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Álex Rovira-Cañellas, Barcelona, Spain
Paul M. Ruggieri, Cleveland, Ohio
Zoran Rumboldt, Rijeka, Croatia
Amit M. Saindane, Atlanta, Georgia
Erin Simon Schwartz, Philadelphia, Pennsylvania
Aseem Sharma, St. Louis, Missouri
J. Keith Smith, Chapel Hill, North Carolina
Maria Vittoria Spampinato, Charleston, South

Carolina
Gordon K. Sze, New Haven, Connecticut
Krishnamoorthy Thamburaj, Hershey, Pennsylvania
Kent R. Thielen, Rochester, Minnesota
Cheng Hong Toh, Taipei, Taiwan
Thomas A. Tomsick, Cincinnati, Ohio
Aquilla S. Turk, Charleston, South Carolina
Willem Jan van Rooij, Tilburg, Netherlands
Arastoo Vossough, Philadelphia, Pennsylvania
Elysa Widjaja, Toronto, Ontario, Canada
Max Wintermark, Charlottesville, Virginia
Ronald L. Wolf, Philadelphia, Pennsylvania
Kei Yamada, Kyoto, Japan

EDITORIAL FELLOW
Hillary R. Kelly, Boston, Massachusetts

SPECIAL CONSULTANTS TO THE EDITOR
AJNR Blog Editor
Neil Lall, Denver, Colorado
Case of the Month Editor
Nicholas Stence, Aurora, Colorado
Case of the Week Editors
Juan Pablo Cruz, Santiago, Chile
Sapna Rawal, Toronto, Ontario, Canada
Classic Case Editor
Sandy Cheng-Yu Chen, Taipei, Taiwan
Clinical Correlation Editor
Christine M. Glastonbury, San Francisco, California
Facebook Editor
Peter Yi Shen, Sacramento, California
Health Care and Socioeconomics Editor
Pina C. Sanelli, New York, New York
Physics Editor
Greg Zaharchuk, Stanford, California
Podcast Editor
Yvonne Lui, New York, New York
Twitter Editor
Ryan Fitzgerald, Little Rock, Arkansas

YOUNG PROFESSIONALS
ADVISORY COMMITTEE
Asim K. Bag, Birmingham, Alabama
Anna E. Nidecker, Sacramento, California
Peter Yi Shen, Sacramento, California

Founding Editor
Juan M. Taveras
Editors Emeriti

Mauricio Castillo, Robert I. Grossman,
Michael S. Huckman, Robert M. Quencer

Managing Editor
Karen Halm

Electronic Publications Manager
Jason Gantenberg

Executive Director, ASNR
James B. Gantenberg

Director of Communications, ASNR
Angelo Artemakis

AJNR (Am J Neuroradiol ISSN 0195– 6108) is a journal published monthly, owned and published by the American
Society of Neuroradiology (ASNR), 800 Enterprise Drive, Suite 205, Oak Brook, IL 60523. Annual dues for the
ASNR include $170.00 for journal subscription. The journal is printed by Cadmus Journal Services, 5457 Twin
Knolls Road, Suite 200, Columbia, MD 21045; Periodicals postage paid at Oak Brook, IL and additional mailing
offices. Printed in the U.S.A. POSTMASTER: Please send address changes to American Journal of Neuroradiology,
P.O. Box 3000, Denville, NJ 07834, U.S.A. Subscription rates: nonmember $380 ($450 foreign) print and online,
$305 online only; institutions $440 ($510 foreign) print and basic online, $875 ($940 foreign) print and extended
online, $365 online only (basic), extended online $790; single copies are $35 each ($40 foreign). Indexed by
PubMed/Medline, BIOSIS Previews, Current Contents (Clinical Medicine and Life Sciences), EMBASE, Google
Scholar, HighWire Press, Q-Sensei, RefSeek, Science Citation Index, and SCI Expanded. Copyright © American
Society of Neuroradiology.



49th Annual Meeting   |  American Society of

Head & Neck Radiology
Comprehensive Head and Neck Imaging

September 9 - 13, 2015 
Naples Grande Beach Resort 
Naples, Florida

27.5 AMA PRA Category 1 Credit(s)TM 

Certain sessions of the meeting program  
ill e su mitted for AM uali cation.

Hands-on US and US-Guided Biopsy Seminar 
Friday, September 11, 2015
Separate Registration Required  
Registration is Limited to 20 Attendees Per Session.

Not accredited for AMA PRA Category 1 Credit(s)TM 

For More Information, visit www.ashnr.org



PERSPECTIVES

Ossicular Chain Trio: The normal ossicular chain (left), a red vascular glomus tympanicum involving the manubrium of the malleus (middle), and a pearly white
cholesteatoma encompassing the malleus and incus (right). Drawn using the Inkpad app for iPad.

Jennifer McCarty, PGY5 Radiology Resident, University of Arkansas for Medical Sciences, Little Rock, Arkansas; jmccarty@uams.edu

AJNR Am J Neuroradiol 36:1391 Aug 2015 www.ajnr.org 1391



REVIEW ARTICLE

Reversible Cerebral Vasoconstriction Syndrome, Part 1:
Epidemiology, Pathogenesis, and Clinical Course

T.R. Miller, R. Shivashankar, M. Mossa-Basha, and D. Gandhi

ABSTRACT

SUMMARY: Reversible cerebral vasoconstriction syndrome is a clinical and radiologic syndrome that represents a common pre-
sentation of a diverse group of disorders. The syndrome is characterized by thunderclap headache and reversible vasoconstriction
of cerebral arteries, which can either be spontaneous or related to an exogenous trigger. The pathophysiology of reversible cerebral
vasoconstriction syndrome is unknown, though alterations in cerebral vascular tone are thought to be a key underlying mechanism.
The syndrome typically follows a benign course; however, reversible cerebral vasoconstriction syndrome may result in permanent
disability or death in a small minority of patients secondary to complications such as ischemic stroke or intracranial hemorrhage.

