large artery atherosclero-
sis. Circ ] 2008;72:404—-08

Yoon YE, Chang HJ, Cho I, et al. Incidence of subclinical coronary
atherosclerosis in patients with suspected embolic stroke using car-
diac computed tomography. Int | Cardiovasc Imaging 2011;27:
1035-44

Seo WK, Yong HS, Koh SB, et al. Correlation of coronary artery
atherosclerosis with atherosclerosis of the intracranial cerebral ar-
tery and the extracranial carotid artery. Eur Neurol 2008;59:292-98
Dhamoon MS, Sciacca RR, Rundek T, et al. Recurrent stroke and
cardiac risks after first ischemic stroke: the Northern Manhattan
Study. Neurology 2006;66:641—46

Touzé E, Varenne O, Chatellier G, et al. Risk of myocardial infarc-
tion and vascular death after transient ischemic attack and isch-
emic stroke: a systematic review and meta-analysis. Stroke
2005;36:2748-55

Wijns W, Kohl P, Danchin N, et al. Guidelines on myocardial
revascularization: Task Force on Myocardial Revascularization of
the European Society of Cardiology (ESC) and the European Asso-
ciation for Cardio-Thoracic Surgery (EACTS). Eur Heart ] 2010;31:
2501-55



ORIGINAL RESEARCH
HEAD & NECK

Clinical Significance of Trochlear Calcifications in the Orbit

K. Buch, RN. Nadgir, A.D. Tannenbaum, A. Ozonoff, A. Fujita, and O. Sakai

ABSTRACT

BACKGROUND AND PURPOSE: Trochlear calcification is frequently seen on CT scans that include the orbits, but prior studies linking this
finding to diabetes mellitus were based on selected populations by using relatively thick sections. We assessed the relationship between
trochlear calcification and diabetes mellitus and other chronic medical conditions in an unrestricted population by using thin-section CT.

MATERIALS AND METHODS: Noncontrast head CT studies performed consecutively on 1000 patients between January and February 2011
were retrospectively reviewed for the presence of trochlear calcifications. Axial 1.25-mm-thick images acquired by 64-detector row CT
were reviewed. Medical records were reviewed for chronic medical conditions, including diabetes mellitus, chronic kidney disease,
alcoholism, autoimmune conditions, endocrine disorders, serum calcium and alkaline phosphatase levels, and HIV status. Motion-limited
studies and patients with limited clinical data were excluded. Statistical analyses were performed by using the Fisher exact test.

RESULTS: Thirty-two patients were excluded from analysis. Of the remaining 968 patients, 128 had trochlear calcification (13%). No
significant association was observed between diabetes mellitus and trochlear calcifications in patients of any age (P = .40). There was no
significant correlation between trochlear calcifications and chronic kidney disease, alcoholism, endocrine disorders, or HIV infection.
Statistically significant associations among trochlear calcification, autoimmune conditions, and elevated alkaline phosphatase levels were
observed (P < .0001 and P < .0001, respectively).

CONCLUSIONS: On the basis of a large unrestricted population with thin-section CT imaging of the orbit, no significant association was
observed between trochlear calcifications and diabetes mellitus. A statistically significant association was observed between trochlear

calcification and autoimmune disease and elevated alkaline phosphatase levels.

ABBREVIATIONS: ALP = alkaline phosphatase; CKD = chronic kidney disease; DM = diabetes mellitus; SLE = systemic lupus erythematosus

he trochlea is a cartilaginous structure within the supero-

medial orbit that permits unimpeded movement of the su-
perior oblique tendon and sheath. Incidental calcification of
the trochlea is frequently seen on routine CT scans through the
orbit."® A prior study based on review of dedicated orbital CT
imaging linked the presence of trochlear calcification with di-
abetes mellitus (DM), particularly in patients younger than 40
years of age.' In daily practice, however, review of medical
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records in patients with trochlear calcification incidentally
seen on CT usually failed to reveal evidence of glucose intoler-
ance. While Ko and Kim? did not identify a similar association
in a small review of orbital CT examinations, they observed an
increased prevalence of trochlear calcifications in male pa-
tients. Cartilaginous and soft-tissue calcifications in other an-
atomic regions have been described in multiple prior studies in
patients with autoimmune disorders and chronic renal insuf-
ficiency and among patients with dysregulations in calcium-
phosphatase homeostasis.”

The purpose of this study was to examine the prevalence
and demographics of trochlear calcification in a large unre-
stricted patient population by using thin-section CT images
and to evaluate its clinical associations, if any. Specifically, we
looked for a correlation between the presence of trochlear cal-
cifications and common chronic medical conditions such as
DM, chronic kidney disease (CKD), alcoholism, autoimmune

conditions, endocrine disorders, and HIV infection.
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FIG1. Trochlear calcification. Axial CT images in soft-tissue (A) and bone (B) windows, and coronal CT image in a soft-tissue window (C) through
the level of the trochlea demonstrate bilateral trochlear calcifications in a 45-year-old man who underwent CT after a motor vehicle collision

and loss of consciousness.

MATERIALS AND METHODS

Following institutional review board approval, 1000 consecutive
patients who underwent a noncontrast head CT at our tertiary
health care center between January 2011 and February 2011 were
reviewed for the presence of trochlear calcifications, regardless of
the clinical indication prompting the CT examination. Reasons
for the CT scans were very broad, with the most common clinical
indications related to trauma, headache, and altered mental status.

Noncontrast head CT scans were axially acquired on 64-detec-
tor row CT scanners (LightSpeed VCT; GE Healthcare, Milwau-
kee, Wisconsin), and 5- and 1.25-mm-thick images were recon-
structed per our institutional clinical protocol. The trochlea was
included in all studies. The presence of trochlear calcifications was
independently verified by 2 readers on the 1.25-mm axial images,
and any discrepancies were resolved by consensus. Note was also
made as to whether calcifications were unilateral or bilateral.

The electronic medical records were subsequently reviewed in
all patients, and clinical parameters, including age, sex, presence
or absence of DM, HIV infection, renal disease, alcoholism, auto-
immune disorders, other endocrine disorders, and markers for
abnormal calcium-phosphatase homeostasis by using serum
markers including alkaline phosphatase (ALP) and serum cal-
cium levels, were recorded. Electronic medical records were re-
viewed for at least 1 year before the date of the CT scan for the
patients included in this study.

CKD was determined on the basis of review of patient medical
records documenting a diagnosis of CKD or by using the National
Kidney Foundation’s clinical practice guidelines for a diagnosis of
CKD.'? These parameters included abnormal serum creatinine or
glomerular filtration rate levels for a period of >3 contiguous
months. Patients presenting with acute renal failure were not in-
cluded in this analysis. A diagnosis of alcoholism was determined
by a review of the electronic medical records documenting a his-
tory of alcohol abuse. Determination of HIV status was made
through review of electronic medical records, including serology
data in addition to the primary care physician’s notes recording a
diagnosis of HIV infection. Autoimmune diseases were recorded
on the basis of a review of the electronic medical records docu-
menting a diagnosis of a rheumatologic condition in addition to
serologic testing data. Endocrine disorders were also determined
by a review of the electronic medical records containing a diagno-
sis of endocrine abnormality and laboratory data examining met-
abolic markers such as thyroid function tests and calcium and
prolactin levels.

574 Buch Mar2014 www.ajnr.org

Severely motion-limited studies, follow-up examinations if
performed in the same period, and patients with insufficient clin-
ical data were excluded. The prevalence of comorbidities was
compared across groups by using the Fisher exact test, and logistic
regression models were used to control for age and sex.

RESULTS

A total of 968 patients who underwent technically adequate head
CT imaging with corresponding medical records available were
included. Eleven patient head CT scans were excluded on the basis
of poor image quality due to motion artifacts, and 21 patients
were excluded for insufficient electronic medical records. This
study population consisted of 456 males and 512 females, ranging
in age from 1 month to 100 years (mean age, 53 years). Trochlear
calcifications were observed in 128 patients (Fig 1) and were bi-
lateral in 56 patients and unilateral in 72 patients.

Prevalence

The prevalence of trochlear calcifications was 13.2% (128/968).
The Table displays the prevalence of trochlear calcifications strat-
ified by patient age. There was no association between trochlear
calcifications and increasing patient age. Patients 11-20 years of
age had the highest prevalence of trochlear calcifications (23.1%),
followed by patients 31-40 years of age (20.2%). The youngest
patient with trochlear calcifications was 15 years of age. There
were 6 patients younger than 15 years of age, none of whom had
trochlear calcifications. Trochlear calcifications were slightly
more prevalent in male patients, occurring in 75 of the 128 pa-
tients with trochlear calcification (58.6%) compared with 53 fe-
male patients (41.4%). There was no statistically significant corre-
lation between trochlear calcification and sex, however (P = .06).

Diabetes Mellitus

The prevalence of DM in this study population was 24.1% (234/
968). Two hundred twenty-one of 234 patients (94.4%) had type
2 diabetes, compared with 14 patients (5.6%) with a diagnosis of
type 1 DM. Of 128 patients with trochlear calcifications, 26 had a
diagnosis of DM, of whom 23 had the diagnosis of DM type 2 and
3 had the diagnosis of DM type 1. Of the 840 patients without
trochlear calcifications, 209 patients had a diagnosis of diabetes.
After controlling for age and sex, there was no statistically signif-
icant association between DM and trochlear calcification (P =
.27, 0R = 0.76). Patient age of 54 years and older, but not patient
sex, was strongly associated with the prevalence of DM.



Prevalence of patients with trochlear calcifications stratified by patient age

each type of autoimmune condition in

Total No. Patients with Trochlear Prevalence of Trochlear this category, however, determination of

Patient Age (yr) of Patients Calcifications Calcifications (95% Cl) significant associations with trochlear

0-10 23 0 0.0% (-, -) calcifications could not be reliably

11-20 26 6 23.1% (9.8—44.1) assessed.

21-30 109 17 15.6% (9.6-24.)

31-40 104 21 20.2% (13.2-29.4) .

41-50 168 24 14.3% (95_207) Serum Calcium and ALP Levels

51-60 206 25 121% (8.2-17.6) Elevated ALP levels were observed in

61-70 128 15 1.7% (6.9-18.9) 21.5% of patients (209/968). Of the 209

71-80 N4 9 7.8% (3.9-14.9) patients with elevated ALP levels, 42 had

elie 65 o 13.8% (6.9-25.2) trochlear calcification. There was a

Older than 91 24 2 8.3% (1.5-28.5) - .

Total 968 18 13.2% (11.2-15.6) strong statistically significant correla-
tion between trochlear calcification and
elevated ALP levels (P < .0001, OR =

Alcoholism 1.87). Of the 128 patients with trochlear calcifications, none had

The prevalence of documented alcoholism in this study popula-
tion was 14.5% (140/968). Of 128 patients with trochlear calcifi-
cations, 21 had a diagnosis of alcoholism. After controlling for age
and sex, there was no statistically significant correlation between
trochlear calcifications and a diagnosis of alcoholism (P = .50,
OR = 1.19). Male sex, but not age, was strongly associated with
alcoholism.

HIV Infection

The prevalence of HIV infection in this study population was
3.6% (35/968). Of the 128 patients with trochlear calcifications, 4
had a diagnosis of HIV infection. After controlling for age and sex,
there was no significant association between patients with troch-
lear calcifications and a diagnosis of HIV infection (P = 1.00,
OR = 0.76). Male sex, but not age, was strongly associated with a
diagnosis of HIV infection (P = .002).

Chronic Kidney Disease

The most common etiologies of CKD in this study population
were hypertensive nephropathy and diabetic nephropathy. The
prevalence of CKD in this study population was 8.4% (81/968). Of
128 patients with trochlear calcifications, 9 had a diagnosis of
CKD. After controlling for age and sex, there was no significant
association between CKD and the presence of trochlear calcifica-
tion (P = .73, OR = 0.81). Increasing age, but not sex, was
strongly associated with CKD (P = .0001).

Autoimmune Diseases

Autoimmune diseases in this patient population included rheu-
matoid arthritis, systemic lupus erythematosus (SLE), Crohn dis-
ease, Sjogren syndrome, and scleroderma. Forty-eight of 968 pa-
tients (5.0%) included in this investigation had a history of an
autoimmune disease. The most common autoimmune disease
identified in this population was rheumatoid arthritis, observed
in 22 of 48 patients. Ten patients had SLE, 6 had Crohn disease, 5
had Sjogren syndrome, and 5 had scleroderma. Of the 128 pa-
tients with trochlear calcification, 17 had a diagnosis of an auto-
immune disease, including 6 with a history of rheumatoid arthri-
tis, 5 with SLE, 3 with Crohn disease, 1 with Sjégren syndrome,
and 2 with scleroderma. After we controlled for age and sex, there
was a statistically significant association between trochlear calci-
fications and a history of autoimmune disease (P < .0001, OR =
3.73). Given the relatively small number of patients included for

elevated serum calcium levels.

Endocrine Disease
The most common endocrine disorders included in this study
(excluding DM, which was analyzed separately) were hyperthy-
roidism, hypothyroidism, hyperparathyroidism, syndrome of
inappropriate antidiuretic hormone, diabetes insipidus, and
hyperprolactinemia.

Endocrinopathy other than diabetes was observed in 97 of 968
patients included in this investigation. Of these 97, thirty-eight
patients had hypothyroidism, 14 had hyperthyroidism, 3 had ac-
romegaly, 13 had hyperparathyroidism, 16 had hyperprolactine-
mia, 7 had syndrome of inappropriate antidiuretic hormone, and
6 had diabetes insipidus. Of the 128 patients with trochlear calci-
fication, 10 had a diagnosis of endocrine disease, including 7 pa-
tients with hypothyroidism, 2 patients with hyperthyroidism, and
1 patient with acromegaly. No patient with hyperparathyroidism,
hyperprolactinemia, syndrome of inappropriate antidiuretic hor-
mone, or diabetes insipidus had trochlear calcifications. After we
controlled for age and sex, there was no statistically significant
correlation between trochlear calcifications and endocrine dis-
eases (P = .75, OR = 1.44).

DISCUSSION

Trochlear calcifications have been reported in studies with con-
flicting data regarding the etiology and clinical association of
these calcifications with common medical conditions.”* Prior
studies postulated that calcification of the trochlea may be sec-
ondary to degenerative, inflammatory, metabolic, or posttrau-
matic etiologies.”

Hart et al' described a correlation between trochlear calcifica-
tions in patients younger than 40 years of age and DM." Ko and
Kim? subsequently found no correlation between trochlear calci-
fications and DM; however, they noted an increased prevalence of
trochlear calcifications in male patients. These studies were per-
formed by using thicker section CT images (3 mm in the study
performed by Hart et al and 2 mm reported by Ko and Kim) and
were performed in small, preselected populations of 159 and 216
patients, respectively, by using dedicated orbital CT studies in
patients with orbital symptoms and pathology."* Given that or-
bital symptoms and visual disturbances are common among pa-
tients with diabetes, these patient populations may be biased, with
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a higher prevalence of patients with diabetes among the patient
population compared with the general population.'**

In this investigation, the patient population consisted of con-
secutive patients who underwent noncontrast head CT imaging,
thereby removing the possibility of bias among patients present-
ing with specific orbital symptoms. The larger patient population
included in this study provides a broader assessment of trochlear
calcifications compared with previously published reports. Fur-
thermore, the thinner 1.25-mm CT sections allowed greater ac-
curacy of trochlear calcification identification.

The prevalence of trochlear calcifications in our study was
13.2% compared with 12% cited by Hart et al' and 16%, by Ko
and Kim.? No statistically significant correlation was observed
between trochlear calcifications and increasing patient age or sex.
A bimodal peak distribution was observed in patients with troch-
lear calcifications from 11 to 20 years of age and 31—40 years of
age. The youngest patient with trochlear calcifications was 15
years of age. These observations imply that the presence of troch-
lear calcifications is probably not related to a degenerative process
and is unlikely to be a congenital variant.

A statistically significant association was seen between a diag-
nosis of autoimmune disease and trochlear calcifications (P <
.0001). The numbers for each type of autoimmune disease in-
cluded in this study were small so that the evaluation of significant
associations between trochlear calcifications and specific autoim-
mune diseases was limited, so autoimmune diseases were ana-
lyzed collectively. Calcification and systemic deposition of cal-
cium salts have been described in multiple autoimmune diseases,
including scleroderma, dermatomyositis, rheumatoid arthritis,
Sjégren syndrome, and SLE, with a mean age of onset of 33.3
years.'>'* The deposition of calcification can be idiopathic, dys-
trophic, or due to calciphylaxis, and while the pathophysiology is
unclear, it is thought to relate to circulating chronic inflammatory
mediators.'>”

Case reports describe both focal and extensive systemic depo-
sition of calcification in patients with both rheumatoid arthritis
and SLE, with calciphylaxis described as a rare complication of
both diseases.!®>* SLE can lead to CKD, a well-known complica-
tion??; however, CKD was not independently associated with
trochlear calcifications. Widespread soft-tissue calcification in
chronic inflammatory autoimmune disorders such as Sjogren
syndrome, SLE, and rheumatoid arthritis has been de-
scribed.?°2*2>727 Very few case reports describe focal calcifi-
cations within the soft tissues of the head and neck, with the
exception of retropharyngeal calcific tendinitis and calcifica-
tion of the longus colli muscle in a patient with rheumatoid
arthritis.*® On the basis of the results of this investigation, it
appears that in addition to calcification within soft tissues pre-
viously described, trochlear calcifications may also be seen as
an associated finding in patients with autoimmune conditions.

A statistically significant association between the presence of
trochlear calcification and elevated ALP levels (P < .0001) was
observed in this investigation. Alkaline phosphatase levels were
evaluated in this patient population because they are an indirect
marker for bone turnover and metabolism and calcium homeo-
stasis. Increased vascular calcifications have been associated with
elevated ALP levels in patients with disturbances in mineral-bone
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metabolism.?*" Aberrations in ALP levels have been seen in pa-
tients with chronic inflammatory and autoimmune diseases.>**°
It is unclear as to whether these aberrations are due to circulating
inflammatory mediators directly related to the underlying disease
process versus abnormal bone-mineral metabolism resulting
from glucocorticoid therapy to treat these disorders.”*>*> Most
patients with elevated ALP levels did not have a coexistent auto-
immune disorder or another condition to explain these levels, but
nearly half (46.7%) of patients with an elevated ALP level and an
autoimmune disorder had trochlear calcifications. Despite the
statistically significant relationship between the presence of
trochlear calcifications and elevated ALP levels, the specific reason
for the relationship remains unclear because an isolated elevated
ALP level is quite nonspecific.

There was no evidence that trochlear calcification is associated
with other common medical conditions, including CKD, HIV
infection, endocrine diseases, and history of alcohol abuse.

CONCLUSIONS

Trochlear calcifications are not uncommon, with a prevalence of
13% and no sex predilection; they also appear to be acquired,
though not necessarily secondary to the aging process. On the
basis of review of an unrestricted population undergoing thin-
section CT imaging, we found no statistically significant associa-
tion between the presence of trochlear calcifications and other
common medical conditions, including DM, CKD, HIV infec-
tion, or a history of alcoholism. We did identify strong associa-
tions between the presence of trochlear calcifications and autoim-
mune disease and elevated ALP levels, but the reason for these
associations remains elusive and requires further investigation.