ABBREVIATIONS: RCVS � reversible cerebral vasoconstriction syndrome; PRES � posterior reversible encephalopathy syndrome

Reversible cerebral vasoconstriction syndrome (RCVS) is a

clinical and radiologic syndrome whose primary features in-

clude the hyperacute onset of severe headache and segmental va-

soconstriction of cerebral arteries that resolves by 3 months.1-5

RCVS is not a single disease entity but should be considered a

common presentation of multiple disorders characterized by

reversible vasoconstriction of the cerebral vasculature.3,6-8 The

term “RCVS” now encompasses what was previously thought

to be a group of distinct clinical entities, including Call-Flem-

ing syndrome, thunderclap headache, and postpartum angio-

pathy.4-6,8-11

Timely and accurate diagnosis of RCVS is essential to ensuring

appropriate patient care and avoiding unnecessary diagnostic

tests. However, the diagnosis can be challenging because its signs

and symptoms can overlap those of better known disorders of the

central nervous system, including aneurysmal subarachnoid

hemorrhage and primary angiitis of the CNS.1,2,6,12-14 Further-

more, a key feature of RCVS, segmental arterial vasoconstriction,

may be absent early in the course of the disease.1,2,4,5,14 Conse-

quently, both the clinician and radiologist must maintain a high

level of suspicion for this entity in patients presenting with char-

acteristic features.

The first part of this article will review the history of

RCVS, including the previously described clinical entities

that it is now thought to include. We will then discuss the

epidemiology, diagnostic criteria, and clinical presentations of

this disorder and explore the association of RCVS with poste-

rior reversible encephalopathy syndrome (PRES). In the sec-

ond part, we will review the imaging features of RCVS, including

more recent work exploring associated imaging changes in the

cerebral arterial vasculature beyond segmental vasoconstriction.

Historical Background
Reversible segmental cerebral vasoconstriction has been de-

scribed in the medical literature in a diverse array of clinical set-

tings dating back to the 1960s.15-17 The earliest clinical reports

associated this finding with the postpartum state, migraine head-

aches, unruptured cerebral aneurysms, and the use of vasoactive

medication such as ergot derivatives. Initially, patients presenting

with cerebral vasoconstriction were thought to have unique dis-

ease entities, depending on the given clinical scenario and special-

ist treating the patient (Table 1).4-6,8-11 The common features of

these cases, including clinical presentation with severe headache,

reversibility of angiographic findings, and lack of histologic ab-

normalities on arterial biopsy, were not well appreciated or

understood.

In 1988, Gregory Call and Marie Fleming described a unique

clinical and radiographic syndrome in a small case series of 4

patients presenting with acute headache and reversible cerebral

artery vasoconstriction.18 When the authors included 12 previ-

From the Department of Diagnostic Radiology (T.R.M., R.S., D.G.), Section of Neu-
roradiology, University of Maryland Medical Center, Baltimore, Maryland; and De-
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of Washington, Seattle, Washington.
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ously published case reports of patients presenting with similar

findings, comprising some associated with migraines and post-

partum state, they noted distinctive features of the syndrome,

such as its association with hyperacute headache, transient or per-

manent neurologic deficits, normal or nonspecific findings on

CSF analysis, and the lack of correlation between the resolution of

patient symptoms and arterial vasoconstriction. In this small se-

ries, the authors demonstrated a wide range of possible clinical

outcomes, from complete resolution of symptoms to permanent

disability with hemiparesis and/or cortical blindness. The ep-

onym “Call-Fleming syndrome” was subsequently used to de-

scribe the entity.

In 2007, Calabrese et al,6 made a case for unifying the various

cerebral vasoconstriction syndromes, including Call-Fleming,

under the term “reversible cerebral vasoconstriction syndrome”

and proposed specific diagnostic criteria (Table 2). In recent

years, our understanding of possible triggers, imaging findings,

and the clinical course of RCVS has greatly improved. However, a

good deal remains unknown about the syndrome. Although

RCVS is becoming more widely recognized in the medical com-

munity, the overlap of its features with other conditions such as

primary angiitis of the CNS continues to be a challenge. Finally,

the heterogeneity of clinical and radiologic manifestations of

RCVS, along with the diverse clinical settings in which it is en-

countered, strongly suggests that the syndrome represents a com-

mon end point of numerous disease processes, as opposed to a

specific disease entity.3,6-8

Diagnostic Criteria
The key diagnostic criteria for RCVS proposed by Calabrese et al6

have since been slightly modified by the International Headache

Society (Table 2). Although these criteria have not been validated

in any prospective study, they have proved very useful clinically to

diagnose RCVS and to increase physician awareness of the disease.

Epidemiology and Potential Triggers
Although the true incidence of RCVS remains uncertain, the syn-

drome does not appear rare on the basis of the rates of patient

recruitment or presentation into prospective and retrospective

studies.19 Furthermore, recent reports have suggested that the

incidence of RCVS may be increasing, though it is unclear

whether this reflects a true increase in the incidence of the syn-

drome versus a consequence of improved imaging techniques and

physician awareness.20,21 Nevertheless, RCVS likely remains un-

derdiagnosed and should be included in the differential diagnosis

of young patients presenting with severe headache or cryptogenic

stroke.1,5,21,22

RCVS commonly affects patients 20 –50 years of age (mean,

42– 45 years), though other age groups, including children and

adolescents, can be affected.1,2,5,6,17,23-27 Most interesting, the

mean age of men presenting with RCVS tends to be a decade

younger than that of female patients (fourth decade).9,12 There is

a female predominance, with an average female/male ratio from 3

large series of patients of approximately 2.4:1.2,5,9,17,23,24 RCVS

does not appear to be limited to any single ethnic or racial

group.19 As Ducros19 highlighted in her review of RCVS, differ-

ences in patient characteristics in large published series could re-

flect either intrinsic differences in RCVS among various patient

populations and/or differences in patient recruitment criteria.

RCVS can occur spontaneously, without an obvious underly-

ing cause, or can be secondary to an identifiable trigger (roughly

25%– 60% of cases).2,3 The delay in exposure to an exogenous

trigger and the development of RCVS can be anywhere between a

few days and several months.2 In cases in which medications act as

the exogenous trigger for the syndrome, patients may be taking

the drug on a regular basis or infrequently, either at recom-

mended dosages or in excess.2 For those patients without an

obvious precipitant, RCVS may be induced in vulnerable individ-

uals due to spontaneous or evoked vascular and/or neuronal

discharges.6

A diverse group of possible exogenous triggers for secondary

RCVS have been proposed, though the potential delay between

exposure and development of the syndrome (in some cases weeks

to months) and the ubiquity of some triggers (coughing, laugh-

ing, and so forth) raise the possibility that some of these associa-

tions may be coincidental (Table 1).2,3,6,11,23,28-38 However, the

association of RCVS with the most commonly reported triggers is

more compelling, including the use of vasoactive drugs and the

postpartum state, which together account for more than half of

cases in most published series (approximately 50% and 9%–10%

of cases respectively).7,17,39 Sympathomimetic drugs commonly

taken over the counter for upper respiratory tract infections, in-

cluding phenylpropanolamine and pseudoephedrine, as well as

antimigrainous medications, have historically been associated

with subarachnoid hemorrhage and ischemic stroke in rare cases,

which in retrospect likely reflects the sequelae of drug-induced

RCVS.40,41 The association between RCVS and the postpartum

state is thought to possibly reflect increased levels of both pro- and

antiangiogenic factors, some of which have also been associated

Table 1: Prior terms for RCVS
Prior Terms

Migrainous vasospasm
Benign angiopathy of the central nervous system
Postpartum angiopathy
Thunderclap headache with reversible vasospasm
Sexual headache
Drug-induced angiopathy
Call-Fleming syndrome

Table 2: Diagnostic criteria for RCVS
Criteria

Severe, acute headaches, with or without additional neurologic
signs or symptoms

Uniphasic disease course with no new symptoms after 1 month of
onset

No evidence for aneurysmal SAH
Normal or near-normal findings on CSF analysis (protein level,

�80 mg/dL; leukocyte level, �10/mm3; normal glucose level)
Multifocal segmental cerebral artery vasoconstriction

demonstrated on either catheter angiography or indirectly on
CTA/MRA

Reversibility of angiographic abnormalities within 12 weeks after
onset. If death occurs before the follow-up studies are
completed, postmortem rules out such conditions as vasculitis,
intracranial atherosclerosis, and aneurysmal SAH, which can also
manifest with headache and stroke

AJNR Am J Neuroradiol 36:1392–99 Aug 2015 www.ajnr.org 1393



with eclampsia, such as placental growth factor.5 RCVS encoun-

tered in the postpartum period typically is encountered anywhere

from 1 to 3 weeks following an uncomplicated pregnancy, though

presentation as late as 6 weeks has been reported.42,43

RCVS is commonly associated with a history of migraine

headaches (20%– 40% of cases), which may, in part, be due to the

known role of migraine medications as a trigger for the syn-

drome.1,5,17 Cervical arterial dissection has also been associated

with RCVS, though it remains uncertain whether this represents a

potential etiology or complication of the syndrome.7,9,44-47 In

a prospective study identifying patients with RCVS or cervical

arterial dissection, Mawet et al45 found that 12% of patients in

the RCVS cohort (n � 173) had or developed cervical arterial

dissection, while 7% of patients in the cervical dissection co-

hort (n � 285) developed RCVS. In rare cases, multiple cervi-

cal arterial dissections may be present.47 Finally, some pub-

lished series have noted a significant association between

RCVS and cannabis use.22

Pathogenesis
The pathophysiology of RCVS remains unknown. However, al-

terations in cerebral vascular tone leading to vasoconstriction are

thought to be a key pathophysiologic mechanism underlying the

development of RCVS.1,2,6,9,23,43 This hypothesis is supported by

the lack of histologic changes noted in and around the cerebral

vasculature in patients with RCVS who have undergone brain

biopsy.1,43 Specifically, histologic and electron-microscopic anal-

yses have failed to demonstrate evidence of active inflammation

or vasculitis.1 Deregulation of cerebral vascular tone in RCVS may

be induced by sympathetic overactivity, endothelial dysfunction,

and oxidative stress.3,5,11,12,23,48,49 The association of RCVS with

blood pressure surges, ingestion of sympathomimetic vasoactive

substances, and pheochromocytoma support the role of sympa-

thetic overactivity in its pathogenesis. On the other hand, a signif-

icant overlap between RCVS and PRES supports the importance

of endothelial dysfunction, which is known to play an important

pathophysiologic role in the latter. Because RCVS likely repre-

sents a common end point of a diverse group of disease processes,

it is possible that the contribution of sympathetic overactivity and

endothelial dysfunction to the onset of the syndrome varies de-

pending on the incitant event in a given patient.

Various hormonal and biochemical factors have been sug-

gested to play a role in the deregulation of cerebral vascular tone

in RCVS, including estrogen, endothelin-1, serotonin, nitric ox-

ide, and prostaglandins, some of which have been also associated

with vasoconstriction following aneurysmal subarachnoid hem-

orrhage.5,6,11,48 For example, urine levels of 8-iso-prostaglandin

F2�, a marker of oxidative stress and a potent vasoconstrictor,

were found to correlate with disease severity in patients with

RCVS.48 This finding suggests that oxidative stress may play a role

in the pathogenesis of RCVS. It is unclear whether the vasocon-

strictive properties of 8-iso-prostaglandin F2� contribute to the

segmental vasoconstriction found in RCVS.48 Other factors, in-

cluding placental growth factor, soluble placental growth factor

receptor (soluble fms-like tyrosine kinase-1), and soluble en-

doglin, play a role in angiogenesis and have been implicated in the

development of RCVS in the postpartum period.8

Genetic factors may influence an individual’s susceptibility to

developing RCVS and the severity of its subsequent clinical

course. A specific genetic polymorphism (Val66Met) in the gene

for brain-derived neurotrophic factor, which is important for

neuronal survival, neurogenesis, and synaptic plasticity, has been

associated with more severe vasoconstriction in patients with

RCVS.50 Most interesting, brain-derived neurotrophic factor can

also affect vascular function and has been associated with disor-

ders of abnormal vascular tone and unstable angina.

Thunderclap Headache
The thunderclap headache is a defining clinical feature of

RCVS and is defined as a severe, throbbing headache that

reaches peak intensity within 60 seconds of onset (Fig 1). In

RCVS, the pain is often bilateral and diffuse, though it can

originate in the occipital region.1,2,5,6,9,14 Thunderclap head-

ache has been reported in 94%–100% of patients with RCVS

and may be the sole presenting symptom in 70%–76% of

cases.2,6,9,51,52 Often, there is significant delay between the on-

set of headache and patient presentation for medical care (av-

erage, 7 days).9 The thunderclap headache can be associated

with other symptoms, including nausea, emesis, diplopia, ele-

vations in blood pressure, and photosensitivity.1,2,6,9,42,44 In

patients with RCVS who have migraines, the thunderclap

headache is typically described as differing in location, degree,

and quality from their usual migraines.13 A minority of pa-

tients with RCVS may present with a more mild or subacute

headache, though the complete absence of headache is

rare.2,3,19

Thunderclap headache is not specific for RCVS and can be

associated with various other medical conditions, including an-

eurysmal subarachnoid hemorrhage, primary headache disorder,

pituitary apoplexy, cerebral venous sinus thrombosis, unrup-

tured cerebral aneurysm, cervical arterial dissection, and third

ventricle colloid cyst, among others.53 In fact, prior reports sug-

gest that RCVS will ultimately be diagnosed in less than half

(45%) of patients presenting with a thunderclap headache.14,51

For example, Grooters et al14 found that only 8.8% of patients

presenting to a single center with thunderclap headache and no

evidence of aneurysmal subarachnoid hemorrhage were ulti-

mately diagnosed with RCVS.