Disclosures: Osamu Sakai—UNRELATED: Royalties: McGraw-Hill Companies.
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Prevalence of the Polar Vessel Sign in Parathyroid Adenomas
on the Arterial Phase of 4D CT

M. Bahl, M. Muzaffar, G. Vij, J.A. Sosa, K. Roy Choudhury, and J.K. Hoang

ABSTRACT

BACKGROUND AND PURPOSE: The “polar vessel” sign has been previously described on sonography of parathyroid adenomas. We estimated
the 4D CT prevalence of the polar vessel sign and determined features of parathyroid adenomas that are associated with this sign.

MATERIALS AND METHODS: Twenty-eight consecutive patients with parathyroid adenomas underwent 4D CT between 2008 and 2012
at 2 institutions. 4D CT images were reviewed for the presence of the polar vessel sign and a second vascular finding of an enlarged
ipsilateral inferior thyroid artery. The polar vessel sign was correlated with adenoma weight and size and arterial phase CT attenuation.

RESULTS: Thirty-two parathyroid adenomas in 28 patients were studied, with a mean adenoma weight of 0.66 * 0.65 g, a mean maximal
CT diameter of 1.1 = 4.9 mm, and a mean arterial attenuation of 148 = 47 HU. The polar vessel sign was seen in 20/32 (63%) adenomas.
Adenomas with a polar vessel had higher arterial phase attenuation than adenomas without a polar vessel (163 and 122 HU, respectively, P <
.01). Size and weight were not significantly different for adenomas with and without polar vessels. An enlarged inferior thyroid artery was
seen in only 2/28 (7%) patients with unilateral disease.

CONCLUSIONS: The polar vessel sign was present in nearly two-thirds of parathyroid adenomas on 4D CT and was more likely to be
present in adenomas that had greater arterial phase enhancement. This sign can be used along with enhancement characteristics to
increase the radiologist’s confidence that a visualized lesion is a parathyroid adenoma rather than a thyroid nodule or lymph node.

D parathyroid CT is increasingly used for preoperative local-

ization of parathyroid adenomas. 4D CT was first described in
2006 and involves =2 contrast phases with high-resolution mul-
tiplanar images of the neck and upper chest.! The characteristic
features of parathyroid adenomas on 4D CT are low attenuation
on noncontrast imaging, peak enhancement on the arterial phase,
and washout of contrast on the venous phase.>™* These allow dif-
ferentiation between a parathyroid adenoma and its mimics, such
as thyroid nodules and lymph nodes.

Characteristic enhancement may not be evident in all cases
due to adenoma composition, small adenoma size, or suboptimal
arterial timing. In these cases, the radiologist must rely on his or
her knowledge of the expected locations of adenomas and mor-
phologic findings. A morphologic feature that has been previously
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described on sonography is a feeding artery (usually a branch of
the inferior thyroid artery) to the adenoma.>® Small arteries can-
not be seen on nuclear scintigraphy or MR imaging because of
lower spatial resolution, and they have not been described on
single venous phase CT, to our knowledge. In a recent review
article, the authors noted the presence of a “polar vessel” sign on
the arterial phase of 4D CT.* The polar vessel sign can represent
either an enlarged feeding artery or a draining vein seen on the
arterial phase of imaging, and it is characterized by a vessel that
terminates in a parathyroid adenoma and that is larger than con-
tralateral neck vessels in a similar location.

The purpose of this study was to estimate the prevalence of the
polar vessel sign on 4D CT and to determine features of parathy-
roid adenomas that are associated with this sign. We hypothesize
that a polar vessel may be more commonly seen in adenomas that
are larger or have more vivid arterial enhancement.

MATERIALS AND METHODS

Subjects

This was a retrospective study, from 2 institutions, of patients with
primary hyperparathyroidism who underwent 4D CT between Jan-
uary 2008 and December 2012 as a localization study before parathy-
roid surgery. The study was approved by the institutional review



board at both institutions and was compliant with the Health Insur-
ance Portability and Accountability Act. We identified patients at
both institutions by performing a radiology data base search of pa-
tients who had undergone 4D CT before surgery. Most 4D CT scans
were ordered when sonography and scintigraphy findings were dis-
cordant or negative; but in 6 cases, 4D CT was the first investigation.
Patients were excluded if the arterial phase scan was poorly timed
(venous attenuation greater than arterial attenuation) because the
polar vessel sign is only seen on arterial phase imaging. There were 34
patients with parathyroid adenomas. Six of the 34 were excluded due
to the absence of optimal arterial phase imaging, with excluded cases
more common in the first year of imaging due to development of the
protocols.

Hospital electronic medical records were accessed to obtain
the following information for each subject: basic demographics,
operative reports, and surgical pathology reports.

4D CT Imaging Technique

4D CT scans at our institutions were obtained on different scanner
types with different protocols. Studies at Duke University Medical
Center were performed on 64-row multidetector CT scanners (750
HD and LightSpeed; GE Healthcare, Milwaukee, Wisconsin), and
studies at Carle Foundation Hospital were performed on a 16-row
multidetector CT scanner (LightSpeed; GE Healthcare). All CT scans
included at least arterial and venous phase CT.

The current protocol at Duke University Medical Center consists
of 3 imaging phases. The first phase isa noncontrast CT to include the
thyroid gland; the z-axis is from the hyoid bone to the clavicular head.
The next 2 phases are contrast phases from the angle of the mandible
to the carina and are performed after intravenous administration of
75 mL of iopamidol (Isovue-300; Bracco, Princeton, New Jersey) via
a20-ga cannula in a right antecubital vein at a rate of 4 mL/s, followed
by a 25-mL saline chaser. Arterial phase images are acquired 25
seconds after the start of the injection, and the delayed (ve-
nous) phase images are acquired 80 seconds from the start of
the injection. The parameters for all 3 phases are the following:
0.625-mm section thickness; tube rotation time, 0.4 seconds;
pitch factor, 0.516:1; FOV, 20 cm; 120 kV(peak); and auto-
matic tube current modulation (Smart mA, GE Healthcare;
with noise index, 10; minimum 100 mA and maximum 700
mA). One-millimeter-thick contiguous axial images in all 3
phases are sent to the PACS for interpretation and to allow
manipulation of images on a 3D workstation. Reformatted im-
ages in the arterial phases are sent to the PACS as 2.5-mm-thick
contiguous images in the axial, coronal, and sagittal planes.

CT scans at Carle Foundation Hospital consist of arterial and
venous phases from the angle of the mandible to the carina and
are obtained after intravenous administration of 100 mL of iop-
amidol (Isovue-300) via a 20-ga cannula in the right antecubital
vein at a rate of 4 mL/s, followed by a 50-mL saline chaser. The
arterial phase is acquired 20 seconds after the start of the injection,
and the delayed (venous) phase is acquired 70 seconds from the
start of the injection. The parameters for both phases are the fol-
lowing: 0.625-mm section thickness; tube rotation time, 0.5 sec-
onds; pitch factor, 1.75:1, FOV, 20 cm; 120 kVp; and automatic
tube current modulation (Smart mA with noise index 11; mini-
mum 100 mA and maximum 440 mA). For interpretation,

1.25-mm reconstructed contiguous axial images and 1-mm-thick
sagittal and coronal reformatted images in arterial and venous
phases are sent to the PACS.

Image Interpretation
4D CT images were reviewed on a PACS workstation. Readers were
an attending neuroradiologist, a neuroradiology fellow, and a diag-
nostic radiology resident with 11, 5, and 2 years of CT experience,
respectively. Readers were given information about the location of
the parathyroid adenoma based on the surgical findings and were
asked to evaluate the CT scans for the presence of the polar vessel sign
and a second vascular finding of an enlarged ipsilateral inferior thy-
roid artery on the arterial phase images. Readers were not assessed on
their ability to detect the parathyroid adenoma because this was nota
study on the performance of 4D CT for localization. The 2 junior
readers were educated on how to recognize the vascular findings be-
fore starting the study. The polar vessel sign usually represents an
enlarged feeding artery; but when followed to the origin, it can also
represent a draining vein. It is characterized by a vessel that termi-
nates in the parathyroid adenoma and is usually larger than con-
tralateral neck vessels in a similar location (Figs 1 and 2). The polar
vessel can be tortuous (Fig 1). An enlarged inferior thyroid artery was
defined as increased enhancement or size of the artery on the side of
the parathyroid adenoma compared with the artery in the contralat-
eral neck (Fig 3). This was best assessed on axial and coronal images.
Note that Figs 1-3 are maximum-intensity-projection recon-
structions to display the polar vessel on a single image. The images
were not reviewed as maximum-intensity-projection images by the
readers in the study or in the clinical setting. The polar vessel sign was
assessed for all adenomas. The enlarged ipsilateral inferior thyroid
artery was only evaluated in cases with unilateral disease (ie, not cases
of bilateral multiglandular disease). The readers were not blinded to
the location and number of parathyroid adenomas because the pur-
pose of the study was not to determine the accuracy of 4D CT.
Other characteristics of the parathyroid adenomas, including lo-
cation, dimensions, and arterial phase imaging attenuation, were also
recorded. On arterial phase imaging, the mean attenuation was cal-
culated on the basis of 3 region-of-interest measurements within the
center of the parathyroid adenoma, avoiding cystic areas.

Data Analysis

The data were entered into an Excel spreadsheet (2007 Version; Mi-
crosoft, Redmond, Washington). Statistical analyses were performed
by using SAS Enterprise (Version 4.2; SAS Institute, Cary, North
Carolina) and the R package (www.r-project.org). Two-sample ¢
tests were used to compare features of parathyroid adenomas with
and without a polar vessel. The Fleiss k was calculated to determine
interrater agreement for the presence of a polar vessel and an en-
larged ipsilateral thyroid artery. Agreement was regarded as poor
with Fleiss k = 0.20, as slight with 0.21-0.40, as moderate with 0.41—
0.60, as substantial with 0.61-0.80, and as almost perfect with 0.81—
1.00.” P values < .05 were considered statistically significant.

RESULTS

Characteristics of Patients and Parathyroid Adenomas
The study population comprised 28 patients (24 females; mean
age, 60 years; range, 15—83 years). All patients had parathyroid
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FIG 1. A 69-year-old woman with a right parathyroid adenoma. Axial (A) and sagittal (B) arterial
phase images demonstrate an oval-shaped hyperenhancing adenoma posterior and inferior to
the lower pole of the right thyroid gland (straight arrows). A characteristic tortuous feeding

artery is seen at the superior aspect of the adenoma (arrowheads).

FIG 2. A71-year-old woman with a left parathyroid adenoma. Coro-
nal arterial phase image demonstrates a round hyperenhancing ade-
noma inferior to the lower pole of the left thyroid gland (straight
arrow). A characteristic feeding artery (arrowhead) is seen at the
superolateral aspect of the adenoma.

adenomas that could be identified on 4D CT in retrospect.
Twenty-four of 32 (75%) parathyroid adenomas were reported
prospectively in the radiology report. These cases represented
the initial 4D CT scans at both institutions after introducing
the protocol, and accuracy of localization was likely improved
with experience. Four of 28 (14%) patients had double adeno-
mas, and 2 of 28 (7%) had adenomas in ectopic locations (re-
tropharynx and carotid space). The 32 adenomas in 28 patients
had a mean weight of 0.66 *£ 0.65 g, a mean maximal CT
diameter of 11.1 = 4.9 mm, and a mean arterial attenuation of
148 = 47 HU.

Vascular Findings

The polar vessel sign was present in 23 (72%), 23 (72%), and 24
(75%) adenomas according to readers A, B, and C, respectively.
All 3 readers agreed on the presence of a polar vessel sign in 20 of
32 (63%) adenomas. At least 2 of 3 readers agreed on the presence
of a polar vessel sign in 24 of 32 (75%) adenomas. The Fleiss « (an
index of interrater agreement) was 0.68 (95% CI, 0.49-0.84),
which indicates substantial agreement.
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An enlarged inferior thyroid artery
was present in 2 (7%), 6 (21%), and 3
(11%) adenomas according to readers
A, B, and C, respectively. All 3 readers
agreed on the presence of an enlarged
inferior thyroid artery in 2 of 28 (7%)
patients with unilateral disease. At least
2 of 3 readers agreed on the presence of
an enlarged inferior thyroid artery in 3
of 28 (11%) patients. The Fleiss k was
0.58 (95% CI, —0.04-0.84), which indi-
cates moderate agreement.

Polar Vessel Sign and Parathyroid
Adenoma Characteristics

For this analysis, an adenoma was con-
sidered to have a polar vessel only if all 3
readers agreed on its presence. Adeno-
mas with a polar vessel had statistically significant higher arterial
phase attenuation than adenomas without a polar vessel (163 and
122 HU, respectively; P < .01). Adenomas with a polar vessel
trended toward higher mean maximum diameters than adeno-
mas without a polar vessel (12.4 and 9.0 mm, respectively), but
this difference was not statistically significant (P = .07). There
were no differences in gross pathologic weights of adenomas with
or without the polar vessel (0.62 and 0.80 g, respectively; P = .6).

DISCUSSION

We report the prevalence of the polar vessel sign on parathyroid
4D CT, as well as the features of parathyroid adenomas associated
with this sign. We found the polar vessel sign to be present in
nearly two-thirds of parathyroid adenomas on 4D CT and to be
more common in adenomas with greater arterial phase enhance-
ment. The sign is common and can be used along with enhance-
ment characteristics to increase the radiologist’s confidence that a
visualized lesion is a parathyroid adenoma.

Parathyroid adenomas can be difficult to differentiate from
thyroid nodules, level VI lymph nodes, or ectopic thyroid tissue.
Unlike parathyroid adenomas, lymph nodes and thyroid nodules
are less likely to have prominent feeding arteries or draining veins
that are visible on CT. We found the polar vessel sign to be con-
fidently seen on 4D CT in 63% of adenomas by all readers and up
to 75% of adenomas by 2 readers. Therefore, this sign can be
regarded as common and useful. The polar vessel alone is not
diagnostic of a parathyroid adenoma. In our clinical practice, the
other signs of parathyroid adenoma, such as shape and enhance-
ment, are used primarily to identify them. The presence of the
polar vessel sign does, however, increase the confidence that the
lesion is a parathyroid adenoma and may change the interpreta-
tion of “suspicious for parathyroid adenoma” to “in keeping with
parathyroid adenoma.”

Our results are in accordance with findings of a polar vessel in
the sonography literature. Lane et al® reported sonographic find-
ings of an extrathyroidal artery leading to a parathyroid adenoma
in 35 of 42 (83%) adenomas and found that the presence of an
extrathyroidal artery aided in the detection of an otherwise incon-
spicuous parathyroid gland in several patients. Wolf et al” identi-



FIG 3. A 70-year-old woman with a right parathyroid adenoma. A, Coronal arterial phase image
demonstrates an oval hyperenhancing adenoma in the right tracheoesophageal groove (straight
arrow). Coronal (A) and axial (B) images show an enlarged inferior thyroid artery (arrowheads)
arising from the right subclavian artery and terminating at the superior pole of the adenoma. Note

the normal contralateral inferior thyroid artery (curved arrows).

fied the presence of a demonstrable blood supply from the inferior
thyroid artery branches as a vascular arc surrounding the gland
from 90° to 270° in their series, 20 of 32 (63%) parathyroid ade-
nomas had a color arc. Scheiner et al® reported finding a vessel
draping over an adenoma in 65% of cases. The arterial phase of 4D
CT allows radiologists to see the CT correlate of this well-estab-
lished sonographic vascular finding.

We attempted to identify adenomas that were more likely to
have the polar vessel sign. The only characteristic that was
significantly more likely to have the polar vessel sign was
higher arterial phase attenuation. Higher CT attenuation or
enhancement is a marker of the blood supply of a tissue. Hy-
persecreting parathyroid glands have increased blood supply.®
In fact, periadenomal vessels were described in the angio-
graphic literature in the 1980s and accounted for the early
experience with angiographic ablation for the treatment of
parathyroid adenomas.”'® These vessels are theorized to be
enlarged normal vessels, parasitized by the parathyroid ade-
noma.'® Thus, adenomas that are more vascular and enhance
more on CT are more likely to have a visible polar vessel. An
alternate explanation for the polar vessel sign being present in ade-
nomas with higher arterial attenuation is related to the CT technique;
specifically, a CT scan with a more optimally timed arterial phase
would be more likely to show higher arterial phase enhancement of a
parathyroid adenoma along with its associated vessel.

There are several limitations to our study. The major limitation is
that the radiologists reading the scans knew that the adenomas were
present and therefore might be more likely to report the presence of a
polar vessel. The alternative of asking the readers to find the adenoma
and then the polar vessel sign would make the study significantly
more complicated, however, because we would be assessing the ac-
curacy of 4D CT for localization and the presence of the sign. This
assessment could lead to an underestimation of the sensitivity of 4D
CT because only 1 radiologist has the clinical experience to interpret
4D CT scans at the primary study institution. We thought readers of
all levels were capable of reporting the presence or absence of a polar
vessel sign in a known adenoma; thus, this study focuses on the prev-
alence of the polar vessel sign rather than its specificity and sensitivity

for diagnosing parathyroid adenoma. We
agree that in future studies, readers should
be blinded to the surgical results, and this
will be the focus of our future work.
Second, this was a retrospective clinical
series with a small study population. Small
study size may affect the estimate of the
prevalence of vascular findings and result
in type Il errors for the polar vessel associ-
ations, but it is reassuring to see that our
prevalence estimates are similar to those in
the sonography literature. Third, the CT
scans were from 2 different institutions
and were obtained with different proto-
cols during the study period. The variation
in scanning technique should not affect
the data collected for adenoma diameter
and arterial phase attenuation because all
patients had arterial phase CT imaging.

CONCLUSIONS

The polar vessel sign is present in nearly two-thirds of surgically
confirmed parathyroid adenomas on 4D CT and is more likely to
be present in adenomas that have greater arterial phase enhance-
ment. This sign may be used along with enhancement character-
istics to potentially increase the radiologist’s confidence that a
visualized lesion is a parathyroid adenoma rather than a thyroid
nodule or lymph node.
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Combination Therapy Consisting of Ethanol and
Radiofrequency Ablation for Predominantly Cystic
Thyroid Nodules

H.M. Yoon, J.H. Baek, J.H. Lee, EJ. Ha, ) K. Kim, J.H. Yoon, and W.B. Kim
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ABSTRACT

SUMMARY: Predominantly cystic thyroid nodules are often aspirated before radiofrequency ablation to enhance its efficacy; however
internal bleeding during the aspiration is a problem. We evaluated the feasibility and safety of ethanol ablation to controlinternal bleeding
that occurred during preparatory aspiration. Between September 2010 and August 2011, 11 of 40 predominantly cystic nodules bled
internally during fluid aspiration before radiofrequency ablation. To control the bleeding, 99% ethanol was injected. The efficacy of
ethanol in controlling bleeding, final nodule volume and complications were assessed. Control of the bleeding by ethanol ablation and
subsequent radiofrequency ablation was feasible in all patients. Ninety-one percent (10/11) could be treated in 1session. The mean nodule
volume dropped from 17.1 to 4.3 mL (P < .018). There were no major complications. Ethanol ablation and radiofrequency ablation
combination therapy is a feasible and safe technique for treating predominantly cystic thyroid nodules that exhibit internal bleeding
during preparatory aspiration.