However, some characteristics of the thunderclap headache

associated with RCVS may be more specific for the syndrome. For

example, in contradistinction to patients with aneurysmal sub-

arachnoid hemorrhage, the thunderclap headache associated with

RCVS typically demonstrates a waxing and waning course, often

completely resolving within 3 hours (range, minutes to days),

only to recur repeatedly during 1–3 weeks.1,2,9,14,19,23,44 On aver-

age, the last episode occurs 7– 8 days after symptom onset.19 In

RCVS, the number of exacerbations may vary between 1 and 20

episodes and often are triggered by bathing, stress, sexual inter-

course, change in position, exertion, and coughing.1,2,6,7,16,42,54,55

A more moderate headache may persist between the acute

episodes.2,5,19

The exact etiology of the thunderclap headache encountered

in CVS remains uncertain. Some authors have postulated that

cerebral vasoconstriction may be the cause because the cerebral
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vasculature receives innervation from the first division of the tri-

geminal nerve and the dorsal ganglion of the second cervical

nerve.6 However, the time course of patient symptoms such as

headache and cerebral vasoconstriction argues against a causal

relationship. For example, although patients typically present

acutely with thunderclap headache, cerebral vasoconstriction of-

ten does not become evident for a week or more following symp-

tom onset. Furthermore, resolution of vasoconstriction may take

weeks to months in some individuals, persisting long after the

resolution of patient symptomatology.56

Other Clinical Presentations and Sequelae of RCVS
Other clinical presentations, or sequelae, of RCVS include gener-

alized seizures, encephalopathy, focal neurologic deficits, al-

tered mental status, transient ischemic attacks, ischemic

stroke, intracranial hemorrhage, cerebral edema, and PRES

(Table 3).2,6,8,12,13,20,23,39,57-59 In her meta-analysis of 3 large case

series of patients with RCVS, Ducros19 found that focal neuro-

logic deficits were present in 8%– 43% of patients, seizures in

1%–17%, cortical subarachnoid hemorrhage in 30%–34% (1

study had hemorrhage as an exclusion criterion and was not in-

cluded), cerebral infarction in 6%–39%, and concomitant PRES

FIG 1. A 47-year-old woman with the sudden onset of severe headache. Initial noncontrast head CT (A) demonstrates trace sulcal subarachnoid
hemorrhage (white arrow) near the vertex. CT angiography performed at the same time (B) is interpreted as having unremarkable findings.
Conventional angiography (C) demonstrates mild diffuse irregularity with multifocal narrowings throughout the cerebral vasculature with
a beaded appearance, most pronounced in distal right middle cerebral artery cortical branches (black arrow). Findings are most consistent
with RCVS. Follow-up catheter angiogram performed 1 month later (D) demonstrates complete resolution of cerebral vasoconstriction
(black arrow).

Table 3: Potential triggers of RCVS
Triggers of Secondary RCVS

Vasoactive medications
Sympathomimetic drugs, bromocriptine, ergotamine,

pseudoephedrine, selective serotonin-uptake inhibitors,
interferon, triptans, diet pills, nonsteroidal
anti-inflammatory drugs

Vasoactive recreational drugs
Alcohol, amphetamines, cannabis, cocaine, ecstasy, nicotine

Pregnancy and postpartum states
Blood products

Blood transfusions, erythropoietin, intravenous
immunoglobulin

Headache disorders
Migraines

Tumors
Pheochromocytoma
Paraganglioma

Trauma
Carotid dissection, unruptured cerebral aneurysm
Head and neck surgery
Various medical conditions

Hemolysis, elevated liver enzymes, low platelets
Antiphospholipid antibody syndrome
Thrombotic thrombocytopenic purpura
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in 9%–38% (Fig 2). This wide range in reported incidence of