ABBREVIATIONS: EA = ethanol ablation; RF = radio-frequency; US = ultrasound

Benign nodular thyroid disease is common, and 15%-25% of
solitary nodules are cystic or predominantly cystic on sonogra-
phy." Most cystic lesions are considered caused by the hemorrhage
and subsequent degeneration of pre-existing nodules.> In patients
with cosmetic or symptomatic problems, the initial procedure is the
simple aspiration of the cystic portion; this reduces the cyst volume
and aids in specific diagnosis, but it is associated with a high recur-
rence rate of up to 80%.>* For recurrent cases after aspiration, etha-
nol ablation (EA) has been attempted with good results.”®
Recently, radiofrequency (RF) ablation has been used to treat
benign thyroid nodules with a low complication rate,””'* includ-
ing thyroid nodules with a cystic portion®® and recurrent thyroid
cancers."” Although EA is effective for treating cystic and predom-
inantly cystic nodules, 5%-25% of patients are refractory to EA.
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For those refractory cases, EA has been re-attempted, but with a
marked decline in subsequent efficacy.'*'® EA has been used as a
first-line treatment for cystic thyroid nodules®'® however EA as
a first-line treatment is debatable for predominantly cystic thy-
roid nodules'>'”'® because the recurrence rate is >50% in these
nodules with solid components of >20%.

When treating predominantly cystic nodules by thermal abla-
tion, it is recommended that the internal fluid content be aspi-
rated before RF or laser ablation®'? because it is easier to treat
decompressed small nodules than larger ones.”” Internal hemor-
rhage can develop during the aspiration, however, and this bleed-
ing enlarges the nodule volume and has a heat sink effect that
could affect the efficacy of RF ablation.

In our clinic, predominantly cystic thyroid nodules that bled
internally after aspiration were injected with ethanol, after which
they were subjected to RF ablation. The aim of this study was to
evaluate the feasibility and safety of EA in controlling internal
bleeding during aspiration of the internal fluid of predominantly
cystic thyroid nodules before RF ablation.

MATERIALS AND METHODS
Patients
This retrospective study was approved by our institutional review
board. Informed consent for procedures was obtained from all
patients before each procedure.

Between September 2010 and August 2011, one hundred
thirty-one RF ablations of benign thyroid nodules were per-



formed in Asan Medical Center. Forty of these cases involved
patients with predominantly cystic nodules whose internal fluid
was aspirated before RF ablation. In 11 of these patients, each of
whom had 1 nodule, the cysts bled internally during the aspiration
of internal fluid, and they were enrolled in this study. We enrolled
3 men and 8 women with a mean age of 47.1 years (range, 30—69
years). All patients fulfilled the following criteria: 1) The cystic
portion of the nodule exceeded 50% of the nodule volume, 2)
there were thyroid nodule-related pressure symptoms or cos-
metic problems, 3) the serum thyroid hormone and thyrotropin
levels were within normal limits, 4) 2 separate ultrasound (US)-
guided fine-needle aspirations led to a cytologically confirmed
diagnosis of a benign lesion, and 5) there were no malignant fea-

tures on the US examination.?' %

Preablation Assessment

The US and US-guided fine-needle aspirations were performed by
2 radiologists (J.H.B. and J.H.L., who had 17 and 13 years of thy-
roid US experience, respectively). The US examinations were
performed by using 1 of 2 US systems equipped with a linear
high-frequency probe (5-14 MHz), namely, iU22 U (Philips
Healthcare, Bothell, Washington) or EUB-7500 U (Hitachi Med-
ical Systems, Tokyo, Japan). The size, volume, amount of solid
component, and vascularity of each nodule were assessed. The 3
orthogonal diameters of each nodule (the largest diameter and the
2 diameters perpendicular to it) were measured, and the volume
of each nodule was calculated by using the following equation:
V = mrabc / 6, where V is volume, a is the largest diameter, and b
and c are the 2 perpendicular diameters.*'*** Under US guid-
ance, 1 of the 2 radiologists performed fine-needle aspiration on
the solid component of each nodule. At enrollment, the patients
were asked to rate their symptom score on a 10-cm Visual Analog
Scale (0-10). The physicians recorded a cosmetic grade (1, no
palpable mass; 2, a palpable mass but no cosmetic problem; 3,
cosmetic problem on swallowing only; and 4, readily detected
cosmetic problem).>?>¢

Procedure

All procedures were performed under US guidance. Intravenous
sedatives or analgesics were not used before or during the proce-
dure. The patients were placed in a supine position with mild
neck extension. After skin sterilization and anesthesia with 2%
lidocaine at the puncture site, a 16- or 18-ga needle was inserted
into the cystic portion of the thyroid nodules through the isthmic
area (this is the so-called transisthmic approach) to prevent leak-
age of fluid or ethanol.®'®>> After the needle tip was placed into
the cystic portion, as much of the internal fluid as possible was
aspirated. If active bleeding was detected during the aspiration of
the internal fluid, the aspiration was stopped and 99% ethanol
was injected slowly into the cystic space to control the bleeding
(On-line Video). The injected volume of ethanol corresponded
to approximately 50% of the aspirated fluid volume. After 2
minutes of ethanol retention, as much of the injected ethanol
as possible was removed."® After real-time US confirmed that
the bleeding had stopped, RF ablation was initiated. On the
basis of previous experience, the RF ablation was performed by
using a transisthmic approach and the moving-shot tech-

nique.® ®1%1317:25-27 Eor this, an 18-ga 7-cm-long monopolar
modified internally cooled electrode (Well-Point RF electrode;
Taewoong Medical, Kimpo, Korea or VIVA; STARmed, Gyeo-
nggi, Korea) with a 1- or 1.5-cm active tip and a 200-W RF
generator (VIVA RF Generator; STARmed) was used.

When RF ablation was started with the 11 patients, echogenic
bubbles developed much faster than would normally occur.
This phenomenon was due to the remnants of ethanol in the
nodule that had diffused into the septate cystic portion (On-line
Video). The moving-shot technique used for thyroid RF abla-
tion”®1%28-3% was first proposed by Baek et al,*® who suggested
that the thyroid nodule should be divided into multiple concep-
tual ablation units that would each undergo RF ablation; this
was achieved by moving the electrode tip. Because the concep-
tual units are smaller at the periphery of the nodule and larger
in the center of the nodule, the electrode tip was initially posi-
tioned in the deepest, most remote portion of the nodule where
there were no disturbances caused by microbubbles; this posi-
tioning facilitated the monitoring of the electrode tip. RF ab-
lation was terminated when all conceptual units of the targeted
nodule had changed into a transient hyperechoic zone. Ad-
verse events during and immediately after the procedure were
recorded. After RF ablation, the patient was observed for 1-2
hours in the hospital.

Follow-Up and Analysis

At 1, 6, and 12 months after RF ablation and every 6—12 months
thereafter, the clinical symptoms and cosmetic problems of all
patients were re-evaluated. US examinations were also per-
formed; changes in the amounts of the cystic portion, the internal
vascularity, the echogenicity, the size, and the volume of the nod-
ules were recorded. The efficacy of RF ablation was determined by
measuring the volume reduction of the treated thyroid nodules
and by assessing changes in the symptoms and cosmetic prob-
lems. Therapeutic success was defined as a nodule volume reduc-
tion >50%. Adverse events during the follow-up period were
also recorded. Recurrence was defined as an increase in nodule
volume by >50% relative to the volume recorded by US
previously.?!

Statistical Analysis
All statistical analyses were performed by using the Statistical

Package for the Social Sciences for Windows (Version 18.0;
IBM, Armonk, New York). The Wilcoxon signed rank test was
used to evaluate the efficacy (changes in the largest diameter,
the volume, and the cosmetic and symptom scores) of RF ab-
lation at the 1-month, 6-month, and last follow-up visits.

RESULTS

After EA, the active bleeding stopped in all patients and US con-
firmed that there was no blood collection within the thyroid nod-
ule. The efficacy of RF ablation is summarized in the Table. The
mean follow-up period was 11.4 = 6.7 months (range, 6—24
months). The mean largest diameter decreased from 4.1 = 1.3 cm
(range, 2.4—7.1 cm) before treatment to 2.3 * 0.6 cm (range,
1.3-3.0 cm) at the last follow-up (P = .003), and the mean volume
dropped from 17.1 = 16.9 mL (range, 2.9-59.0 mL) to 2.6 = 2.1
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mL (range, 0.2-6.9 mL) at the last follow-up (P = .005). At the
1-month, 6-month, and last follow-up visits, the mean volume
reduction percentages were 52.9%, 75.6%, and 81.0%, respec-
tively. Therapeutic success was achieved in all patients. The
mean cosmetic score decreased from 4.0 before treatment to
2.8 * 1.0 (range, 1-4) at the last follow-up (P = .01). The
mean symptom score dropped from 2.7 = 1.5 (range, 1-5)
before treatment to 1.1 * 1.0 (range, 0—4) at the last follow-up
(P = .011). The follow-up US examinations indicated well-
treated nodules that no longer had a cystic portion and whose
echogenicity of the solid portion and intranodular vascularity
was decreasing (Fig 1).

The mean number of ablation sessions was 1.2 = 0.6 (range,
1-3): Ten patients had 1 session, while the remaining patient had
3 sessions. The latter patient had a large initial thyroid nodule

Efficacy of ethanol and RF ablation combination therapy®

Initial Last Follow-Up P Value
Largest diameter (cm) 41+13 23+06 .003
Volume (mL) 1712169 2.6 =21 .005
Cosmetic score 40*0 28+10 .01
Symptom score 27 *15 11£10 .on
Volume reduction (%) - 81 -
Therapeutic success (%)° - 100 -

?Values are means.
® Therapeutic success is volume reduction >50%.

volume of 37.3 mL. The mean ablation time and power were 6.3 =
3.0 minutes (range, 3—12 minutes) and 57.3 * 24.9 W (range,
30-120 W), respectively. The mean total energy deposition was
21,218.2 * 11,523.7 J (range, 7800—36,000 J). The mean energy
delivered per milliliter of pretreatment nodule volume was
2013.3 = 1228.3 J (range, 684.2—4230.8 J). The mean volume of
aspirated internal fluid was 8.8 = 9.3 mL (range, 2—35 mL), while
the mean amount of ethanol that was injected was 5.1 = 5.7 mL
(range, 1-20 mL).

There were no major complications, such as voice changes,
skin burn, hematoma, esophageal injury, tracheal injury, or infec-
tion, either during the procedure or in the follow-up period. Dur-
ing RF ablation, most patients reported pain and a sensation of
heat in the neck that radiated to the head, shoulders, teeth, and
chest. The symptoms were relieved by reducing the RF power or
stopping the ablation for several seconds. All patients tolerated
the RF ablation procedure well.

DISCUSSION

The present study showed that EA effectively controlled the post-
aspiration hemorrhage in all patients. The RF ablation, after
bleeding control was achieved, significantly reduced the nodule
volume and relieved the symptomatic and cosmetic problems. In
addition, 91% (10/11) of the patients could be treated by 1 RF
session, and there were no recurrences during the follow-up pe-

FIG1. A59-year-old female patient who presented with a bulge in the neck. A, Transverse US images at presentation show a thyroid nodule with
acystic portion in the right thyroid gland. The initial volume of the nodule was 11.4 mL. B, On Doppler US, increased vascularity in the solid portion
of the nodule was also noted. C and D, After active bleeding was controlled by EA and RF ablation was performed, the volume of the ablated
nodule decreased gradually to 2.8 and 0.9 mL at the 6- and 12-month follow-up US examinations, respectively. At the 12-month follow-up visit,

the volume had been reduced by approximately 92%.
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riod. There were also no complications that related to the EA or
RF ablation.

Initial nodule volume can be a risk factor for poor volume
reduction by RF and the need for additional RF treatment ses-

sions. Huh et al*°

reported that an initial nodule volume larger
than 20 mL required additional RF ablation to achieve satisfactory
clinical results. Moreover, Jeong et al® reported that thyroid nod-
ules with a mean volume of 6.1 mL required an average of 1.4
treatment sessions, while Lim et al®' reported that thyroid nod-
ules with a mean volume of 9.8 mL required 2.2 treatment ses-
sions on average. These results indicate that smaller thyroid nod-
ules can be treated with fewer sessions. In the present study, the
mean nodule volume was larger (17.1 mL) than the mean volumes
in the other RF studies (6.1-9.8 mL).>*" Nevertheless, 91% (10/
11) of patients could be treated in a single RF session; in addition,
there were no recurrences during the mean follow-up period of
11.4 months. As a result, the mean treatment session number in
this study was smaller (1.2) than the numbers in other studies
(1.4-2.2). The present study differed from the preceding studies
in that the internal fluid was aspirated to reduce the nodule vol-
ume with the aim of reducing the number of treatment sessions.
The results indicate that this approach was successful. However,
active bleeding can be triggered by the aspiration, and this can
create an important technical problem: It can cause sudden en-
largement of the thyroid nodule and the heat sink effect of the
blood can make RF ablation ineffective. The present study showed
that EA successfully controlled active bleeding during aspiration
and that nodule volume was effectively reduced before RF
ablation.

The reduction in nodule volume after RF ablation has been
found to range from 33% to 58% at 1 month and from 51% to
92% at 6 months.”® Jeong et al® reported that after a mean fol-
low-up period of 12 months, the mean volume reduction was
84.1% and that 70.2% of the nodules could be treated by a
single treatment session. In the present study, the mean fol-
low-up period was 11.4 £ 6.7 months, the mean volume re-
duction was 81.0%, and 91% (10/11) of the nodules could be
treated by a single session. Therefore, our results are compara-
ble with those of previous studies with fewer treatment ses-
sions. In addition, there was 100% technical success and no
major complications.

RF ablation combined with EA has been used for hepatocellu-
lar carcinomas in high-risk locations, and 2 studies have shown
that this combination is more effective and safe than RF ablation
alone.’>?? In these studies, the principal role of ethanol was to
induce a larger necrotic area and to minimize complications.>*>*
To our knowledge, the present study is the first to examine the
efficacy of the combination of these 2 modalities in treating pre-
dominantly cystic thyroid nodules.

The present study has several limitations. First, it had a retro-
spective design, but a standard technique was used to control
active bleeding during the RF ablation. Second, the number of
cases was small, and the follow-up period was short. Third, there
was no control group. Further prospective studies are required to
verify the value of the current study.

CONCLUSIONS

EA is a feasible and safe technique for controlling the active bleed-
ing of predominantly cystic thyroid nodules that can occur when
internal fluid is aspirated before RF ablation, allowing RF ablation
to proceed in a single session in most instances.
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Left Hemisphere Diffusivity of the Arcuate Fasciculus:
Influences of Autism Spectrum Disorder and

Language Impairment

T.P.L. Roberts, K. Heiken, D. Zarnow, J. Dell, L. Nagae, L. Blaskey, C. Solot, S.E. Levy, J.I. Berman, and J.C. Edgar

ABSTRACT

4 O=

BACKGROUND AND PURPOSE: There has been much discussion whether brain abnormalities associated with specific language impair-
ment and autism with language impairment are shared or are disorder specific. Although white matter tract abnormalities are observed in
both specific language impairment and autism spectrum disorders, the similarities and differences in the white matter abnormalities in
these 2 disorders have not been fully determined.

MATERIALS AND METHODS: Diffusion tensor imaging diffusion parameters of the arcuate fasciculus were measured in 14 children with
specific language impairment as well as in 16 children with autism spectrum disorder with language impairment, 18 with autism spectrum
disorder without language impairment, and 25 age-matched typically developing control participants.

RESULTS: Language impairment and autism spectrum disorder both had (elevating) main effects on mean diffusivity of the left arcuate
fasciculus, initially suggesting a shared white matter substrate abnormality. Analysis of axial and radial diffusivity components, however,
indicated that autism spectrum disorder and language impairment differentially affect white matter microstructural properties, with a
main effect of autism spectrum disorder on axial diffusivity and a main effect of language impairment on radial diffusivity.

CONCLUSIONS: Although white matter abnormalities appear similar in language impairment and autism spectrum disorder when exam-
ining broad white matter measures, a more detailed analysis indicates different mechanisms for the white matter microstructural anom-

alies associated with language impairment and autism spectrum disorder.

ABBREVIATIONS: AD = axial diffusivity (A,) [where A;, A,, and A; are the eigenvalues of the diffusion tensor]; ASD+LI = autism spectrum disorder with significant
clinical language impairment; ASD—LI = autism spectrum disorder without language impairment; CELF-4 = Clinical Evaluation of Language—Fourth Edition; FA =
fractional anisotropy; MD = mean diffusivity (A, + A, + A3)/3 [where A, A, and A; are the eigenvalues of the diffusion tensor]; RD = radial diffusivity (A, + A3)/2 [where

Ay, Ay, and A; are the eigenvalues of the diffusion tensor]; SLI = specific language impairment

S imilarities and differences in the biologic “substrates” of lan-
guage impairment (LI) in patients with specific language impair-
ment (SLI) and in language-impaired patients with autism spectrum
disorder (ASD) have been the subject of debate for nearly 30 years."
Some argue that the LI observed in both disorders is similar in na-
ture.>” Supporting this view, adolescents with a history of SLI have a
10-fold increased risk for ASD.* These 2 groups also share anatomic
and electrophysiologic abnormalities. For example, patients with SLI
and those with ASD with LI (ASD+LI) both have reversed asymme-
try in frontal language-related cortex” as well as delayed auditory-
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evoked mismatch fields.® Thus, part of the motivation of our present
study is to identify neural substrates that support language and that
are shared in SLI and ASD+LI.

Other evidence, however, suggests that the 2 disorders are dis-
tinct. For example, children with SLI make different types of errors
than children with ASD+LI in nonword repetition tasks.” Studies
examining the superior longitudinal fasciculus, a major white matter
pathway connecting the Broca and Wernicke areas and subserving
language function, also suggest that SLTand ASD+ LI are distinct. For
example, in 2012 Verhoeven et al' found that whereas DTI fractional
anisotropy (FA) measures of the superior longitudinal fasciculi were
reduced in participants with SLI compared with age-matched con-
trol participants, FA differences were not observed between partici-
pants with ASD+LI and age-matched control participants (differ-
ences in ADC, a measure equivalent to mean diffusivity [MD], were
also not found between any of the groups). This SLI and ASD+LI
white matter difference might be interpreted as suggesting a neuro-
biologic abnormality unique to SLI.

Recently, our group demonstrated elevated MD of the left hemi-
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sphere superior longitudinal fasciculus in ASD vs typically develop-
ing control participants, with group differences exacerbated by the
degree of LI in ASD participants.® To further investigate the above
issues, in our present study, diffusion parameters of the superior lon-
gitudinal fasciculus in SLI were compared with typically developing
and both ASD groups examined in Nagae et al.* Given that in the
study by Nagae et al® group differences were most pronounced in the
arcuate fasciculus, an area that corresponds with the temporal aspect
of the superior longitudinal fasciculus, analyses focused on DTI pa-
rameters in this superior longitudinal fasciculus subregion.

It has been hypothesized that similarities in left hemisphere
MD elevation in ASD+LI and SLI would be revealed in a main
effect of LI. However, given an elevation in MD, even without LI,
as reported by Nagae et al,® the possibility of a main effect of ASD
per se was also considered. Although the MD results in the typi-
cally developing and ASD groups have been reported by Nagae et
al,® in our study, this previous work was extended by incorporat-
ing the SLI cohort. Furthermore, and importantly, to probe a
mechanistic underpinning of MD observations, and to identify
potential differences in the cause of MD elevation, closer exami-
nation of the axial diffusivities (ADs) and radial diffusivities
(RDs) was attempted as functions of LI, and of a diagnosis of ASD.

MATERIALS AND METHODS

Some DTI analyses of the typically developing and ASD groups in
our study have been reported previously.® In addition, magneto-
encephalography measures of the M100 auditory response and
the magnetic mismatch field have been previously reported for all
participants.*>'® All studies were performed with permission
from our institutional review board, with the written informed
consent of a parent and assent from participants.

Participants

Fourteen children with SLI (mean age, 9.73 = 2.69 years; 8 boys)
were recruited from the Center for Childhood Communication at
the Children’s Hospital of Philadelphia. Thirty-four participants
with ASD were recruited through the Regional Autism Center at
the Children’s Hospital of Philadelphia: 16 with concomitant LI
(mean age, 9.80 = 2.57 years; 14 boys), and 18 without LI (mean
age, 11.47 * 3.25; 16 boys). A cohort of 25 age-matched control
participants was also included (mean age, 11.42 = 2.92 years, 16
boys). Groups did not differ in age (P > .05).

Speech-language pathologists and neuropsychologists completed
diagnostic and language assessments. Details of the inclusion and
exclusion criteria for each group are reported in previous stud-
ies.>®'° Language was assessed by use of tests including the Clinical
Evaluation of Language Fundamentals—Fourth Edition (CELE-4)"!
and the Comprehensive Test of Phonological Processing.'* All re-
ferred ASD participants had a prior diagnosis of ASD, which was
confirmed by the Autism Diagnostic Observation Schedule," the
Krug Asperger’s Disorder Index,'* the Social Responsiveness Scale,'®
and parent report on the Social Communication Questionnaire.'®
Global intelligence and academic achievement were assessed by use
of the Wechsler Intelligence Scale for Children—Fourth Edition'”
and the Wechsler Individual Achievement Test—Second Edition.'®
All participants had a score of at least 75 on either the Perceptual
Reasoning Index or Verbal Comprehension Index of the Wechsler
Intelligence Scale for Children—Fourth Edition.
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Imaging

DTTI acquisition and postprocessing has been detailed elsewhere.®
In brief, acquisition parameters were as follows: isotropic 2-mm-
thick contiguous whole-brain acquisition performed on a 3T
magnet (Verio; Siemens, Erlangen, Germany); FOV, 25.6 cm; ma-
trix, 128 X 128; TR, 14,000 ms; TE, 70 ms; a scheme with 80
contiguous sections and 30 diffusion-encoding gradient direc-
tions; 1 b=0 (0 s/mm?), b max=1000 s/mm?; generalized auto-
calibrating partially parallel acquisition with an acceleration fac-
tor of 2.0. Postprocessing was performed by use of DTIStudio
(Johns Hopkins University, Baltimore, Maryland).'® Streamline
tractography of the right and left arcuate fasciculi was performed
blind to the clinical group and following tractography protocol
guidelines described by Wakana et al*® and Nagae et al® by use of
the fiber assignment by continuous tractography algorithm and a
multiple region-of-interest inclusion criterion, with an FA
threshold of 0.25 and a turning angle cutoff value of 70°. Figure 1
depicts left and right arcuate fasciculi tractograms from a repre-
sentative 10-year-old boy from each group. MD was integrated
over the entire tract length as described by Nagae et al,® as were
magnitudes of each eigenvalue, allowing computation of axial and
RDs. AD, equivalent to eigenvalue A,, may be interpreted as dif-
fusion along axon bundles. RD, defined as the mean of eigenval-
ues A, and A5, may be interpreted as that component of diffusion
in a plane perpendicular to the primary orientation of axonal
bundles.?"*

Statistical Analysis

Statistical analyses included a 2 X 2 ANOVA (general linear
model) with factors of ASD and LI. Age and Perceptual Reasoning
Index were included as covariates in all analyses. Given findings
showing typically developing and ASD group differences in the left,
but not right, hemisphere,® analyses were conducted separately for
the left and right arcuate fasciculus tracts. Finally, regression analyses
examined associations between clinical measures—language and
symptom ratings—and diffusivity measures.

RESULTS
As expected, children with ASD (both * LI) scored higher on the
Social Responsiveness Scale than children in the typically devel-
oping and SLI groups (P < .001). Social Responsiveness Scale
scores did not differ between ASD—LI and ASD+LI (P> .05) but
were higher in those with SLI than typically developing subjects
(P <.01). CELF-4 Core Language Index scores were highest in the
nonlanguage-impaired groups (ie, ASD—LI and typically devel-
oping, P <.001). The SLI cohort performed better on the CELF-4
Core Language Index than the ASD+LI group (P = .01). Typi-
cally developing and ASD—LI participants scored higher on the
Full Scale Intelligence Quotient and Perceptual Reasoning Index
than ASD+LI subjects (P < .05).

In the left hemisphere, main effects of ASD (P = .03) and LI
(P = .04) were found on arcuate fasciculus MD (Fig 2). The in-
teraction term was not significant (P > .05). Significance of find-
ings remained the same when age and Perceptual Reasoning In-
dex were not included as covariates. No differences in left arcuate
fasciculus FA were found.

To further understand the left hemisphere diffusion abnor-
malities, we examined AD and RD. A main effect of ASD was



FIG 1. Streamline tractography of the arcuate fasciculus. Tractography of the left (left column;
A,CE,G) and right (right column; B,D,F,H) arcuate fasciculi in a 10-year-old male participant from
each group (typically developing, A-B; ASD—LI, C-D; ASD+LI, E-F; SLI, G—H).

found on AD (P <.001) but not RD (P = .61) (Fig 3). Conversely,
there was a main effect of LI on RD (P = .02) but not AD (P = .55)
(Fig 4). There was also a significant ASD by LI interaction on AD
(P = .05), revealing the highest AD in the ASD+LI group. The
interaction term was not significant for RD (P = .68).

No group differences were observed in the right hemisphere ar-
cuate fasciculus for any of the 4 DTI measures: MD, FA, RD, or AD.
The Table shows age- and Perceptual Reasoning Index—corrected
marginal means for MD, FA, AD, and RD for each hemisphere.

Hierarchic regression examined associ-
ations between clinical symptoms and dif-
fusivity measures. Given the significant ef-
fects of age and Perceptual Reasoning Index
on diffusivity, hierarchic regressions were
performed with age entered first, Perceptual
Reasoning Index second, and CELF-4 Core
Language Index scores third, with left hemi-
sphere arcuate fasciculus diffusivity param-
eters as the dependent measures (Table).
CELF-4 Core Language Index scores pre-
dicted unique variance in left arcuate fascic-
ulus MD [F(1,68) = 7.83, P < .01], RD
[F(1,68) = 5.00, P = .03], and AD
[F(1,68) = 3.87, P = .05]. Rerunning the
above regressions for each subgroup, how-
ever, did not show relationships with
CELF-4 Core Language Index for any of the
individual groups. CELF-4 Core Language
Index scores did not predict variance in FA
[F(1,68) = 1.09, P = .30]. Pooling the 2 lan-
guage subgroups (SLI and
ASD+LI), we observed a nonsignificant

impaired

trend for an association between elevated
MD and impaired language performance
reflected in the CELF-4 Core Language In-
dex [F(1,25) = 3.29, P = .08].

Regressions were also performed with
age and Perceptual Reasoning Index en-
tered into the first 2 blocks and Social Re-
sponsiveness Scale scores third. Social Re-
sponsiveness Scale scores predicted unique
variance in MD [F(1,67) = 3.92, P = .05]
and AD [F(1,67) = 6.70, P = .01]. Social
Responsiveness Scale scores did not predict
the variance in RD [F(1,67) = 0.68,P = .41]
or FA [F(1,67) = 0.25, p = 0.62]. Similar to
the CELF-4 Core Language Index analyses,
regressions with Social Responsiveness
Scale were not significant when groups were
individually analyzed.

DISCUSSION

There were 2 main findings. First, main
effects of both ASD and also LI were
found on MD of the left hemisphere arcu-
ate fasciculus, with both ASD and LI asso-
ciated with elevated MD. At first, this
finding appears to reflect a shared ASD
and LI biologic substrate. However, a second finding showed a
main effect of ASD on the axial, but not radial, component of
diffusivity, and a main effect of LI on the radial, but not axial,
component of diffusivity. As both AD and RD elevations could
contribute to the observed MD elevations, this trend suggests
that though both ASD and LI are associated with microstruc-
tural abnormalities in the left hemisphere arcuate fasciculus,
the nature of these microstructural abnormalities is somewhat
distinct.
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FIG 2. MD of the left arcuate fasciculus. ANOVA with factors of ASD (*) and LI (%), and
covarying age and Perceptual Reasoning Index, revealed significant main effects of ASD (P = .03)
and LI (P = .04).

FIG 3. AD of the left arcuate fasciculus. ANOVA with factors of ASD (%) and LI (%), and
covarying age and Perceptual Reasoning Index, revealed a main effect of ASD (P <.001). There
was also a significant ASD by LI interaction (P = .05), revealing the greatest elevation in the
ASD+LI group.

FIG 4. RD of the left arcuate fasciculus. ANOVA with factors of ASD (%) and LI (%), and
covarying age and Perceptual Reasoning Index, revealed a significant main effect of LI (P = .02)
on RD in the left arcuate fasciculus.

matter integrity of children with SLI. Ver-
hoeven et al' compared DTI parameters
of the superior longitudinal fasciculus in
children with SLI and children with
ASD+LI with healthy control partici-
pants. Contrary to present findings and
previously reported ASD studies,®*! the
only significant finding in Verhoeven et
al' was decreased FA in SLI. Discrepancies
between this study and our present study
may be related to the approach by Verho-
even et al,’ namely to evaluate the entire
superior longitudinal fasciculi tract rather
than its subregions. Nonetheless, de-
creased FA is commonly associated with
elevated MD; thus, apparent differences
among studies may reflect differing sensi-
tivities of these commonly used eigen-
value constructs rather than different un-
derlying biologic processes. Furthermore,
FA reflects a composite combination of
eigenvalues perhaps obscuring opposing
individual eigenvalue phenomena.

An additional finding emerges from
attempting to understand the nature of
the LT and ASD white matter abnormal-
ities, with AD and RD analyzed sepa-
rately (Figs 3-5). In our current study,
AD was associated with ASD and RD
with LI. That is, in both SLI and
ASD+LI, elevated RD was observed, re-
inforcing the notion of similar ana-
tomic substrates underlying LI in both
populations. A main effect of ASD (and
not LI) on AD, as well as the significant
ASD by LI interaction in AD, however,
suggests an additional contribution to a
microstructural anomaly in ASD-+LI
(above and beyond that in SLI). Thus, in
short, although ASD+LI and SLI may
share a microstructural anomaly of ele-
vated RD, they differ in AD. As Fig 5
illustrates, this mechanism leads to a
“doubly” elevated MD in the ASD+LI
cohort.

Consistent with the general linear
model main effects, linguistic abilities (re-
flected in the CELF-4 Core Language In-
dex) correlated with left hemisphere arcu-
ate fasciculus RD when assessed across all
participants. In addition, an association
with AD was also resolved. However, this
relationship between language skills and

Diffusion imaging studies in ASD generally report elevated ~ AD (not predicted by the general linear model analyses) was most

diffusivity and decreased FA in multiple brain areas, though the likely driven by the fact that more than half of the LI participants

nature of arcuate fasciculus abnormalities is still in debate, as re- also have ASD and, thus, elevated AD. Indeed, the relationship

viewed by Travers et al.>' Even less is known about the white ~ between CELF-4 Core Language Index scores and AD did not
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Diffusion of the arcuate fasciculus

TD SLI ASD-LI ASD+LI
LH RH LH RH LH RH LH RH
MD X10~* 7.472 = 0.052* 7.606 = 0.059* 7.582 = 0.071 7.602 = 0.078 7.576 * 0.061* 7.664 = 0.070* 7.754 + 0.069* 7.749 *+ 0.079°
mm?/s
FA 542 +0.005* .528 = 0.007* 0.525 + 0.007 .519 =0.009 .543 = 0.006® .524 = 0.008% 535+ 0.007* .504 *= 0.009°
RD 4984 +0.064 5140 = 0.076 5.209 = 0.087 5.233 +0.100 5.055* 0.075 5.255*0.089 5.217 = 0.085 5.404 = 0.100
AD 12412 = 0.081 12.513 = 0.085 12.278 = 0.110 12310 £ 0.112 12.609 = 0.095 12.589 = 0.100 12.870 = 0.107 12.461 = 0.113

Note:—All are marginal mean measures = SEM projected to a mean age of 10.81 years and a Perceptual Reasoning Index (PRI) score of 101.92 in the left hemisphere; mean age

was 10.75 years, and PRI score was 101.97 in the right hemisphere.
TD indicates typically developing, LH, left hemisphere; RH, right hemisphere.
2 Partially reported in Nagae et al.®

FIG 5. A schematic of the diffusion changes accompanying ASD and
LI. Mean diffusivity was elevated in LI and ASD. Children with ASD had
elevated AD (right boxes) and, thus, elevated MD. Patients with LI
(bottom boxes) had elevated MD because of increased RD. Patients
with ASD and LI had the highest MD values because of combined
effects of both elevated RD and AD.

persist when ASD symptom severity was included in the model.
Conversely, the relationship between linguistic skills and RD
strengthened when measures of ASD were included in the model.
However, none of the associations remained significant when in-
dividual subpopulations were considered, though there was a
nonsignificant trend (P = .08) in the association between MD and
CELF-4 Core Language Index when evaluated over all children
with LI (SLI and ASD+LI groups pooled). As an analogy, Social
Responsiveness Scale scores correlated positively with AD and
were unrelated to RD when evaluated across all participants, but
again, associations were not significant for individual subpopula-
tions, perhaps reflecting the need for yet larger sample sizes in
each group.

We encountered limitations comparing our current results
with the previous literature. A review of DTI studies in ASD found
that only approximately one-third of studies reported AD and RD
findings.”" Fletcher et al*® reported elevated MD and RD in the
left arcuate fasciculus of 10 adolescents with ASD, and no differ-
ences in FA or AD. However, the wide range of participants’ lin-
guistic skills (composite CELF-3 scores ranged from 50—111 and
were significantly lower than those of an age-matched control
group) makes it difficult to distinguish the separate effects of ASD
and LI on diffusivity. In a similar fashion, the limited data avail-
able on SLI offer limited insight into the effects of LI on white
matter microstructural integrity. Verhoeven et al' did report a
positive correlation between the Word Classes Receptive subtest

of the CELF-4 and mean FA in the superior longitudinal fascicu-
lus of adolescents with SLI. However, no such correlations were
found in the ASD+LI group, and the authors did not report AD
or RD.

The biologic interpretation of these microstructural anoma-
lies remains speculative. It is tempting to consider elevated RD as
reflecting immaturely bundled axons (with greater interaxonal
space for RD). Increases in AD are perhaps less intuitive. How-
ever, in white matter with fiber crossings, alterations to the pat-
tern of these crossing fibers or, indeed, the RD of component
fibers can both manifest as increased AD.>* In mouse models,
decreased AD and increased RD have been associated with acute
axon and myelin damage, respectively.>>">” However, these find-
ings may not directly translate to humans, particularly in cases of
chronic white matter microstructural damage. Pathologic in-
creases of AD have also been reported. In a small study of adults
with acute optic neuritis, Naismith et al*® reported decreased AD
within 1 month of onset, but there was substantially increased
AD relative to control participants 1 year later. Indeed, wide-
spread increased AD has been demonstrated in Alzheimer dis-
ease,”” and in the right frontal tracts of patients with Parkinson
disease.>® Moreover, RD and AD seem to be far less specific in
areas of chronic microstructural damage. In a study of diffusion in
the spinal cord of patients with multiple sclerosis, Klawiter et al*!
reported associations between RD and both levels of demyelina-
tion and axonal damage, but no relationship between axonal
damage and AD. Although DTT s sensitive to alterations to white
matter microstructure, the technique alone cannot provide a spe-
cific mechanism for the observed changes.

Finally, although our present findings are intriguing, a limita-
tion of our study was that small sample sizes prevented the inclu-
sion of handedness and sex as factors or inclusion/exclusion cri-
teria. Furthermore, although the sample size evaluated in our
study is a non-meager 73, it is clear that fine-grained microstruc-
tural characterization of both ASD and LI substrates, common
and distinct, will require much larger samples, perhaps a need
served by emerging multi-institutional data sharing initiatives
such as the National Database for Autism Research (http://ndar.
nih.gov/).

CONCLUSIONS

Elevations in the MD of the left hemisphere arcuate fasciculus
were associated with both ASD and LI, potentially suggesting a
similar biologic substrate. Closer inspection of the microstruc-
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tural anomalies, however, suggested that elevated AD was associ-
ated with ASD and elevated RD with LI. In comparing ASD+LI
with SLI, it is clear that both are similar in that they share elevated
RD, but that they are distinct in that only ASD+LI additionally
manifests elevated AD, and thus ASD+LI shows the most pro-
found elevations in MD.
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ORIGINAL RESEARCH
PEDIATRICS

Regional Cerebral Blood Flow in Children From 3 to 5 Months
of Age

A.F. Duncan, A. Caprihan, E.Q. Montague, J. Lowe, R. Schrader, and J.P. Phillips
O=

ABSTRACT

BACKGROUND AND PURPOSE: Understanding the relationship between brain and behavior in early childhood requires a probe of
functional brain development. We report the first large study of regional CBF by use of arterial spin-labeling in young children.

MATERIALS AND METHODS: Cerebral blood flow by use of arterial spin-labeling was measured in 61 healthy children between the ages
of 3 and 5 months. Blood flow maps were parcellated into 8 broadly defined anatomic regions of each cerebral hemisphere.

RESULTS: There was no sex effect; however, group analysis demonstrated significantly greater CBF in the sensorimotor and occipital
regions compared with dorsolateral prefrontal, subgenual, and orbitofrontal areas (P < .0001). A significant age effect was also identified,
with the largest increase in blood flow between 3 and 5 months occurring in the following regions: orbitofrontal (P < .009), subgenual (P <
.002), and inferior occipital lobe (P = .001).

CONCLUSIONS: These results are consistent with prior histologic studies demonstrating regional variation in brain maturation and

suggest that arterial spin-labeling is sensitive to regional as well as age-related differences in CBF in young children.

ABBREVIATION: ASL = arterial spin-labeling

hild development during the first year of life is dynamic and
C complex, with well-established clinical norms for monitoring
behavioral development.' Brain structural development at this
age is characterized by changing synaptic attenuation,” neuronal
attenuation,” and myelination.4 Less is known about functional
brain development, which prevents a full understanding of the
relationships between brain structure and the increasing cognitive
and motor skills that characterize early childhood.
Brain function can be assessed with perfusion studies because
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of the tight coupling of metabolism to blood flow. Regional me-
tabolism can be directly measured by use of PET, which requires
radioactively labeled water as an injected tracer. In children 3
months of age, PET demonstrates increased metabolism in the
parietal, temporal and visual cortex, basal ganglia, and cerebellar
hemispheres, with increased metabolism in the frontal lobes later
in the first year.® The radiation required for PET limits its feasi-
bility for use in studies of typically developing children.’

Recent advances in MR technology provide a noninvasive
method of assessing regional CBF by use of arterial spin-labeling
(ASL).” Because there is no radiation or injectable contrast agent,
ASL is appropriate for longitudinal studies in children. Prelimi-
nary work suggests that it is sensitive to changes occurring during
normal brain maturation”*® as well as in clinical populations such
as children with preclinical sickle cell disease.” However, normal
regional CBF has not been established by use of ASL. Although
there is tremendous potential for ASL to provide early markers of
disease or perhaps even therapeutic targets in young children with
various clinical conditions, a necessary first step is identifying the
range of normal CBF in healthy children.