various sequelae of RCVS may reflect recruitment bias, with more

ill patients being more likely to present for medical care; selection

criteria; and the clinical context in which patients were encoun-

tered.19 For example, reported rates of ischemic infarct and intra-

cranial hemorrhage in patients developing RCVS postpartum ap-

pear to be higher than those in series included by Ducros.33,60

Although patients with RCVS may initially present with gen-

eralized seizure, seizures rarely persist and long-term antiepileptic

therapy is generally not indicated.1,42 Hypertension is commonly

encountered in patients with RCVS in the acute period; however,

it is unclear whether high blood pressure is from pain associated

with headache, a response to cerebral vasoconstriction, or some

other manifestation of the syndrome.5,13 As previously described,

cervical arterial dissections may be encountered in patients with

RCVS and should be excluded in patients who present with neck

pain and/or territorial cerebral infract.1,2,5,19,45,46

Focal neurologic deficits encountered with RCVS include vi-

sual deficits, hemiplegia, dysarthria, aphasia, numbness, cortical

blindness, or ataxia.6,42,59 Focal deficits of vision, sensory, sensa-

tion, and motor function are encountered in decreasing fre-

quency.1,5 Focal neurologic deficits may be transient or perma-

nent, often reflecting the sequelae of TIA or ischemic infarct

resulting from severe segmental cerebral vasoconstriction,

though some transient deficits may be due to a migraine-type aura

phenomenon.1,2,6 Neurologic deficits lasting �24 hours are un-

likely to improve and likely reflect the sequelae of ischemic infarct,

which typically occur in bilateral watershed zones of the cerebral

hemispheres.1,19 Cerebellar infarcts are also possible.19

Risk factors for the development of intracranial hemorrhage in

patients with RCVS include a history of migraines, older age, and

female sex.11,61 Subarachnoid hemorrhage, the most common

hemorrhagic complication of RCVS, is most often focal and lo-

calized in superficial cerebral sulci near the cerebral convexi-

ties.1,5,8,11-13 Given this distribution, subarachnoid hemorrhage

associated with RCVS may be missed on imaging and CSF analy-

sis, and its incidence in the syndrome consequently is underesti-

mated.11 It has been postulated that vasoconstriction of small

arterioles early in the course of RCVS, along with hypertension

and breakdown of autoregulatory mechanisms, may precipitate

the rupture of small pial vessels with resulting subarachnoid hem-

orrhage.17,59,62 Other patterns of intracranial hemorrhage en-

countered in RCVS include intraparenchymal hemorrhage and

subdural hematomas.1,8,57,59,63 Intraparenchymal hemorrhage

can be see in up to 6%–20% of patients and most often is unifocal

and lobar in location.1,8,19,57

The various sequelae of RCVS tend to occur at different times

during the course of the syndrome.9 Hemorrhagic complications,

such as subarachnoid and intraparenchymal hemorrhage and

concomitant PRES and seizures, most often occur during the

first week of illness.1,8,9,56 In contradistinction, ischemic

events and their resulting focal neurologic deficits often arise

later in RCVS, peaking between 1 and 2 weeks following pa-

tient presentation.9 Ischemic stroke can occur even later in the

course of the syndrome, occasionally after resolution of symp-

toms such as headache, and presumably reflects the well-docu-

mented delay in resolution of cerebral vasoconstriction.44 Over-

all, Ducros et al9 found that ischemic events such as TIA and

stroke occurred on average approximately 8 days later than hem-

orrhagic complications.9

Association with PRES
RCVS and PRES overlap significantly in their clinical and radio-

graphic features, and the 2 entities are frequently encountered

concurrently (Fig 2).4,5,58,62,64,65 PRES is a clinical and radio-
graphic syndrome characterized by headache, visual changes, sei-
zure, and imaging findings, including cerebral edema affecting
the cerebral cortex and underlying white matter, manifesting as

areas of hyperintensity on T2 and FLAIR imaging, most often

involving the occipital and posterior parietal lobes.2,62,64 How-

ever, other distribution patterns can be encountered with

PRES, including involvement of the frontal and temporal

lobes, basal ganglia, deep white matter, and brain stem.2,64

While the areas of cerebral edema encountered in PRES are

FIG 2. A 42-year-old woman who presented with altered mental status and lethargy. FLAIR imaging (A) demonstrates signal hyperintensity
involving the cortex and underlying subcortical white matter in the parietal and occipital lobes (white arrows), consistent with PRES. There is no
evidence of associated diffusion restriction. Trace sulcal subarachnoid hemorrhage was also noted overlying the right frontal lobe (not shown).
Note subtle irregularity and multifocal narrowings involving distal cortical branches of the bilateral middle and anterior cerebral arteries (black
arrows) on cerebral angiography (B), suggestive of RCVS. The patient made a full recovery, with complete resolution of cerebral areas of
abnormal FLAIR hyperintensity (C) and cerebral vasoconstriction (not shown).

1396 Miller Aug 2015 www.ajnr.org



often reversible, progression to cytotoxic edema and infarct can

occur.2,62 Finally, like RCVS, the exact pathophysiologic etiology

of PRES remains unknown, though a breakdown in autoregula-

tion of the cerebral vasculature leading to hyperperfusion is 1

possible mechanism.2,62

PRES-like reversible cerebral edema is encountered in any-

where from 9% to 38% of patients with RCVS, while most pa-

tients with PRES (�85%) demonstrate some element of RCVS-

like cerebral vasoconstriction when conventional angiography is

performed.19 When PRES-like features are encountered in cases

of RCVS, the anatomic distribution of cerebral edema is similar to

PRES encountered in other settings.44 Furthermore, PRES and

RCVS often arise concurrently as complications of various med-

ical conditions, including intravenous immunoglobin therapy,

Guillain-Barre syndrome, immunosuppression, stem cell trans-

plantation, blood transfusions, and septic shock.2,7,28,54,56,66,67

Finally, both PRES and RCVS demonstrate similar clinical fea-

tures, including an acute, self-limited course and symptom-

atology, such as headache, confusion, seizure, and transient or

permanent neurologic deficits.1,2,54 Given the significant over-

lap between the 2 entities, it is possible that RCVS and PRES

may represent a spectrum of potential clinical manifestations

of a common underlying pathophysiology involving various

degrees of altered cerebral vascular tone and endothelial

dysfunction.

Treatment
The treatment of RCVS is based on observational data obtained

from retrospective studies.1,5,21 Current treatment recommenda-

tions for RCVS include withdrawal of any suspected exogenous

triggers, including vasoactive medications, and intensive care

unit–level care, symptom relief with analgesics, blood pressure

control, and seizure prophylaxis.1,2,5,34,68 Patients should avoid

activities that are associated with the on-
set of symptoms/headache as much as
possible. Calcium channel blockers, in-
cluding nimodipine, have been admin-
istered to patients with RCVS via oral
and intravenous routes and have been
shown in prospective and retrospective
studies to provide symptom relief, in-
cluding headache.2,3,17,24,44,69-72 How-
ever, calcium channel blockers have not
been shown to influence the evolution
of cerebral vasoconstriction or the
possible complications of RCVS, in-
cluding intracranial hemorrhage and
ischemic stroke.1,6,16,17

Other vasodilators, such as phospho-

diesterase inhibitors, have also been

used with anecdotal success in case re-

ports.73 However, vasodilators, includ-

ing calcium channel blockers, must be

used with caution because drops in sys-

tolic blood pressure may impair cerebral

perfusion in patients with RCVS with se-

vere cerebral vasoconstriction.2,44 Intra-

arterial administration of vasodilators

and balloon angioplasty have been performed in cases of severe

RCVS-related vasoconstriction, though the indications and effi-

cacy of these treatments remain unclear (Fig 3).1,69,74,75 Although

RCVS vasoconstriction has been shown to improve following in-

tra-arterial vasodilator therapy, recurrence of arterial narrowing

has been reported, sometimes necessitating multiple treatment

sessions.69,76 Glucocorticoid steroids have been administered to

patients with RCVS, without improvement in either patient

symptoms or sequelae of the disease. Some case series have even

suggested that steroid therapy may be associated with worse out-

comes in RCVS.3,17,76

Prognosis and Clinical Course
Fortunately, the prognosis for most patients with RCVS is very

good. The syndrome typically follows a self-limiting, monophasic

course, with resolution of symptoms by 3 weeks, and no new

symptoms after 1 month.1,13,17,23,39,57,77 By definition, resolution

of vasoconstriction should occur by 3 months. However, a minor-

ity of patients will demonstrate delayed clinical worsening in the

first few weeks following symptoms onset, most often due to the

development of an ischemic infarct.39,42,43,77 A more fulminant

course of RCVS leading to permanent disability or death can be

encountered in 5%–10% of patients.1,2,6,12,43,60,77 Recurrence of

RCVS appears to be rare, though some patients may have chronic

mild headaches and fatigue on follow-up.2,42,43,78

RCVS encountered in the postpartum period deserves special

attention because it has been reported to be more likely to follow

a fulminant course, with multifocal infarct, intracranial hemor-

rhage, extensive vasogenic edema, and death.1,39,60 When Fugate

et al33 evaluated patients with postpartum angiopathy in a small

retrospective series (n � 18), they found focal neurologic deficits

in 50%, visual disturbances in 44%, encephalopathy in 33%, sei-

FIG 3. A 19-year-old man with a 2-day history of recurrent headaches and prior marijuana use.
Noncontrast CT was negative for acute hemorrhage (not shown). Conventional angiography (A)
reveals multifocal areas of moderate narrowing and irregularity involving the cerebral vasculature
(white arrows, A). These areas resolved following intra-arterial administration of verapamil (white
arrows, B). Clinical course and imaging findings are consistent with RCVS.
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zure in 28%, intracranial hemorrhage in 39%, vasogenic edema in

35%, and infarction in 35%. Somewhat unusual for RCVS, only

slightly less than half of patients in this small series achieved a

complete recovery, while the remaining patients either died or

were left with significant neurologic deficits.33

CONCLUSIONS
RCVS is characterized by a thunderclap headache and reversible

cerebral artery vasoconstriction on imaging. Alterations in cere-

bral vascular tone likely underlie development of the syndrome.

Most patients with RCVS have a good outcome with no perma-

nent sequelae, while a small minority will experience a more ful-

minant course culminating in permanent disability or death.
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PRACTICE PERSPECTIVES

Mesial Temporal Sclerosis: Accuracy of NeuroQuant
versus Neuroradiologist

M. Azab, M. Carone, S.H. Ying, and D.M. Yousem

ABSTRACT

BACKGROUND AND PURPOSE: We sought to compare the accuracy of a volumetric fully automated computer assessment of hip-
pocampal volume asymmetry versus neuroradiologists’ interpretations of the temporal lobes for mesial temporal sclerosis. Detecting
mesial temporal sclerosis (MTS) is important for the evaluation of patients with temporal lobe epilepsy as it often guides surgical
intervention. One feature of MTS is hippocampal volume loss.

MATERIALS AND METHODS: Electronic medical record and researcher reports of scans of patients with proved mesial temporal sclerosis
were compared with volumetric assessment with an FDA-approved software package, NeuroQuant, for detection of mesial temporal
sclerosis in 63 patients. The degree of volumetric asymmetry was analyzed to determine the neuroradiologists’ threshold for detecting
right-left asymmetry in temporal lobe volumes.

RESULTS: Thirty-six patients had left-lateralized MTS, 25 had right-lateralized MTS, and 2 had bilateral MTS. The estimated accuracy of the
neuroradiologist was 72.6% with a � statistic of 0.512 (95% CI, 0.315– 0.710) [moderate agreement, P � 3 � 10�6]), whereas the estimated
accuracy of NeuroQuant was 79.4% with a � statistic of 0.588 (95% CI, 0.388 – 0.787) [moderate agreement, P � 2 � 10�6]). This discrepancy
in accuracy was not statistically significant. When at least a 5%–10% volume discrepancy between temporal lobes was present, the
neuroradiologists detected it 75%– 80% of the time.

CONCLUSIONS: As a stand-alone fully automated software program that can process temporal lobe volume in 5–10 minutes, Neuro-
Quant compares favorably with trained neuroradiologists in predicting the side of mesial temporal sclerosis. Neuroradiologists can often
detect even small temporal lobe volumetric changes visually.

ABBREVIATION: MTS � mesial temporal sclerosis

Temporal lobe epilepsy represents the most common type of

partial complex epilepsy in adulthood.1 There are 2 forms of

temporal lobe epilepsy: a common form with mesial temporal

lobe symptoms and a rarer form with lateral temporal lobe

symptoms.2

Mesial temporal sclerosis (MTS) is the most common patho-

logic entity encountered in epilepsy surgery series.1 Its histologic

confirmation is a major predictive factor for postoperative seizure

control.3 Sclerosis of the hippocampus progresses with time as

both a consequence and/or a cause of seizures.4 It most com-

monly manifests pathologically as gliosis and volume loss. Clini-

cally epileptiform electroencephalography activity lateralizes to

the temporal lobe on the ipsilateral side of MTS.

Multiple structural and functional imaging modalities are

available to diagnose MTS and to guide surgical treatment of

medically intractable seizures.5 Most clinical MR imaging

studies are sufficient to detect gross hippocampal atrophy

changes; however, early changes of hippocampal atrophy may

be overlooked by even experienced radiologists because of

their subtlety.6

According to Spencer et al,7 computerized volumetric mea-

surement of the hippocampus improves the assessment of pa-

tients with temporal lobe epilepsy and adds sensitivity and speci-

ficity to the clinical visual evaluation. Others believe that visual

inspection alone is sufficient to accurately detect hippocampal

sclerosis.8 The degree of disproportionate hippocampal volume

inequality required for visual detection of the hippocampal atro-
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phy in MTS has not yet been determined. Because there are other

nonvolumetric findings that suggest MTS (eg, signal-intensity

changes, blurring of gray-white borders, malrotation), it would

seem that merely assessing volume, even if highly reliable, would

not be sufficient for adequately assessing patients with temporal

lobe epilepsy.