The objectives of this study were to quantify normal regional
CBF through the use of ASL in healthy term-born children 3-5
months of age and to determine whether age-related changes in CBF
could be detected. At this age, tremendous developmental changes
are occurring, which may be reflected in regional brain metabolism.
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MATERIALS AND METHODS

Subjects

This cross-sectional study was part of an ongoing longitudinal
investigation of normal child development; 77 subjects were stud-
ied at 4 = 1 month of age. Imaging occurred at the MIND Re-
search Network in Albuquerque, New Mexico. Children were re-
cruited from pediatric clinics and community advertisements. The
study was approved by the University of New Mexico Institutional
Review Board, and informed consent obtained from parents of all
children before participation. Inclusion criteria included uncompli-
cated term delivery and no known medical or developmental disor-
ders. Exclusion criteria included genetic disorders, visual or hearing
impairment, or contraindication to MR imaging.

Data Acquisition

MRI was performed at night during natural sleep without sedative
medication. Caregivers remained with children throughout.
Once asleep, headphones were placed over the infants’ ears for
noise protection. Imaging was performed on a Trio 3T MR imag-
ing scanner (Siemens, Erlangen, Germany) by use of the provided
12-channel radio frequency head coil.

T1-weighted images were collected along the sagittal plane
with the use of a 5-echo 3D MPRAGE sequence: TR = 2530; TE =
1.64,3.5,5.36,7.22,9.08; TT = 1200, flip angle = 7°, FOV = 256 X
256 mm; matrix = 256 X 256, 1-mm-thick section, 192 sections;
with generalized auto-calibrating partially parallel acquisition ac-
celeration factor 2.

CBF was measured by means of the pulsed ASL method.'®"!
Pulse sequence parameters were FOV = 220 mm, 64 X 64 matrix,
and 4-mm section thickness with a 1-mm gap. Twenty-four axial
sections were taken in ascending order along the anteroposterior
commissure; TR = 4000 ms and TE = 12 ms. The sequence con-
sisted of 105 volumes of interleaved global and section-selective
inversion recovery acquisition with a saturation pulse applied to a
slab inferior and superior to the imaging sections. The delay be-
tween the inversion pulse and saturation pulses were TI1 = 600
ms, and the delay between the inversion and excitation pulses was
TI2 = 1600 ms. Total acquisition time was 7 minutes.

Data Processing

Because tissue contrast by use of T1 alone in children 4 months of
age may be limited, we did not use an automatic segmentation
algorithm such as FreeSurfer (http://surfer.nmr.mgh.harvard.
edu)."" We instead optimized the T1 parameters to give im-
proved contrast in the acquired images and used a 9-month tem-
plate.'> The 9-month template was first separated into right and
left hemispheres. Each hemisphere was parcellated into 8 regions
by use of methods described by Limperopoulos et al.'* The axial
plane was segmented through the anterior and posterior commis-
sures. Three coronal planes were then manually drawn to divide
each hemisphere into the following anatomic regions: dorsolat-
eral prefrontal, premotor, sensorimotor, parieto-occipital, or-
bito-frontal, subgenual, midtemporal, and inferior-occipital (Fig
1B). The choice of the 3 coronal planes follows the locations used

by Limperopoulos et al.'?

The regions shown on one sagittal sec-
tion in Fig 1B are volumes comprising the entirety of the cerebral

volume. These regions were defined once on the 9-month tem-
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FIG1. A and B, Brain segmentation process of the 9-month template
is shown; C, 4-month T1 image; D, corresponding atlas after math-
ematica transformation. E, CBF image; F, CBF image with the atlas
overlaid to demonstrate how well they are registered; G, the 8 seg-
ments projected onto the cortical surface.

plate and were then transformed on the T1 image obtained on
each subject. Figure 1C shows a T1 image of the 4-month-old
infant brain. The 4-month image was spatially normalized to the
9-month template by trimming the 4-month brain below the neck
and extracting it by use of the Brain Extraction Tool program in
the Functional MR Imaging of the Brain Software Library (http://
fsl.fmrib.ox.ac.uk/fsl) package. The image was then spatially nor-
malized by use of the FMRIB Linear Image Registration Tool
program.

The 16 regions marked on the template (8 matching regions in
each hemisphere) were transformed to the 4-month image by use
of the inverse of the transformation found in the previous step.
The resulting 8 regions of the right hemisphere mapped onto the
4-month brain are shown in Fig 1D. This method was repeated for



Demographic information for study subjects

Total (n = 61) Male (n = 37) (61%)

Female (n = 24) (39%)

Birth weight, g 39495 + 432 3,363.6 + 408.8

Gestational age, wk 39.2 =14 37.3+91
Age at scanning, d 123.6 =13 1223 £12.6
Sex, % girls® 39%

Ethnicity®

White 15 (24.59%) 8 (21.62%)
Black 1(1.64%) 1(2.70%)
Hispanic 34 (55.73%) 21(56.75%)
Native American 3(4.92%) 2(5.40%)
Other 4(6.55%) 3(8.10%)
Unknown 4 (6.55%) 2(5.40%)

3,190.5 £ 554.6

The raw ASL images were motion-cor-
rected by registering all the images to the
first ASL image. The CBF image was cre-

389 =15 ated by use of methods described by
1255 £ 347 Wang et al.'® Mean CBF was calculated
for the each of the 16 regions defined on

7(29.16%) the T1 image (Fig 1D). Figure 1E demon-
0(0%) strates the CBF image spatially normal-
13 (54.16%) ized to the T1 image, with overlaid re-
1812;‘3 gions of interest shown in Fig 1F. Figure

2(8:33%) 1G shows a cortical projection of the

Note:—Values are depicted as means * standard deviations unless otherwise indicated.

ap < .05

FIG 2. Regional differences in CBF. Although there were no significant
differences within the 3 higher flow regions (sensorimotor, parieto-
occipital, and inferior-occipital; P = .43) or within the 3 lower flow
regions (subgenual, orbito-frontal, and dorsolateral prefrontal; P =
.15), mean CBF between the high and low groups was highly significant.
The mixed model fit age in a continuous manner, but, for illustrative
purposes, age is split at the median. Horizontal dotted line is the
median CBF value across all regions and ages.

FIG 3. Regions with CBF above study population median are shown in
shades of red and those regions with CBF below the median are
shown in shades of blue. Darker color indicates greater deviation
from the median flow. Thus, the sensorimotor (SM) region had the
highest flow above the median and the dorsolateral prefrontal (DLPF)
region had the lowest flow below the median.

all subjects. We proportionally divided each subject’s brain into
the 16 regions. Regions were labeled to identify the location in the
brain. Thus, the dorsolateral prefrontal cortex is the superior-
frontal region of the brain of identical proportional volume for
each child.

regions.

Statistical Analyses

Data for the repeated measures of mean total CBF on 8 regions
(dorsolateral prefrontal, inferior-occipital, midtemporal, orbito-
frontal, premotor, parieto-occipital, subgenual, sensorimotor)
were plotted through the use of profile and boxplots to identify
outliers. One subject was excluded because of extremely low mean
CBF values across all regions. There were other isolated high out-
liers; none were removed, but data were analyzed on logarithmic
scale to control their effect. No difference was found between mean
CBF of left and right hemispheres for any region; therefore, right and
left hemispheres were combined for analysis. Repeated measures
were fit with linear mixed models in Proc Mixed in Statistical Anal-
ysis Software version 9.3 (SAS Institute, Cary, North Carolina) by use
of a completely symmetric covariance structure within subjects.
Fixed effects fit were region, age, and sex, with all possible 2-way
interactions between them. Tukey-Kramer adjustments for multiple
comparisons were used to identify groupings among regions. Esti-
mated effects were exponentiated to return to original units.

RESULTS
Participants
Of 77 children scanned, 61 provided acceptable ASL data, for a
success rate of 74%. There were significantly more boys than girls
(n = 37 versus 24, P < .001). Ethnicities included Hispanic
(56%), white (25%), Native American (5%), black (2%), and
other (7%). Four children were of unknown ethnicity. Age at time
of scanning ranged from 90-150 days (Table 1).

Figure 2 illustrates the regional distribution of CBF among the
8 regions. There were no significant 2-way interactions between
sex, region, and age. Sex was not significant (P = .70), though
region (P < .0001) and age (P = .014) were significant. Tukey
comparisons found no significant differences within the 3 higher
flow regions (sensorimotor, parieto-occipital, and inferior-occip-
ital; P = .43) or within the 3 lower flow regions (subgenual, or-
bito-frontal, and dorsolateral prefrontal; P = .15). However,
when comparing CBF between the higher and lower flow regions,
all differences were significant. A contrast test for differences be-
tween average CBF in the high and low group was highly signifi-
cant (P <.0001). There was no clear placement of premotor and
midtemporal regions into one of these groups or into a separate
group. Figure 3 shows the relative anatomic location and CBF of
the regions. The median subject age was 123 days. At this age, the
(geometric) mean for the high-flow regions was 38.9 mL/100
g/min (95% CI, 37.1, 40.8), and 34.2 mL/100 g/min (32.6, 35.9)
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FIG 4. Cerebral blood flow versus age within each region; p is Spearman rank correlation

coefficient.

for the low-flow regions. This corresponds to an average 13.8%
(11.1%, 15.5%) difference between high- and low-flow regions.

An age effect was also noted. Average CBF increased 14.9% for
each 30-day age increase; however, there was regional variation
ranging from 3.0-28.1% (Fig 4). The relationship between age
and CBF change was significant in all areas except premotor and
sensorimotor. The strongest correlation between age and CBF was
seen in the following areas: orbito-frontal (P = .009), inferior-
occipital (P = .001), and subgenual (P = .002).

DISCUSSION

Understanding the relationship between brain and behavior in
early childhood requires a probe of functional brain development.
Because CBF reflects regional metabolism, ASL offers a noninva-
sive approach to studying brain function. In this report, we dem-
onstrate the feasibility of the use of ASL in a group of healthy
infants. Even within the narrow age range studied, ASL identifies
significantly greater CBF in occipital and parietal lobes and the
primary sensorimotor cortex compared with more anterior brain
regions. In addition, we report significant age-related changes in
CBF, which suggests that CBF change over time may be an impor-
tant measure of functional brain development.

Histologic studies demonstrate the dynamic nature of early
brain development, with rapid changes in neuronal® and synap-
tic® attenuation occurring first in primary sensory (primary visual
cortex, Heschl gyrus) and later in higher-order association re-
gions (prefrontal). Recent MR imaging studies by use of high-
resolution sequences show a similar pattern in early adolescence'*
and as early as the first 2 months of life.'> More recent techniques,
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such as DTI, characterize structural white
through  child-
hood.'® These histologic and imaging

matter development
studies provide powerful insights into the
complex nature of early structural brain
development.

Structure, however, does not equal
function. Although our understanding of
the rich tapestry of structural brain devel-
opment has increased, the relation to
brain function and behavior remains un-
clear. A study of functional brain develop-
ment by use of PET to assess regional ce-
rebral glucose metabolism™'” found that
the primary sensory and motor cortices,
along with deeper cerebral areas, had the
highest metabolic rates during the first
months of life. Next, the parietal and tem-
poral cortex developed increased glucose
utilization. The frontal cortex demon-
strated increased glucose metabolism by
the end of the first year. These studies
were ethically possible because of the sole
inclusion of children requiring PET for
clinical reasons that involve the substan-
tial radiation exposure. PET is not feasible
for the study of normal brain develop-
ment. Other functional imaging modali-
ties require radiation (SPECT) or subject cooperation (stimulus-
evoked fMRI). Recently, functional connectivity MR imaging has
been used to identify network connectivity in children by assess-
ment of the coherence of fluctuating levels of blood oxygenation
atrest.'®

Tight coupling of brain metabolism and blood flow'® sug-
gests that CBF can be used as a marker of regional metabolic
activity. With the use of magnetically labeled arterial water as a
tracer, ASL quantifies CBF noninvasively.?® ASL has been used
for study of brain changes in disease states including vascular
disease, dementia, and epilepsy.zo Noguchi et al?! demon-
strated that increased CBF measured by ASL may be related to
increased microvascular attenuation in subjects with brain tu-
mors. It is possible that in healthy children, increased CBF
may be related to increased regional synaptogenesis, which,
through neurovascular coupling, increases regional microvas-
cular attenuation. Because ASL is noninvasive and requires no
external tasks or exposure to radiation, it is well suited for use
in pediatric samples. Wang et al'® were the first to use ASL in
children, establishing feasibility at 1.5T. More recently, ASL
has shown that preterm children have higher perfusion than
term children.? In healthy individuals from 4 years to adult-
hood, there is a decrease in CBF—most prominent in gray
matter— by midadolescence.® Taki and Kawashima®’ reported
anonlinear relationship between age and CBF from 5-18 years.
They noted that these findings were similar to the reported
gray matter volume increase in prepuberty followed by a post-
puberty decrease.”* Wang et al'® compared 8 children at 7 and
13 months of age. Regional CBF increased significantly at 13



months in the dorsolateral frontal lobes and decreased in the
sensorimotor areas, consistent with the PET studies of
Chugani.>'”

We report the first large study of regional CBF by using ASL in
young children. Lack of MR imaging contrast between gray and
white matter at this age prohibited detailed regional segmenta-
tion, however by dividing the brain into broad anatomic areas'?
we were able to demonstrate significantly greater CBF in the sen-
sorimotor cortex and parietal/occipital lobes compared with dor-
solateral prefrontal, orbitofrontal, and subgenual regions. Chil-
dren were 3-5 months of age and therefore it is difficult to
compare our findings with those of Limperopoulos et al'> How-
ever, our findings are consistent with the prior PET work of
Chugani,” who found increased cerebral metabolism at this age in
the parietal and occipital regions and reduced frontal lobe metab-
olism. Our findings are also consistent with histologic studies
demonstrating primary sensorimotor regions maturing earlier
than higher association regions.>’

Our cohort included 61 subjects 3—5 months of age, allowing
us to evaluate regional change in CBF over time. We found that
CBF increased significantly with age in every region except the
premotor and sensorimotor regions. Two of the regions in which
there was the greatest age effect (orbital frontal and subgenual)
had lower overall CBF. We speculate that this changing blood flow
may reflect increasing metabolism that precedes a corresponding
maturation of brain structure as occurs in the more anterior brain
regions toward the end of the first year of life. Further studies are
required to determine whether regional changes in CBF predict
structural development, which could potentially serve as a marker
of abnormal development before it becomes clinically evident.

Our findings are also consistent with normal clinical develop-
ment. Clinical skills developing at 3—5 months include visual-
motor tasks such as reaching, rolling over, and increasing control
of movement.”® Facial recognition and social interaction are
highly visually dependent and are actively developing at this stage
of childhood.?® These skills involve the sensorimotor and occipi-
tal/parietal regions, which had the highest CBF in our subjects.
The lowest flow was found in the anterior brain regions, which
subserve later developing skills such as working memory, impulse
inhibition, and self-regulation.?”>*®

We did not find a sex difference in CBF at this age; however
only 39% of our study cohort were girls. This is a limitation that
may have been partially mitigated by our relatively large sample
size, but the role of sex in early CBF requires further evaluation.
Likewise, our cohort reflected the local demographics with a pro-
portionally large Hispanic population. Although this may be a
limitation, we are aware of no evidence that ethnicity affects re-
gional CBF. Our unsuccessful scans were largely caused by exces-
sive movement; thus, children who had difficulty sleeping in our
MR imaging environment were not included in the data analysis.
This is a difficult limitation to avoid. By use of an experienced
scanning team and providing families with multiple options for
aiding sleep, our success rate of 74% probably reflects a range of
normally developing children. Though our sample size was sub-
stantial, individual variability in brain development at this age
probably warrants a larger sample size to ensure power to detect
all differences of clinical import. In addition, data obtained from

the cerebellum was markedly inconsistent, and therefore this re-
gion was not included in our study. Finally, this study is limited by
the broadly defined regions studied, the inclusion of gray and
white matter in the measurements, and the use of only T1 se-
quences. With additional data from a T2 sequence, a more phys-
iologically meaningful segmentation may have been possible.
These limitations must be considered in the interpretation of our
results; however, the consistency of the findings across the study
group strengthens the possibility that these differences may not
have contributed importantly to the findings. However, it is im-
possible to know how these factors may bias our results. The va-
lidity of our findings is strengthened by their consistency with
those found in a previous study of regional cerebral glucose utili-
zation by use of PET scanning.>'” This implies that ASL may
provide a noninvasive means of determining regional brain func-
tioning with the same accuracy as PET scanning without radiation
exposure.

Our findings highlight the potential for use of ASL to assess
functional brain development in early childhood. Future longitu-
dinal studies including motor and cognitive measures may offer
insights into early brain/behavioral relationships that have rele-
vance for understanding normal and abnormal child develop-
ment. Although these studies are inherently difficult, given the
challenges of scanning children at this age without sedation, ASL
offers the possibility of establishing early markers of abnormal
development that may allow earlier, more effective treatment for
children at risk for developmental disorders.

CONCLUSIONS

This study provides valuable information regarding neuroanat-
omic development in infants. The data begin to fill a large gap in
the literature in the area of normal cerebral development. Knowl-
edge of the normal development of the human brain is vital be-
cause without normative measures, it is impossible to truly char-
acterize abnormalities of cerebral development. A better
understanding of brain development will afford the medical com-
munity the opportunity to leverage the innate neuroplasticity in-
volved in early brain development®® by providing targeted devel-
opmental interventions at earlier ages to improve outcomes.
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ORIGINAL RESEARCH
PEDIATRICS

Brain MRI Measurements at a Term-Equivalent Age and Their
Relationship to Neurodevelopmental Outcomes

H.W. Park, H.-K. Yoon, S.B. Han, B.S. Lee, L.Y. Sung, K.S. Kim, and E.A. Kim

ABSTRACT

BACKGROUND AND PURPOSE: An increased prevalence of disabilities is being observed as more preterm infants survive. This study was
conducted to evaluate correlations between brain MR imaging measurements taken at a term-equivalent age and neurodevelopmental
outcome at 2 years’ corrected age among very low—birth-weight infants.

MATERIALS AND METHODS: Of the various brain MR imaging measurements obtained at term-equivalent ages, reproducible measure-
ments of the transcerebellar diameter and anteroposterior length of the corpus callosum on sagittal images were compared with
neurodevelopmental outcomes evaluated by the Bayley Scales of Infant Development (ll) at 2 years’ corrected age (mean = standard
deviation, 16.1 = 6.4 months of age).

RESULTS: Ninety infants were enrolled. The mean gestational age at birth was 27 weeks and the mean birth weight was 805.5 g. A short
corpus callosal length was associated with a Mental Developmental Index <70 (P = .047) and high-risk or diagnosed cerebral palsy (P =
.049). A small transcerebellar diameter was associated with a Psychomotor Developmental Index <70 (P = .003), Mental Developmental
Index <70 (P = .004), and major neurologic disability (P = .006).

CONCLUSIONS: A small transcerebellar diameter and short corpus callosal length on brain MR imaging at a term-equivalent age are
related to adverse neurodevelopmental outcomes at a corrected age of 2 years and could be a useful adjunctive tool for counseling
parents about future developmental outcomes.