Manual hippocampal volumetry has been the standard tech-

nique for assessing hippocampal volume loss in MTS, Alzheimer

disease, and other disorders in the research realm.9 However, such

manual quantification of temporal lobe volume is cumbersome,

time-consuming, not easily reimbursed, and requires extensive

training. Until recently, there was no FDA-approved means for

providing computer-based, semiautomated, or automated hip-

pocampal volumetry. NeuroQuant (CorTechs Labs, San Diego,

California) is a software package that is FDA-cleared for market-

ing (510[k]K061855) and is now commercially available. Its value

in the clinical setting has not been extensively reviewed since FDA

approval. The technique for parcellating brain regions and assess-

ing volumetry has been previously outlined by Brewer et al10 in

2009 in the American Journal of Neuroradiology. The steps in-

volved include sequence-checking to ensure that appropriate

high-resolution and contrast image parameters are performed,

correction for field/gradient inhomogeneities, removal of the

overlying calvaria, alignment to the probabilistic atlas of stereo-

typical anatomy, and segmented volumetry of predetermined an-

atomic areas derived from multiple subjects of multiple age

groups (Brewer et al).10-13

We sought to assess the value of NeuroQuant volumetry of the

temporal lobe in patients with MTS with the added goal of trying

to determine the difference in right and left hippocampal volumes

that can be detected by experienced neuroradiologists in the clin-

ical assessment of patients with temporal lobe epilepsy. We hy-

pothesized that because radiologists assess the hippocampi for

other imaging findings above and beyond volume loss alone, the

neuroradiologist’s determination of the correct side of the MTS

would be more accurate than basic NeuroQuant volumetry.

MATERIALS AND METHODS
This retrospective study was reviewed and approved by the insti-

tutional review board of the School of Medicine and the Commit-

tee for the Protection of Human Subjects. Due to the retrospective

nature of the study, informed patient consent was not required for

the review of medical records and radiographic examinations, and

the study was deemed to be Health Insurance Portability and Ac-

countability Act– compliant.

The radiology information system data base was surveyed for

the term “mesial temporal sclerosis” during a 53-month period

(between January 2009 and May 2013) to find patients who had

MR imaging studies. We included 46 healthy control research

subjects from the same period who had NeuroQuant-compatible

equivalent MR pulse sequences to assess normal variations in hip-

pocampal volumes. The search yielded an initial sample of 85

patients with MTS (mean age, 34.9 � 15.9 years) matched with

the 46 control subjects (mean age, 26.7 � 15.7 years). Of the 85

subjects, 61 patients who had electroencephalography, clinical, or

pathologic findings that localized to the right or left side and 2

patients who had them localized bilaterally had MR pulse se-

quences in a high-resolution 3D dataset that could be analyzed by

NeuroQuant. The 63 patients for analysis included 35 women and

28 men with a mean age of 35.0 � 16.2 years, similar to the initial

cohort and control subjects (no statistical difference in age or sex).

Because of the emphasis on asymmetry, the 2 patients with bilat-

eral MTS were removed from a second analysis, leaving 61 sub-

jects as a second dataset. The patients had symptoms of partial

complex seizures in 56 cases, intractable seizures in 5 cases, and

generalized seizures in 2 cases. Patients with temporal lobe sei-

zures due to a cause other than MTS (eg, tumors, strokes, congen-

ital anomalies) were excluded.

All patients had a dedicated epilepsy protocol that included

sagittal T1-weighted images, axial diffusion-weighted images with

ADC mapping, axial T2-weighted, axial T2 FLAIR, coronal T2-

weighted, coronal T2 FLAIR, coronal 3D spoiled gradient-echo

T1-weighted scans, and coronal thin-section T1-weighted scans

obtained specifically through the temporal lobes to determine

hippocampal volumes and identify any cortical dysplasia. Post-

contrast T1 images were added in some cases. Thirty-seven pa-

tients were scanned on a 3T scanner, and 26, on a 1.5T scanner.

The NeuroQuant analysis was based on a sagittal 3D volumet-

ric MPRAGE pulse sequence with the following parameters: TR,

2300 –2400 ms; TI, 900-1000 ms; TE set to minimum; flip angle,

8°; FOV, 24 cm; section thicknesses, 1.2 mm, for 170 sections. The

control subjects and patients with MTS were scanned with

identical volumetric pulse sequences. Scans were sent via the

PACS to an Apple Mac Mini computer (Cupertino, California)

with NeuroQuant installed. NeuroQuant takes the high-resolu-

tion 3D T1-weighted, sagittal non-contrast-enhanced MR imag-

ing data, autoroutes them as input with no user intervention, and

returns a new full-volume spatially corrected and anatomically

labeled dataset along with 2 printable patient reports containing

the absolute and relative volumes of the hippocampus, temporal

horn, and other structures in DICOM-compliant format (Fig 1).

This process, from the time sent from the PACS to creation of the

report, typically takes between 5 and 10 minutes, and the report

appears in the PACS as 2 additional “Morphometry Results”

series.

A clinical neuroradiologist reviewed all MR images at the time

of the patient’s initial assessment, and a study neuroradiologist

reviewed them retrospectively. Twelve neuroradiologists with a

range of experience between 2 and 30 years interpreted the clinical

studies. The clinical reports were reviewed from the electronic

medical record after the study neuroradiologist gave an opinion as

to the side of the MTS. In instances in which the research neuro-

radiologist’s interpretation differed from the clinical prospective

reading in the electronic medical record, a third neuroradiologist

with 25 years of experience provided a third opinion to break the

impasse. This occurred in 5 of 63 cases. No attempt was made to

parse the data on the basis of individual results of neuroradiology

faculty members.

For the criterion standard, patients were classified as having

left, right, or bilateral MTS on the basis of electroencephalography

recordings, histopathologic findings of surgical specimens, and

clinical determination reviewed in the electronic medical record.

The proof of diagnosis included pathologic specimens in 25 (of
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63, 39.7%) cases and localizing electroencephalography in pa-

tients without an operation in 48 (of 63, 60.3%) cases.

The difference in volume between the right and left hip-

pocampi also was assessed to determine the sensitivity of the clin-

ical neuroradiologist’s visual assessment of the hippocampal vol-

ume. We specifically looked at the electronic medical record

reports to determine whether the neuroradiologist commented

on one hippocampus being larger than the other. An attribution

of hippocampal volume loss to one side in the electronic medical

record was compared with the criterion standard for the side of

abnormality and also the raw data analysis from the NeuroQuant

assessment.

Because previous literature by Pedraza et al14 had indicated

that the left hippocampus tends to be slightly smaller than the

right hippocampus in healthy adults by an average of 2.7% and

Woolard and Heckers had shown a 4.4% difference in raw vol-

umes of the hippocampus (mean left volume, 3352 mm3; mean

right volume, 3504 mm3),15 we performed our data analysis be-

fore and after adjustment of volumetry based on analysis of our 46

control subjects, to account for this natural asymmetry. Although

Rogers et al16 and Woolard and Heckers15 had suggested that this

was largely due to asymmetry in the anterior hippocampus (6.3%

in the study of Rogers et al), we adjusted for overall hippocampal

measures as produced by the NeuroQuant output.