ABBREVIATIONS: AED = antiepileptic drug; NICU = neonatal intensive care unit; MDI = Mental Developmental Index; PDI = Psychomotor Developmental Index;

TCD = transcerebellar diameter

he survival rate of preterm infants has increased with the ad-

vances in neonatal care in recent decades. However, a higher
prevalence of disabilities has also been observed in survivors of
preterm birth at infancy and in childhood."* Factors such as in-
traventricular hemorrhage,3 hypoxia, prematurity,3 ->and neona-
tal care™® have been reported to affect the developing brain; the
mechanism of injury during the development of the cerebellum
and corpus callosum in surviving premature infants may be
caused by primary destruction or underdevelopment” and axonal
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injury,® respectively. These factors in turn result in an altered
brain volume or structure that can be seen as a reduced cerebral
and/or cerebellar volume,>*'°
ing,S,G,l 1

ventricular dilation on brain MR imaging.'® These findings have

subarachnoid space widen-

12714 and posthemorrhagic

corpus callosum thinning,
led to reports of various measurements of MR imaging as poten-
tial predictors of neurologic outcomes at infancy or in
Childhood.10,14,l6,l7

We conducted a study in a single neonatal intensive care unit
(NICU) to evaluate correlations between brain MR imaging mea-
surements taken at term-equivalent age and the neurodevelop-
mental outcomes at 2 years’ corrected age.

MATERIALS AND METHODS

Patients and Perinatal Data

Infants admitted to the NICU of Asan Medical Center Children’s
Hospital from January 2001 to December 2010 whose birth
weight was <1 kg were included in the study cohort. Patients with
a birth weight <1.5 kg who had clinical indications for brain MR
imaging, such as a history of seizure or hypoxic events, or sus-
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FIG 1. Linear measurements of anteroposterior length of corpus callosum (A and B) and tran-
scerebellar diameter (C and D) and intraclass correlation coefficients (ICCs) for interobserver
and intraobserver reliability. A, Short anteroposterior length of corpus callosum (34.1 mm);
B, longer anteroposterior length of corpus callosum (44.4 mm); C, short transcerebellar diameter

(36.2 mm); D, longer transcerebellar diameter (58.4 mm).

pected periventricular leukomalacia by head sonography were
also included. The brain MR imaging was obtained at a term-
equivalent age (377° to 417° weeks). All patients except for 2
(2.2%) underwent brain MR imaging before NICU discharge.

Exclusion criteria included infants who died before discharge
and infants who had severe congenital anomalies such as chromo-
somal abnormalities or brain anomalies. The clinical charts of the
subjects were retrospectively reviewed for various demographic
and clinical data: antenatal steroids,'® necrotizing enterocolitis
defined as modified Bell criteria greater than stage Ila, treatment
of symptomatic patent ductus arteriosus'°either intravenously
with indomethacin or by surgical ligation, laser operation for
retinopathy of prematurity,>® Papile classification of intraven-
tricular hemorrhage, bronchopulmonary dysplasia (defined as
oxygen dependence at 36 weeks’” postmenstrual age), and treat-
ment with antiepileptic drugs (AEDs) for electrographic and
clinical seizure.

Oxygen requirement was defined as the supplementation of
oxygen during hospitalization to maintain the target range of 88—
93% saturation for infants born with a birth weight of =1.5 kg
with bronchopulmonary dysplasia and =90% for other infants.

Brain MR Imaging

The brain MR imaging was obtained with a 3T MR system (3T
Achieva Nova Dual; Philips, Best, the Netherlands) around the
term-equivalent age before discharge from the NICU. MR images
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reviewed for this study consisted of spin-
echo T1-weighted sagittal, T1-weighted
axial, and T2-weighted axial images with
parameters of 450/10/2 (TR/TE/excita-
tions), 500/10/2, and 3000/80/2, with a
field of view of 15 or 18 cm and a 256 X
256 matrix. Section thickness was 4 mm,
with a I-mm gap. Infants wearing ear pro-
tection devices were sedated with choral
hydrate (25-50 mg/kg orally) or mor-
phine (0.05 mg/kg intravenously).

Measurements of MR Imaging

Brain MR imaging measurements were
taken by 2 different neonatologists under
the supervision of 1 certified pediatric ra-
diologist. The axial view of the transcer-
ebellar diameter (TCD) and the antero-
posterior length of the corpus callosum
on sagittal view were measured (Fig 1)
with the use of the entirely digital measur-
ing system of the PACS of Asan Medical
Center (PetaVision, version 2.1).>' The
TCD was measured as the longest trans-
verse diameter perpendicular to the cere-
bellar vermis on the axial view that
showed both nasal septum and orbital
area, and the corpus callosal length was
measured as the anteroposterior length
on the midline sagittal image in which the
pituitary gland was seen (Fig 1).

Neurologic Outcomes

The neurodevelopmental outcomes were assessed at 2 years’ cor-
rected age with the Bayley Scales of Infant Development II by a
certified neonatologist. The Mental Developmental Index (MDI)
and the Psychomotor Developmental Index (PDI) were obtained.
MDI or PDI scores <70 were defined as significantly abnormal.
Cerebral palsy was defined as a nonprogressive central nervous
system disorder characterized by abnormal posture and abnormal
muscular tone in at least 1 extremity; high-risk cerebral palsy was
defined as the abnormal tone of extremities and delayed motor de-
velopment during the first 2 years diagnosed by a certified medical
doctor for pediatric rehabilitation. A major neurologic disability was
defined as =1 of the following findings: MDI <70, PDI <70, cerebral
palsy, sensorineural hearing loss, and/or seizure disorder.

Data Analysis and Statistics

Major neurologic disability was the primary outcome variable. A P
value of <.05 was considered significant. Data were analyzed with the
Student ¢ test and logistic regression by use of SPSS 17.0 software
(IBM, Armonk, New York). The intraclass correlation coefficients
(ICC) for measurement consistency were calculated to analyze the
intraobserver and interobserver agreement. In the multivariable re-
gression, risk variables weakly associated with the outcomes in the
univariate analysis (P < .1) were used as the candidate variables to
identify independent predictors of adverse neurologic outcomes.



Table 1: General characteristics of the study population

Variables Total (n = 90)
Gestational age, wk 2777 +23
Birth weight, g 805.5 +168.2
Sex, male 55.6% (M:F = 50:40)
Prenatal steroids 86 (95.6%)
PROM 18 (20%)
Delivery mode, C-section 67 (74.4%)
Presence of IUGR 36 (40%)
Apgar score, 1 min 4=*+19
Apgar score, 5 min 714
Duration of ventilator care, d 27 =253
Presence of BPD, O, at 36 wk 22 (24.4%)
Postnatal steroids 45 (50%)
History of sepsis, culture-proven 28 (31.1%)
Peak level of CRP, mg/dL 2.83 +4.84
NEC 8(8.9%)
ROP 48 (53.3%)
IVH grade 34 9 (10%)
Laser operation for ROP 21(23.3%)
AED medication 8(8.9%)

Note:—Data are reported as number (%) or as mean = standard deviation.

CRP indicates C-reactive protein; IUGR, intrauterine growth restriction; IVH, intraven-
tricular hemorrhage; NEC, necrotizing enterocolitis; PROM, premature rupture of
membrane; ROP, retinopathy of prematurity; BPD, bronchopulmonary dysplasia.

RESULTS

General Characteristics of Patients

The general characteristics of the 90 infants are shown in Table 1.
Of the 90 patients, 80 (88.9%) were extremely low—birth weight

infants.

Perinatal Factors Associated with Adverse Neurologic
Outcomes

In total, 15 of 90 infants (16.7%) and 24 of 90 (26.7%) infants
showed MDI and PDI values <70, respectively. Another 8 pa-
tients (8.9%) were diagnosed with cerebral palsy, and 33 (36.7%)
showed major neurologic disabilities. Risk variables found to be
significantly correlated with the outcomes in the univariate anal-
ysis were entered into multivariate analysis: AED medication
(OR, 7.687; P = .023) and the duration of O, requirement (OR,
10.014; P = .055) were associated with a PDI <70; the duration of
O, requirement (OR, 10.022; P = .009) and a history of sepsis (OR,
3.723; P = .044) were associated with an MDI <70. The use of pre-
natal steroids (OR, 0.065; P = .028) showed a protective effect on
cognitive function (Table 2). The factors associated with a major
neurologic disability included the use of AED medication (OR, 6.958;
P = .025) and a history of sepsis (OR, 2.508; P = .058) (Table 2).

Association between Measurements of MR Imaging and
Adverse Neurologic Outcomes

The linear measurement of the TCD and the anteroposterior length
of the corpus callosum on MR imaging showed satisfactory ICCs for
interobserver and intraobserver reliabilities (Fig 1). A short TCD was
associated with poor motor and cognitive function, as indicated by a
PDI <70 (OR, 0.780; P = .003), MDI <70 (OR, 0.785; P = .004), and
major neurologic disability (OR, 0.815; P = .006). A short antero-
posterior length of the corpus callosum was associated with an MDI
<70 (OR, 0.876; P = .047) and high-risk or diagnosed cerebral palsy
(OR, 0.915; P = .049) (Table 3).

Perinatal Factors Associated with TCD and Length of
Corpus Callosum on Multivariate Analysis

Among several perinatal factors, birth weight (OR 0.005, P =
.043), presence of bronchopulmonary dysplasia (OR, —2.358;
P =.007), use of AED medication (OR, —3.347; P = .010), and a
history of sepsis (OR, —1.642; P = .034) were associated with a
short TCD. The factors associated with corpus callosal length in-
cluded a small head circumference at the time of the MR imaging
(OR, 3.947; P < .001), the use of prenatal steroids (OR, 10.141; P =
.002), and AED medication (OR, —8.215; P < .001) (Table 4).

DISCUSSION
Many neonatologists counsel parents of very low—Dbirth-weight

infants about the long-term prognosis with the use of known an-

122 342425 a5sociated with neu-

26-28

tenata and postnatal risk factors

rodevelopmental outcomes. In-depth studies are in progress
to better predict neurodevelopmental outcomes in this vulnerable
population. The objective of this study was to evaluate correla-
tions between brain MR imaging measurements taken at term-
equivalent age before discharge from the NICU and the neurode-
velopmental outcome at 2 years’ corrected age among very
low—birth-weight infants. We used the PACS system of the Asan
Medical Center, which has been described in detail in Im et al*' to
measure the different brain parameters. Other reports®*~' have
shown the usefulness of this system, emphasizing its reproducibil-
ity and reliability as well as the convenient access to images. Un-
like the other 9 MR imaging parameters that we also measured
(data not shown), which included ventricle width, biparietal di-
ameter, bifrontal diameter, subarachnoid space widening (axial
and sagittal images), and corpus callosal thickness. Among them,
only the TCD and corpus callosal length were found to have accept-
able intraclass and interclass correlation coefficients for consistency
(Fig 1). The measurement of TCD on the coronal plane was used
before by Nguyen The Tich et al,'® but we measured TCD on the axial
plane, which also could be applied on an axial CT image.

The rapid growth of the cerebellum that occurs from 28—40
weeks of gestation can be impeded by premature birth.”**>*?
Here, a smaller TCD, indicative of neuronal loss or impaired neu-
ronal differentiation with a reduction in dendritic and axonal
development that may be independent of immaturity,” was asso-
ciated with poor cognitive and psychomotor function. These re-

sults concur with those of the report of Tich et al**

in preterm
infants born at a gestational age <30 weeks or a weight of <1.25
kg. The cerebellar injury, mainly occurring in the external granu-
lar layer, possibly related to a disturbance of cerebellar growth
caused by hemosiderin on the cerebellar surface or postnatal fac-
tors such as hypoxia-ischemia, infection, and steroids as well as
direct cerebellar destructive injury.”® Impaired neuronal connec-
tion between cerebrum and cerebellum as a remote effect can also
contribute to cerebellar underdevelopment.”

We used phenobarbital as a primary medication in neonatal
seizure when both clinical and electrical evidence of seizures was
evident. Both the seizures and the AED medication may cause
cerebellar atrophy— either synergistically’® or independently*—
during the development of the cerebellum. Abnormalities of the
cerebellum in mice after exposure to phenobarbital, such as a
decrease in the number of Purkinje®” and granular cells,” without
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Table 2: Relationship between perinatal factors and adverse neurologic outcomes

determined by multivariate logistic regression analysis

splenium.12 Thus, the development of the
posterior part is an ongoing process that

Neurologic Outcomes Perinatal Factors

OR (95% ClI)

PValue ., ntinues through the neonatal period af-

PDI <70 Duration of O, requirement
AED medication
MDI <70 Duration of O, requirement

Prenatal steroids
History of sepsis
AED medication
History of sepsis

Major neurologic outcomes

10.01(0.999-10.028)  .055
7.69(1329-44.476) 228
10.02 (10.005-10.040) 010
0.06 (0.005-0.747) 028
372(10.0337-13363) 044
696 (1274-37.988) 025

2.51(0.970-6.485) 058

ter preterm birth, and an altered develop-
ment of the corpus callosum such as a
shortening and/or thinning persists into
childhood."* We assumed that the under-
development of the posterior part of the
corpus callosum would result in a shorter

Table 3: Association between MRI measurements and adverse neurologic outcomes

determined by univariate logistic regression analysis

length of the corpus callosum as well as a
thinning of the splenium. Our attempt to
measure the thickness of the corpus callo-

Measurements Outcomes OR (95% ClI) PValue o0 was hampered by a poor consistency in
TCD ITADDII<77OO (());zsgg 58222_831297)) 882 the measurements (ICC = 0.133-0.418 in
< ) 665-0. : . o B B

Major neurologic disability 0815 (0.704-0.944) o6  nterobserver variability, ICC = 0.003
Corpus callosal length MDI <70 0.876 (0.768-0.998) .047 0.367 in 1ntra0bse.r.ver varl.ablht}.l). Reports
High-risk or diagnosed CP 0.915 (0.838-0.999) 049 have shown a positive relationship between

Note:—CP indicates cerebral palsy.

Table 4: Perinatal factors associated with MRI measurements on multivariate analysis

both the corpus callosal size and total white
matter volume and a decreased area of the

Estimated Regression Coefficient

posterior or midposterior region corre-
sponding to the splenium and poor verbal

Measurements Perinatal Factors (95% Cl) P Value oill in preterm males.® In our study. a

TCD Birth weight 0.005[0.001, 0.010] 028 P ) 0
Presence of BPD 2358[—40.025, —0.692] 007 short corpus callosal length was associated
AED medication —3.347[—5.840, —0.853] 010 in univariate analysis with high-risk or diag-
History of sepsis —1.642[—3137, —0.146] 034 nosed cerebral palsy and an MDI <70.

Corpus callosal length HC when MRI was taken 3.947[1.915,5.978] <.001 In contrast to the study of Wood et
Prenatal steroids 10.141[40.017,16.264] .002 al,* which reported a relationship be-
AED medication —8.215[—12.641, —3.790] <.001

tween the administration of antenatal ste-

Note:—HC indicates head circumference; BPD, bronchopulmonary dysplasia.

an effect on the area of the cerebellum, have been reported. Sepsis,
an independent risk factor for a poor neurologic outcome,*>**?*
could have exerted a detrimental effect on the growth of the cer-
ebellum by diffuse white matter injury,** bacterial products and

cy‘cokines,3 9:40

arterial hypotension, and combined cerebral isch-
emia.”® Bronchopulmonary dysplasia, a known risk factor for
neurodevelopmental impairment, has also been reported to exert
an effect on the granular cells of the cerebellum, as shown in a
baboon model.?? In the present study, however, bronchopulmo-
nary dysplasia alone was not associated with severe cognitive and
motor deficits, though the duration of O, requirement, which
may have included a period of hyperoxia and hypoxia, was asso-
ciated with poor cognitive and motor outcomes. Reports have
shown that the use of either a high oxygen concentration, which
affects the inner granular cell and Purkinje cell layer,*” or a hy-
poxic insult, which affects neuronal migration,41 could influence
the growth of the developing human cerebellum.

A premature transition from intrauterine to extrauterine life'°
and stress or damage in the neonatal period could affect the de-
velopment of the corpus callosum. The corpus callosum is known
to have an intrinsic vulnerability to hypoxic-ischemic damage and
hemorrhage.>'* A decreased number or diameter of axons and
myelin loss was observed in preterm infants with hypoxia or isch-
emia®” that could be explained with necrosis, apoptosis, astroglio-
sis, and microgliosis as well as injury of premyelinating oligoden-
drocytes in white matter, including the corpus callosum.”** In the
development of the corpus callosum, the corpus callosum ex-
pands in the craniocaudal direction: genu first and then body to
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roids and a lower MDI, antenatal steroid
showed a protective effect on the growth
of the corpus callosum in our study (Table 4), in accordance with
the protective effect of antenatal steroids on white matter injury in
very low—birth-weight infants reported by Leviton et al**> and

Agarwal et al.??

The effect of seizures, as evidenced by the use of
AEDs in our study, might have caused the reduction in the corpus
callosal volume, especially in the posterior region, as reported by
Hermann et al.*?

There are limitations that must be addressed regarding the
present study. We did not examine the association of the white or
gray matter abnormalities, such as hemorrhage or leukomalacia,
and other signal changes with brain measurements. The other
limitation includes the short-term follow-up period and a lack of
control group. Further research is required to determine whether
the changes in brain structures in very preterm infants would

persist into later life.

CONCLUSIONS

In this study, we were able to elucidate the usefulness of the axial
measurement of the TCD and the length of the corpus callosum
taken from brain MR imaging at term-corrected ages in predict-
ing long-term neurologic outcome. Various perinatal factors,
such as a lower birth weight, use of AEDs, sepsis, bronchopulmo-
nary dysplasia, and a smaller head circumference, some of which
are independently associated with poor cognitive and motor skills
later in life, could affect the development of the cerebellum and
corpus callosum during the most vulnerable period in NICU
hospitalization.
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CT and MRI of Pediatric Skull Lesions with Fluid-Fluid Levels

S.A. Nabavizadeh, LT. Bilaniuk, T. Feygin, K.V. Shekdar, RA. Zimmerman, and A. Vossough

ABSTRACT

SUMMARY: Fluid-fluid levels can occur whenever different fluid densities are contained within a cystic or compartmentalized lesion,

usually related to the evolution of hematoma or necrosis. Review of the literature demonstrated that throughout the skeletal system, the

most common etiology for fluid-fluid levels is aneurysmal bone cyst, but there are no dedicated studies of the pediatric calvaria, to our

knowledge. In this report, we present clinicopathologic characteristics and CT and MR imaging of 11 patients with pediatric skull mass

lesions demonstrating fluid-fluid levels. MR imaging demonstrated more fluid-fluid levels compared with CT in all cases. The etiologies of

skull lesions with fluid-fluid levels were Langerhans cell histiocytosis in 4 (36.6%), aneurysmal bone cysts in 3 (27.2%), cephalohematoma in

3 (27.2%), and metastatic neuroblastoma in 1(9%). Radiologists should be aware of the other etiologies of calvarial lesions with fluid-fluid

levels in the pediatric skull.

ABBREVIATIONS: ABC = aneurysmal bone cyst; FFL = fluid-fluid level; LCH = Langerhans cell histiocytosis

luid-fluid levels (FFLs) may occur whenever different fluid

densities are contained within a cystic or compartmentalized
structure, usually related to hemorrhage or necrosis."> Image ac-
quisition near perpendicular to the plane of the FFL is required to
optimally demonstrate it."*> FFLs in skeletal lesions have been a
well-known imaging feature of aneurysmal bone cyst (ABC)>* for
many decades. To our knowledge, there is no dedicated study
focusing on the different etiologies of FFLs in the pediatric pop-
ulation and there is no study focused on fluid-fluid levels in cal-
varial lesions. However, 2 large studies primarily in adult patients
have demonstrated that ABCs are the most common etiology of
osseous lesions with FFLs throughout the body.>® Despite these data,
the presence of FFLs remains a nonspecific finding and can be seen in
awide range of benign and malignant bone lesions, including fibrous
dysplasia, telangiectatic osteosarcoma, osteoblastoma, simple bone
cyst, lymphatic malformations, Ewing sarcoma, brown tumor, giant
cell tumor, and chondroblastoma.>™®

In this study, head CT and MR imaging of pediatric patients
having skull lesions with FFLs were retrospectively reviewed with
the aim of characterizing these lesions.
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CASE SERIES

Patients

The study was performed with approval of the institutional review
board and was compliant with guidelines of the Health Insurance
Portability and Accountability Act. We performed a retrospective
review of records of pediatric patients with skull masses diagnosed
between 2002 and 2012. Cases were ascertained from teaching
files of the authors and a computerized search of the PACS for
patients younger than 18 years of age who were diagnosed with a
skull lesion showing fluid-fluid levels on CT or MR imaging. The
search terms included various combinations and derivatives of
“fluid-fluid,” “blood-fluid,” “fluid levels,” “skull,” and “calvar-
ium.” Medical records were reviewed for patient age, sex, history
of recent trauma to the lesion, history of coagulopathy, types of
treatment, and histopathologic diagnosis. Patients with a his-
tory of surgery on the skull were excluded. The etiologic diag-
nosis was made by histopathologic examination of resected
lesions in 6 patients and of biopsied specimens in 1 patient. In
3 patients who were classified as having cephalohematoma, the
diagnosis was made on the basis of characteristic clinical pre-
sentation, history of traumatic vaginal delivery, and/or spon-
taneous resolution of the lesion by consensus of pediatric neu-
roradiologists and by review of medical records. Finally, 1
patient with primary neuroblastoma was diagnosed as having
metastatic involvement of the skull on the basis of typical im-
aging findings of neuroblastoma both on CT and MR imaging
and considerable improvement of the lesion after targeted
chemotherapy.




Demographic, clinical, imaging, and histopathologic findings of pediatric patients with FFLs in skull lesions

Age No. of FFLs No. of FFLs
Patient Sex (yr) Location CcT onCT MRI on MRI  History of Trauma  Histopathology Final Diagnosis

1 M 4 Right parietal NCCT 9 CE MRI 17 Minor head trauma LCH LCH

F 0.75 Occipital - N/A CE MRI 2 - LCH LCH
3 F 13 Left temporal CECT 3 CEMRI 19 - ABC ABC
4 F 10 Left parietal NCCT 0 CEMRI 1 Forceps delivery ~ None Cephalohematoma
5 M 025 Left parietal - N/A CEMRI 4 - None Cephalohematoma
6 M 15 Sphenoid - N/A CEMRI 2 - None Neuroblastoma
7 F o2 Left frontal NCCT 3 CEMRI 5 Minor head trauma LCH LCH
8 M T Left temporal CECT 2 CE MRI 6 — ABC in the setting of ABC

fibrous dysplasia

9 M 0.5 Leftorbit CECT 1 CE MRI 14 — LCH LCH
10 M 0.02 Right parietal - N/A CEMRI 3 + None Cephalohematoma
1l F 16 Right occipital and NCCT 7 CEMRI 29 - ABC ABC

temporal

Note:—CECT indicates contrast-enhanced CT; CE, contrast-enhanced; —, none; +, positive for trauma; N/A, not applicable.

FIG 1. MRimaging in a patient with Langerhans cell histiocytosis. Axial T1- (A) and T2-weighted
(B) images reveal multiple FFLs. An enhancing solid soft-tissue component is seen medially on

postcontrast axial (C) and coronal (D) T1-weighted images.

CT and MR Imaging
CT was performed on various multidetector CT scanners (Siemens,
Erlangen, Germany), and MR imaging was performed on 1.5T or 3T
magnets (Siemens) with standard clinical protocols used at the time
of the study. Axial CT sections were reconstructed at 3- or 5-mm
thicknesses. MR imaging sequences varied among patients but gen-
erally included pre- and postcontrast T1-weighted, T2-weighted, flu-
id-attenuated inversion recovery, echo-planar spin-echo diffusion-
weighted imaging, and either T2* gradient-echo susceptibility or
susceptibility-weighted imaging.

The CT and MR imaging studies of these patients were re-

viewed by 2 pediatric neuroradiologists
by consensus, and the findings were tab-
ulated. For each scan, lesion location,
number of fluid-fluid levels, and the pres-
ence or absence of soft-tissue components
were evaluated. Diagnosis of hemorrhage
was based on hyperattenuation on noncon-
trast CT or typical MR imaging findings
(mainly hyperintensity on T1-weighted, hy-
pointensity on T2-weighted, and/or suscep-
tibility on gradient-echo or susceptibility-
weighted images).

Clinicopathologic and Imaging
Findings

Eleven patients (6 male, 5 female) with skull
lesions showing fluid-fluid levels met the in-
clusion and exclusion criteria (Table). The
mean age of patients at the time of primary
diagnosis was 6.2 = 6.1 years (range, 8 days to
16 years). The etiologies of the lesions in-
cluded Langerhans cell histiocytosis (LCH)
(n=4[36.6%]), aneurysmal bone cyst (n = 3
[27.2%]), cephalohematoma (n = 3
[27.2%]), and neuroblastoma (1 = 1 [9%)]).

In 7 patients, both CT (4 noncontrast, 3
contrast-enhanced) and MR imaging with
and without contrast were performed. MR
imaging with and without contrast was the
only imaging technique in another 4 pa-
tients. In the 7 patients in whom a CT had
been performed, FFLs were identified in 6
patients (85%). The mean number of fluid-
fluid levels detected on CT was 3.5 * 3.2 (range, 1-9). FFLs were
present on MR imaging in all 11 patients (100%). The mean number
of detected fluid-fluid levels on MR imaging was 9.2 * 9.1 (range,
1-29). The number of observed FFLs was significantly higher on MR
imaging compared with CT (Z = —2.36, Wilcoxon signed-rank test,
P=.018).

Three of 4 patients with LCH demonstrated prominent soft-tis-
sue components (75%, Fig 1). The 3 patients with LCH who had
undergone CT showed sharply marginated bone destruction. None
of the patients with LCH showed substantial cystic bone expansion.
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FIG 2. CT and MR imaging findings in a patient with an aneurysmal bone cyst. Coronal CT scan
(A) reveals marked bone expansion by a well-defined cystic-appearing mass projecting into the
left temporal fossa with very thin remnants of the bony cortex seen in the wall (arrows).
T2-weighted (B) and precontrast Tl-weighted (C) images reveal multiple FFLs. Peripheral and
septal enhancement is noted on CT (A) and postcontrast TI-weighted images (D), but no large

enhancing solid soft-tissue component is identified.

Two patients with LCH (patients 1 and 7) had a history of minor
recent trauma to the lesion before imaging, having hit their head
against a fish tank and television remote, respectively. There was no
evidence of an abnormal coagulation profile in any of the patients. In
patients with ABCs, 2 had primary ABCs and 1 had ABCin the setting
of fibrous dysplasia. All patients with ABCs showed bone expansion
(Fig 2).

All 3 patients with ABCs underwent surgical resection. Among
the patients with LCH, 3 underwent surgical resection and 1 (patient
9) underwent chemotherapy after biopsy. Most interesting, fol-
low-up imaging of this latter patient 3.5 months after completion of
chemotherapy revealed a considerable increase in the number of
FFLs, from 14 to >50 (Fig 3). The 1 patient with metastatic neuro-
blastoma also underwent treatment with chemotherapy, with a sub-
stantial decrease in the size of the lesion (Fig 4). None of the patients
with cephalohematoma had a detectable solid or enhancing soft-tis-
sue component at the time of the study, and no frank bone destruc-
tion was seen on CT or MR imaging (Fig 5). All patients with cepha-
lohematoma were managed conservatively.
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DISCUSSION

Generally, abonelesion with FFLs is consid-
ered more likely to represent an ABC; there-
fore, it was surprising to us that our review
of pediatric skull lesions revealed that LCH
was the most common etiology of skull le-
sions with FFLs, followed by ABC. There is
no dedicated study on the most common
etiology of osseous lesions with FFLs in pe-
diatric patients, to our knowledge. In addi-
tion, large studies that may have included
some pediatric patients had not published
their detailed results based on age groups,””
and the current literature is mainly limited
to published case reports.”**

There are only 2 case reports describing
the presence of fluid-fluid level in LCH.">'*
In both of these cases, the FFL was demon-
strated on both CT and MR imaging. The
FFL in LCH represents hemorrhage, which
may be triggered by trauma or may be spon-
taneous hemorrhage. Albadr et al'? re-
ported sudden spontaneous scalp swelling
in a patient with LCH of the skull, which
was then proved to be secondary to hemor-
rhage. Chen et al'® reported a patient with
LCH of the skull complicated by a sponta-
neous epidural hematoma. Another poten-
tial hypothesis for hemorrhage in LCH is
development of aneurysmal bone cyst fea-
tures, which have been reported to be ob-
served on histology in LCH.'®'” In our pa-
tients with LCH, 2 had a history of recent
minor trauma, but the other 2 did not. Most
interesting, the number of FFLs dramati-
cally increased in 1 patient following che-
motherapy (Fig 3), though the overall size of
the lesions did decrease. Chemotherapy was
used in this patient because there was orbital
osseous involvement.'® No evidence of secondary ABC formation
was demonstrated on histology in any of the 4 patients with LCH in
this study.

We believe that several factors may contribute to the relatively
high prevalence of LCH with FFL in this study. First, LCH is relatively
more common in the pediatric population compared with adults,
and the skull is the most frequently involved site in LCH."” On the
other hand, while ABCs can also occur in young patients, they are
most often found in the metaphyses of long bones and rarely affect
the skull.>*'? Despite the presence of FFLs, we believe that LCH may
still potentially be differentiated from ABC on the basis of the pres-
ence of characteristic imaging findings such as sharp, nonsclerotic
borders with a punched out appearance, lack of demonstrable bone
expansion, and uneven destruction of the outer and inner cranial
tables with a beveled edge contour on CT, though this may not be
possible in all cases. The distinction may be more difficult on MR
imaging. Another differentiating feature of LCH can be the presence

of a prominent soft-tissue component, which was demonstrated in



FIG 3. CT and MR imaging findings in a patient with Langerhans cell histiocytosis. Noncontrast
CT (A) reveals a lytic lesion with a prominent soft-tissue component and well-defined bone
destruction. An FFL is faintly seen (arrow). T2-weighted image (B) and postcontrast TI-weighted
image (C) show a few FFLs and enhancement of soft-tissue components, respectively. Axial
T2-weighted image (D) following chemotherapy now reveals an increase in the number of FFLs.

FIG 4. MR imaging findings in a patient with neuroblastoma demonstrate typical bone marrow
infiltration and expansion by metastases (A). Multiple small FFLs are seen in the lesions (B).

most of the patients in this study, though
occasionally an obvious soft-tissue compo-
nent may not be present.

ABCs have been reported in many loca-
tions, including the orbit, occipital bone,
frontal bone, temporal bone, parietal bone,
and skull base.2%-22 In this study, we found 2
primary ABCs and a secondary ABC in the
setting of fibrous dysplasia. The coexistence
of an aneurysmal bone cyst and a compan-
ion lesion is well-known and is consistent
with the concept of local hemodynamic
changes secondary to precursor pathology.
Trauma, benign lesions of the skeleton (eg,
chondroblastoma, chondromyxoid fi-
broma, osteoblastoma, giant cell tumor, fi-
brous dysplasia), and even some malignant
tumors (eg, osteosarcoma, chondrosar-
coma, hemangioendothelioma) have been
associated with development of aneurysmal
bone cysts.'>'”** In the setting of fibrous
dysplasia, secondary ABC formation can
occur in addition to the more common
evolving fibrous dysplasia with lytic areas or
cystic degeneration.**

Cephalohematoma is a subperiosteal
hemorrhage that results from tearing of del-
icate vessels that traverse through the bone
into the scalp. It has been reported in
0.2%-3% of all births,***” though most are
small and resolve spontaneously. Cephalo-
hematomas are confined to suture borders
where the periosteum is tightly adherent to
the membranous tissue of the sutures.”®
The most common location is over the pa-
rietal bone followed by the occipital bone.*®

Multiple risk factors have been associ-
ated with the development of cephalohe-
matoma, including birth trauma, fetal
scalp monitors, instrumentation, greater
birth weight, and nulliparity.>>>>°
Cephalohematoma is a benign condition,
which usually does not require specific
therapy. Most cephalohematomas resolve
within a few weeks to months, depending
on their size.”>>' Many patients with typ-
ical history and clinical examination for
cephalohematoma will not be imaged. On
the infrequent occasion when the hema-
toma fails to resorb, progressive subperi-
cranial osteogenesis results in a calcified
cephalohematoma. The incidence of cal-
cification has been reported to occur in
3%-5% of all cephalohematomas.’* In
these cases, there is usually a history of a
mass present since birth that is initially
boggy and fluctuant and then gradually
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FIG5. MRimaging of a 3-month-old patient found to have abump on
the head on physical examination. T2-weighted axial image shows an
FFL within a cephalohematoma (arrow), confirmed to be within the
bone on multiple planes and sequences (not shown).

hardens, typical of an ossifying cephalohematoma.”' In this series,
we found 3 cases of cephalohematoma, one in a neonate, another
in a young infant, and the other, a partially calcified cephalohe-
matoma, in a 10-year-old patient. All of the lesions were in the
parietal area, which is consistent with findings in the literature.*

Neuroblastoma is the most common extracranial solid tumor.
Metastatic involvement of the head and neck is common and mani-
fests most often as osseous metastases with periosteal reactions in-

volving the calvaria, orbit, or skull base®>3*

and is also commonly
seen both at presentation and at the time of tumor recurrence. One of
the patients in this study had metastatic neuroblastoma involving the
sphenoid bone. We are not aware of any report in the English litera-
ture describing FFLs in metastatic neuroblastoma to the skull.

The main limitation of our study is the relatively small number of
patients, though there has been no focused study of osseous lesions of
the skull with FFL, particularly in pediatric patients. Future larger
studies may shed more light on the various etiologies of these lesions.

CONCLUSIONS

Radiologists should be aware that besides ABCs, there are other
lesions in the pediatric skull that can demonstrate FFLs. In our
series, LCH was the most common etiology followed by ABC.
Cephalohematoma should also be considered in the appropriate
clinical setting. As would be expected, MR imaging was more
sensitive in detecting FFLs within the lesions.
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ORIGINAL RESEARCH
SPINE

Frequency of Discordance between Facet Joint Activity on
Technetium Tc99m Methylene Diphosphonate SPECT/CT and
Selection for Percutaneous Treatment at a Large
Multispecialty Institution

V.T. Lehman, R.C. Murphy, TJ. Kaufmann, F.E. Diehn, N.S. Murthy, J.T. Wald, K.R. Thielen, K.K. Amrami, .M. Morris, and T.P. Maus

ABSTRACT

BACKGROUND AND PURPOSE: The clinical impact of facet joint bone scan activity is not fully understood. The hypothesis of this study
is that facet joints targeted for percutaneous treatment in clinical practice differ from those with reported activity on technetium Tc99m
methylene diphosphonate SPECT/CT.

MATERIALS AND METHODS: All patients with a technetium Tc99m methylene diphosphonate SPECT/CT scan of the lumbar or cervical
spine who underwent subsequent percutaneous facet joint steroid injection or comparative medial branch blocks at our institution
between January 1, 2008, and February 19, 2013, were identified. Facet joints with increased activity were compared with those treated. A

chart review characterized the clinical reasons for treatment discrepancies.

RESULTS: Of 74 patients meeting inclusion criteria, 52 (70%) had discrepant imaging findings and treatment selection of at least 1 facet
joint, whereas 34 patients (46%) had a side (right vs left) discrepancy. Only 92 (70%) of 132 facet joints with increased activity were treated,
whereas 103 (53%) of 195 of treated facet joints did not have increased activity. The most commonly documented clinical rationale for
discrepancy was facet joint activity that was not thought to correlate with clinical findings, cited in 18 (35%) of 52 patients.

CONCLUSIONS: Facet joints undergoing targeted percutaneous treatment were frequently discordant with those demonstrating in-
creased technetium Tc99m methylene diphosphonate activity identified by SPECT/CT at our institution, in many cases because the active
facet joint(s) did not correlate with clinical findings. Further prospective double-blinded investigations of the clinical significance of facet
joint activity by use of technetium Tc99m methylene diphosphonate SPECT/CT and comparative medial branch blocks are needed.

ABBREVIATIONS: “*™Tc MDP = technetium Tc99m methylene diphosphonate; RF = radiofrequency

C linical examination and anatomic imaging do not reliably
identify specific painful facet joints.'” Prior studies suggest
that technetium Tc99m methylene diphosphonate (**™Tc MDP)
bone scan activity can predict if a facet joint is painful and if there
will be a positive response to percutaneous intervention targeted
specifically to active facet joints.*® These prior studies used strict
treatment of every facet joint with increased radiotracer activity
onbone scan,*® concluding that *Tc MDP SPECT can decrease
the number of treated facet joints.4 However, those results can
only be applicable if this is used in clinical practice and is feasible.
Moreover, these studies did not incorporate CT scan for facet
joint localization, use comparative medial branch blocks for diag-
nosis, include clearly blinded patients and proceduralists, or ex-
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amine the impact of **™Tc MDP bone scan results in actual clin-
ical practice. Such shortcomings limit the conclusions of these
prior reports and indicate the need for further examination of the
clinical usefulness of **™Tc MDP facet joint activity. In addition,
evaluation of the impact of imaging in actual practice is important
because the efficacy demonstrated in clinical studies often does
not translate into true clinical effectiveness when the ideal rigor-
ous methods of the efficacy study are no longer applied.” That is,
the effect of real-life variables such as clinical findings suggesting
facet joint pain on a specific side or level and the variability of
physician experience and philosophy should be evaluated to con-
firm or refute the impact of controlled studies on actual clinical
practice and to identify areas in need of future investigation.

In our anecdotal experience, the specific facet joints referred
for percutaneous facet joint intervention are sometimes widely
discordant from those with reported activity on **™Tc MDP
SPECT/CT. Specifically, we have seen some patients with sus-
pected facetogenic pain where the **™Tc MDP SPECT/CT scan
does not seem to demonstrate concordant facet joint activity in
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the location or even on the side of pain. We have also observed
that many facet joints with bone scan activity do not seem to
correlate with a clinical facet joint pain syndrome. However, the
concordance of facet joint bone scan activity and targeted facet
joint treatment in actual clinical practice is not well described.
Furthermore, the clinical rationale for imaging-procedural dis-
crepancy is not known.

The hypothesis of this study is that facet joints that are targeted
for percutaneous treatment in clinical practice differ from those
with reported activity on **™Tc MDP SPECT/CT scans.

MATERIALS AND METHODS

Patients

Approval for this Health Information Portability and Account-
ability compliant study was obtained from our institutional re-
view board.

A chart review was performed of all patients who underwent
both **™Tc MDP SPECT/CT imaging of the cervical or lumbar
spine and percutaneous facet joint intervention (facet joint injec-
tion or medial branch block) between January 1, 2008, and Feb-
ruary 19, 2013, at our institution.

Exclusion criteria were as follows: 1) cases in which the interval
between the **Tc MDP SPECT/CT examination and facet joint
injection exceeded 100 days, and 2) cases in which facet joints with
increased **™Tc MDP activity were not specifically named by level
and side in the radiology report (eg, a statement such as “scattered
facet joint activity” or “lower lumbar facet joint activity”).

99mTc MDP SPECT/CT Examinations

Patients underwent SPECT/CT of the cervical or lumbar spine
3—4 hours after injection with 20 mCi (£10%) *™Tc MDP. Ex-
aminations were performed on a Precedence 6-section or a 16-
section scanner (Skylight SPECT system and Brilliance CT
scanner; Philips Healthcare, Best, the Netherlands). SPECT pa-
rameters were as follows: 128 X128 word mode matrix, 128 views
at 20 seconds per view, 1.46 zoom factor, step-and-shoot angular
step of 3°, body contouring, and low-energy all-purpose collima-
tor. CT parameters were as follows: 120 kVp, 60 mAs per section,
3-mm section thickness, and 3-mm increment. CT studies were
acquired with helical scans with a pitch of 0.788 (6-section) or
0.813 (16-section) and a collimator thickness of 3 mm (6-section)
and 1.5 mm (16-section).

Chart Review of SPECT/CT Reports and Treated Facet
Joints

All relevant clinical notes between the time of **™Tc MDP
SPECT/CT examinations and facet joint interventions, the 99mT
MDP SPECT/CT reports, the > Tc MDP SPECT/CT images, the
facet joint intervention procedure reports, and the procedural
fluoroscopy images were reviewed in detail by a board-certified
radiologist (V.T.L.) for side and level confirmation. All images
were viewed on an Advantage workstation (GE Healthcare, Mil-
waukee, Wisconsin). Because the aim of our study was to charac-
terize selection of treated facet joints in actual clinical practice
rather than patient outcome, we did not perform de novo char-
acterization of facet joint activity and success of facet joint injec-
tion (intra-articular vs periarticular). The specialty of the refer-
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ring clinical provider was recorded. Cases in which the referring
provider differed from the provider who ordered the **™Tc MDP
SPECT/CT were noted; in these cases, the clinical notes of the
referring provider were examined.

In the cervical spine, the bilateral C1-2 articulations through
the C7-T1 facet joints were assessed (totaling 14 cervical facet
joints for each patient). In the lumbar spine, the bilateral T12-L1
through the L5-S1 facet joints were assessed (totaling 12 facet
joints for each patient). Because the number of lumbar vertebral
bodies is variable, the lowest presacral lumbar-type vertebral body
was designated L5 for the purposes of this analysis.

The facet joints targeted for percutaneous intervention,
method of intervention (steroid injection or medial branch
block), and type of image guidance were recorded. Although me-
dial branch blocks are diagnostic procedures usually performed
in 2 sessions to determine the appropriateness of subsequent
radiofrequency (RF) ablation at our institution, the facet joints
targeted with the first medial branch block were used for this
portion of the analysis for consistency.

Patient Referral Practice Model

Our institution is a large, multispecialty, tertiary referral center
and includes a dedicated spine center with a spine clinic and a
spine interventional practice. The spine interventional practice is
staffed by fellowship-trained musculoskeletal radiologists, neuro-
radiologists, physical medicine and rehabilitation physicians, and
anesthesiologists with subspecialty training in pain management.
Specific facet joints targeted by the interventional practice are
generally requested by referring clinicians. Occasionally, the pro-
ceduralist will choose different facet joints to target after confer-
ring with the referring clinician. Referrals commonly come from
pain medicine, though a wide variety of clinicians such as neurol-
ogists or primary care physicians also provide referrals. Facet joint
interventions may be either steroid injections or RF ablation after
dual comparative medial branch blocks, though facet joint injec-
tions are used more frequently at our institution. No specified
criteria exist for selection of medial branch blocks with RF abla-
tion; these are chosen based on clinical factors such as the prefer-
ence of the specific referring provider and the expertise of the
requested proceduralist. The specialty of the proceduralist for
each intervention was recorded.

Data Analysis

A grouped data analysis was performed for all included patients.
Subanalyses for the lumbar spine and cervical spine were also
performed. The presence or absence of reported increased activity
within each facet joint was compared with the presence or absence
of targeted treatment of that facet joint. Facet joints were placed
into 3 categories: 1) facet joints with reported **™Tc MPD activity
and that were also treated (concordant), 2) facet joints with re-
ported *™Tc MDP activity and that were not targeted for treat-
ment (discordant), and 3) treated facet joints that were not re-
ported as having *™Tc MDP activity (discordant). Patients were
also categorized as either having 1) concordance of activity and
injection for every facet joint or 2) at least 1 discordant facet
joint. Facet joints without increased radiotracer activity that
were not treated were also considered concordant, but further



val between imaging and intervention
(n=1). Therefore, 74 patients were in-
cluded in this study, consisting of 43
women and 31 men with a mean age of 59
years (age range, 28—-93 years). No in-
cluded patient had a **™Tc MDP
SPECT/CT and intervention of both the
lumbar and cervical spine. Fifty-five pa-
tients (74%) underwent °°™Tc MDP
SPECT/CT and injection of the lumbar
spine; 19 patients (26%), of the cervical
spine. A total of 926 facet joints were as-
sessed in this study: 660 in the lumbar
spine and 266 in the cervical spine. The
mean time between the “*Tc MDP
SPECT/CT and the percutaneous inter-
vention was 15.6 days (range, 0-99 days)
overall, 13.4 days (range, 0-99 days) for
the lumbar spine, and 22.1 days (range,
0-65 days) for the cervical spine.

The clinicians who ordered the **™T¢c

FIG1. Number of lumbar facet joints per level with reported increased activity, total treated at

that level with breakdown of those treated with and without activity. The left and right facet

joints are grouped at each level.

detailed analysis of this category was not performed because a
large number of facet joints that would not have been consid-
ered for treatment with or without imaging likely fall within
this group.

The degree of left-right concordance of facet joint interven-
tions and activity was recorded. Specifically, it was determined for
each patient if 1) there was at least 1 injection on a side without a
single facet joint with increased activity and/or, 2) there was a side
with at least 1 facet joint with increased activity but without a
single injection.

Categorization of Rationale for °**"Tc MDP
SPECT/CT-Procedural Discrepancy

In cases with requests for facet joint intervention that were dis-
cordant with the **™Tc¢ SPECT/CT results in at least 1 facet joint,
the clinical rationales for the discrepancies were categorized as
follows: 1) facet joints with activity that did not correlate with
clinical examination, 2) consideration of positive or negative re-
sponse of some facet joints to prior intervention, 3) de-emphasis
of facet joints with relatively low reported activity, 4) too many
facet joints with activity to include each one for treatment, 5) targeted
facet joints selected based on anatomic features of facet joint degen-
erative change or information obtained from other imaging test such
as MR imaging, and 6) no documented clinical reasoning identified.
Cases with multiple cited categories were grouped into the single
predominant category cited in the medical record.

RESULTS

Patients, Referring Clinicians, and **™Tc MDP

SPECT/CT Examinations

A total of 78 patients with a **™Tc MDP SPECT/CT and subse-
quent facet joint injection were identified. Overall, 4 were ex-
cluded for the following reasons: nonspecific reporting of facet
joint activity in the radiology report (n=3), and > 100-day inter-

MDP SPECT/CT by specialty were physi-
cal medicine and rehabilitation (n=48;
65%), pain medicine (n=10; 14%), neu-
rology (n=7; 9%), orthopedics (n=4; 5%), primary care (n=3;
4%), and rheumatology (n=2; 3%). Pain medicine includes physi-
cians with either a physical medicine and rehabilitation or anesthesi-
ology background. All 74 **™Tc MDP SPECT/CT examinations
(100%) were originally performed with an indication to identify a
pain generator rather than for a different category of diagnosis, such
as metastatic disease or infection evaluation. Specifically, of the 74
examinations performed, 43 (58%) had an indication for facet joint
evaluation, 23 (31%) were ordered to identify a pain generator witha
general indication of “low back pain,” 6 (8%) were ordered to iden-
tify a pain generator with a general indication of “neck pain,” 1 (1%)
was ordered to evaluate for possible fracture, and 1 (1%) was ordered
to evaluate for a possible pars interarticularis defect.

Of 74 facet joint treatment referrals, 64 (86%) were requested
directly from the physician who officially requested the **™Tc
MDP SPECT/CT. Of the remaining 10 (14%) patients, facet joint
injections were requested via an intermediary pain medicine spe-
cialist for 6 patients and an intermediary physical medicine and
rehabilitation specialist in 4 patients.

Facet Joint Activity and Percutaneous Treatment

Opverall, 132 facet joints (14%) had increased activity, 103 (16%) of
660 in the lumbar spine and 29 (11%) of 266 in the cervical spine. A
total of 195 facet joints (21%) underwent percutaneous treatment
under fluoroscopy: 156 (23%) in the lumbar spine and 39 (15%) in
the cervical spine. The most common lumbar and cervical levels with
both facet joint activity (n=39) and intervention were L4-5 (n=67)
and C3—4 (n=11), respectively. Overall, 67 (91%) of 74 patients un-
derwent steroid injection: 49 (89%) in the lumbar spine and 18
(95%) in the cervical spine. Seven patients (9%) underwent medial
branch block: 6 (11%) in the lumbar spine and 1 (5%) in the cervical
spine. The rate of reported concordant/discordant facet joint activity
and treatment at each level is depicted in Figs 1 and 2.
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On a per-patient basis, 52 patients (70%) had at least 1 dis-
crepancy between reported facet joint activity and treatment,
whereas 22 (30%) had no discrepancy, including 14 with lumbar
spine intervention and 8 with cervical spine intervention. The
rates of discrepancy per patient according to specialty of provider
who directly ordered the facet joint injection were as follows: 1)
physical medicine and rehabilitation (34 [69%] of 49), 2) pain
medicine (10 [66%] of 16), 3) neurology (3 [100%] of 3), 4) adult
primary care (2 [100%] of 2), 5) orthopedic surgery (2 [66%] of
3), and 6) rheumatology (1 [100%] of 1).

On a per-facet basis, 92 (47%) of 195 treated facet joints had
increased activity on the **™Tc MDP SPECT/CT, whereas 103
targeted fact joints (53%) did not have increased activity. There-
fore, of the 132 facet joints with increased activity, 92 (70%) were
treated and 40 (30%) were not. The breakdown of the rate of facet
joint intervention by activity and anatomic region is listed in Table 1.

Overall, 34 (46%) of 74 patients had a right-left side discrep-
ancy. Specifically, 11(15%) of 74 had activity on 1 side that was
not treated, and 24 (32%) of 74 patients had treatment to at least
1 side that did not have increased activity. One patient was in-
cluded in both of these groups. Clinical examples of patients with
discordant treatment are depicted in Figs 3 and 4.

Clinical Reasons for °*™Tc MDP SPECT/CT and

Procedure Discordance

A total of 31 (60%) of 52 patients with a discrepancy had a docu-
mented clinical reason, whereas 21 (40%) did not. The most com-

FIG 2. Number of cervical facet joints per level with reported increased activity, total treated at
that level with breakdown of those treated with and without activity. The left and right facet

joints are grouped at each level.

mon cited reason was that the °*™Tc MDP activity did not corre-
spond with the clinical findings, documented in 18 (35%) of 52
patients. The reasons for discordance are detailed in Table 2.

DISCUSSION

The results of our study are that in the clinical practice at a large
multispecialty institution, targeted percutaneous facet joint treat-
ments were discrepant from **™Tc MDP SPECT/CT activity in
most patients, many facet joints with increased activity were not
targeted, many targeted facet joints did not demonstrate in-
creased activity, and facet joint activity did not always correlate
with clinically suspected painful facet joints or even the side of
suspected painful facet arthropathy. These findings have implica-
tions for patient treatment and the need for further evaluation of
the significance, accuracy, and predictive ability of **™Tc MDP
SPECT/CT findings in evaluation of facet joint pain.

Prior reports have found that strictly targeting facet joints with
increased **™Tc MDP activity is predictive of a positive response
to percutaneous treatment*® and that use of bone scans can de-
crease the number of treated facet joints.* However, in the current
retrospective review of our institution, this association did not
translate into actual clinical practice for patients in whom **™Tc
MDP SPECT/CT examinations were ordered specifically to iden-
tify pain generators, mostly by pain physicians. The most com-
monly found documented reason was lack of correlation of facet
joints with increased activity and clinical findings. Therefore, it is
possible that the requesting providers were unable to reconcile
these apparent discrepancies and, when
discordant, instead requested treatment
of clinically implicated facet joints. For
clinicians to reconcile widely discrepant
imaging and clinical indicators, strong ev-
idence guiding the usefulness, accuracy,
and impact on patient outcomes is desir-
able. However, the lack of prior studies
that fully meet current practice standards
in conjunction with the results of our cur-
rent study suggests that the significance of
facet joint activity with **™Tc is not yet
fully understood.

Prior studies were performed with
%mT¢ SPECT only,*® rather than **™Tc
SPECT/CT for anatomic co-localization
to definitively confirm the correct level of
activity. Anatomic co-localization is im-
portant because facet joints are anatomi-
cally juxtaposed, the number of vertebral
bodies is variable, and transitional lum-
bosacral vertebral bodies are present in
4%-30% of patients.® Previously, criteria
for active facet joints were either not

Table 1: Facet joint °*™Tc MDP activity, percutaneous treatment, and anatomic region

Facet Joints Treated Percutaneously

Facet Joints Not Treated Percutaneously

Lumbar (n=156)  Cervical (n = 39)

Overall (n =195)

Lumbar (n=504) Cervical (n=227) Overall (n =731)

Activity present (%)
Activity absent (%)

73 (47) 19 (49)
83 (53) 20 (51)

92 (47)
103 (53)

30 (6) 10 (4) 40(5)
474(94) 217 (96) 691(95)
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FIG 3. Left-right discordance with treatment of side with no reported activity in addition to a
side with activity in a 90-year-old woman with bilateral low back pain. *™Tc MDP SPECT/CT
demonstrates activity at the right, but not left, L3/L4 facet joint (A), and no reported increased
activity at the bilateral L4/L5 facet joints (B) or other lumbar facet joints. Because of severe
bilateral low back pain attributed to facet arthropathy, she underwent bilateral L3/L4 and L4/L5
facet joint injections.

FIG 4. Left-right discordance with absent treatment on a side with activity as well as level
discordance in a 60-year-old woman with back pain and clinical findings supporting a left upper
facet joint pain generator. Mildly increased activity in the left L1-L2 facet joint (A) and marked
increased activity in the right L4—L5 facet joint (B). Only the left L1-L2 facet joint underwent

facet joint injections remain a treatment
option in routine clinical practice, these
have a 32% placebo rate.'® Comparative
medial branch blocks are now considered
the reference standard for diagnosis of pain-
ful facet joints and should be used for rigor-
ous prospective study that will be fully ac-
cepted by the pain medicine community."'

There are many possible explanations
for the results of our study, though these
are speculative given the retrospective
study design. *™Tc MDP facet joint ac-
tivity may not be necessary for or provide
sufficient evidence of a painful facet joint.
Thatis, facet joint activity is dependent on
vascularity and chemisorption into bone
mineral, particularly during osteoneo-
genesis,'” and therefore has multiple po-
tential causes such as active growth of an
osteophyte'” or inflammation.®'* These
may not be equally associated with pain.
In addition, the pathomechanism of facet
joint pain is not fully understood and is
likely multifactorial.'® Tt is possible that
bone scan activity is present with some,
but not all, causes or predisposing factors
of facet joint pain. Clinicians may have
also, knowingly or unknowingly, consid-
ered the reported prevalence of facet joint
pain at specific spinal levels in decision
making, which would be consistent with
the finding that many facet joints without

facet joint steroid injection.

Table 2: Reasons for discrepancy between facet joint activity and treatment

activity that were treated were at the L4—5
level.'® Because clinical localization of

Patient Group facet joint pain is challenging, it is possi-

Lumbar Cervical Overall  Dle that some cases had false assignment

Reason (h=41) (n=1) (n=52) ofdiscordant facet joint activity and clin-

Not documented (%) 18 (44) 3(27) 21(40) ical findings. However, the cases of com-

Active facet joint not concordant with clinical findings (%)  13(32) 5 (45) 18 (35) plete side discrepancy indicate that false

Consideration of response (or lack of) to prior targeted 6(15) 3(27) 9(17) clinical localization is unlikely in all dis-
treatment (%) dant . note that . rud

Relatively low reported activity (%) 2(5) 0(0) 2(4) cordan ce.ises, note that a pror study

Too many active facet joints to inject (%) 0(0) 0(0) 0(0) found no instances of contralateral facet

Information from other imaging (%) 2(5) 0(0) 2(4) joint pain referral.'” Finally, it is possible

clearly defined® or were arbitrarily designated as those greater
than the adjacent vertebral body,* which could be problematic
because vertebral body activity at the levels of degenerative spinal
disease is highly variable in our experience. In addition, prior
studies have included patients and proceduralists who were not
clearly blinded,*® had widely overlapping statistical error mea-
surements between treatment and control groups,4 and/or used
facet joint injections/single medial branch blocks.*® A prior case
series analysis describes a positive response to treatment of facet
joints selected with *™Tc SPECT/CT where the patients and pro-
ceduralists were not clearly blinded, there was no control group,

and comparative medial branch blocks were not used.” Although

that patients who underwent **™Tc MDP
SPECT/CT were a subgroup with confus-
ing or challenging clinical findings and were not fully representa-
tive of all patients with facetogenic back pain.

Because our institution did not collect outcome data in a consis-
tent standardized format for all patients during the period of this
retrospective study, lack of outcome assessment was a limitation.
However, outcome data derived from patients treated primarily with
steroid injections would have had limited usefulness because reliable
determination of facet joint pain depends on consistent use of diag-
nostic comparative medial branch blocks."' Strict use of comparative
medial branch blocks would likely require a prospective study design,
ideally randomized and double blinded. Even with this limitation,
the results of this study do enhance clinical equipoise for such a future
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investigation because the effectiveness of 9mTc MDP SPECT/CT
for prescription of treatment of specific facet joints in actual clinical
practice was not high.

Our study had several other limitations. Because the patients were
treated at a single institution, it is uncertain how generalizable these
results were, and corroboration of results from other institutions
would strengthen the findings. The retrospective study design pre-
cluded standardized patient recruitment, clinical assessment of all
patients, consistent auditing of clinical decision making, and assess-
ment of the efficacy of facet joint treatments. The included patients
were assessed by a variety of clinicians who may have had different
varying approaches to the use of bone scan activity in clinical decision
making. The *™Tc MDP examinations were interpreted by a variety
of nuclear medicine physicians who might have had varied practice
patterns and varied thresholds for reporting or intervening on imag-
ing findings. There is no commonly used clinical grading scale of
facet joint activity, and our study dichotomized activity on the basis
of only the radiology reports, reflecting actual clinical practice. A
small number of facet joint injections were ordered by physicians
who did not originally order or reference the bone scan.

In addition, future research could evaluate the significance of de-
gree of facet joint activity and could evaluate if other clinical or ra-
diographic findings are useful when used in conjunction with **™Tc
MDP SPECT/CT results. It would also be useful to establish the prev-
alence of facet joint activity in patients without axial low back pain to
assess specificity.

CONCLUSIONS

Facet joints undergoing targeted percutaneous treatment were
frequently discordant with those demonstrating increased **™Tc
MDP activity identified by SPECT/CT at our institution, often
because the active facet joints did not seem to correlate with clinical
findings. Further prospective, double-blinded investigation of the
clinical significance of facet joint activity by use of **™Tc MDP
SPECT/CT and comparative medial branch blocks is needed.

Disclosures: Kent Thielen—UNRELATED: Royalties: Nevro.* Timothy Maus—OTHER
RELATIONSHIPS: Board of Directors, International Spine Intervention Society.
*Money paid to institution.
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