Basic descriptive statistics were computed to summarize char-

acteristics of our patient sample. Accuracy between 2 classifiers

was estimated as the empiric proportion of cases on which the

classifiers agreed, and the Wilson score interval was computed as

a confidence set. The Cohen � statistic was computed as an addi-

tional measure of classifier agreement, and a corresponding

confidence interval was calculated. The R statistical computing

software functions for medical statistics book (fmsb) (http://

www.r-project.org) was used for this purpose. To test the null

hypothesis that the neuroradiologist’s accuracy is the same for

each side of lateralization, we constructed bootstrap confidence

intervals for the relative accuracy and inverted them to yield a P

value. Comparisons between neuroradiologist and Neuro-

Quant accuracy were similarly performed.

RESULTS
Asymmetry in Healthy Controls
Using data from the 46 healthy controls in our study, we observed

a very slight asymmetry in volumes between the 2 hippocampi

(right larger than left), as reported in the literature.10-12 Figure 2

FIG 1. Output from NeuroQuant. The NeuroQuant output for this project included basic volumes of several structures. However, the hip-
pocampal asymmetry index was the parameter used to determine MTS laterality.
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provides a depiction of the distribution of observed relative asym-

metry indices, defined as right volume � left volume/left volume.

The NeuroQuant mean asymmetry index among healthy patients

was estimated to be 2.1% (95% CI, �2.1– 6.2) in our study: This

asymmetry was not significantly different from zero.

NeuroQuant Versus Neuroradiologist
On the basis of the criterion standard of pathologic specimens and

definitive electroencephalography readings concurrent with clin-

ical impressions, 36 patients had left-lateralized sclerosis, 25 had

right-lateralized sclerosis, and 2 had bilateral sclerosis.

Using these 63 patients, the neuroradiologist had an estimated

classification accuracy of 71.4% (95% CI, 58.5%– 81.8%) with a �

statistic of 0.50 (95% CI, 0.30 – 0.69), suggesting moderate agree-

ment with the criterion standard (P � 3 � 10�6). When only

confirmed lateralized cases were used in the analysis (ie, excluding

the 2 subjects with bilateral MTS), the radiologist was estimated to

have an accuracy of 73.8% (95% CI, 60.7%– 83.8%) with a �

statistic of 0.53 (95% CI, 0.34 – 0.73. This represented only very

modest improvement. The estimates of accuracy for left-sided

MTS (72.2%; 95% CI, 57.1%– 86.2%) and right-sided MTS

(76.0%; 95% CI, 58.1%–91.7%) were not significantly

different.

For uncorrected hippocampus-based NeuroQuant analysis of

all 63 subjects, the estimated classification accuracy of Neuro-

Quant was 79.4%, and the resulting � statistic was 0.59 (95% CI,

0.39 – 0.79), again indicating moderate agreement with the crite-

rion standard (P � 2 � 10�6). When only confirmed lateralized

cases were used in the analysis, NeuroQuant had an estimated

accuracy of 82.0% (95% CI, 72.1%–91.8%) and a � statistic of

0.63 (95% CI, 0.43– 0.83). This estimated accuracy was not signif-

icantly greater than that of the neuroradiologist (P � .148). The

estimates of accuracy for left-sided MTS (83.3%; 95% CI, 70.6%–

94.4%) and right-sided MTS (80.0%; 95% CI, 63.2%–95.0%)

were also not significantly different.

In 12 of the 63 cases, the neuroradiologist rated the hip-

pocampi as symmetric but based the MTS diagnosis on findings

other than volumetry (signal intensity on FLAIR, morphology of

hippocampus (HC), fornix-mammillary body asymmetry, and so

forth). In 8/12 (66.7%) of these cases, the radiologist was correct.

Three of the 4 incorrect cases were ones in which the MTS was

incorrectly suggested as bilateral by the radiologist.

Of these 12 cases in which the hippocampuses were deemed to

be symmetric but the radiologist identified MTS on a nonvolu-

metric basis, the radiologist agreed with NeuroQuant (which did

quantitative hippocampus analysis) and correctly identified the

side in 6 cases, agreed with NeuroQuant but both were incorrect

in 2 cases, and disagreed with NeuroQuant in 4 cases. Of these 4

cases, the radiologist was correct in 2 and NeuroQuant was cor-

rect in 2. Overall accuracy when not using visual volumetric dif-

ferences by the radiologist was 8/12 (66.7%). Of these 12 patients,

NeuroQuant had a similar accuracy (8/12) however.

Classifications according to the neuroradiologist and Neuro-

Quant were discordant in 27.9% of all cases (17 of 61; 95% CI,

16.4%–39.3%). NeuroQuant was correct in 58.8% of such cases

(10 of 17, 95% CI, 35.0%– 82.4%). Of the 10 cases in which

NeuroQuant was correct and the radiologist was wrong, we found

that the radiologist relied on volume to pick the (wrong) side of

MTS in 9 cases. Of the 7 cases in which NeuroQuant was wrong

and the radiologist was correct, the radiologist based his or her

determination on findings other than the visual assessment of

volume in 2/7 cases.

Because of the slight asymmetry demonstrated in our control

subjects, we re-evaluated the data after they were reclassified as

showing left-sided MTS if the relative asymmetry index was

�2.1% and as right-sided MTS if it was �2.1%. Under this clas-

sification rule, NeuroQuant had an estimated accuracy of 77.8%

(95% CI, 65.2%– 86.9%) and a � statistic of 0.56 (95% CI, 0.35–

0.76), indicating moderate agreement with the criterion standard

(P � 3 � 10�5). This finding suggests no added benefit for cor-

recting for the left-to-right inherent volume asymmetry in the

brain. When we repeated this analysis excluding the 2 bilateral

MTS cases, the accuracy of NeuroQuant was only marginally im-

proved but was still worse than the performance assessments, not

accounting for a natural asymmetry.

Neuroradiologist Threshold for Detecting Volumetric
Differences
To better understand whether there is a threshold in asymmetry

in delineating cases in which an experienced radiologist might be

able to detect a volumetric difference between one hippocampus

versus another, we performed a visual inspection of the available

data, including classifications according to the criterion standard

and the volumes calculated by the neuroradiologist and Neuro-

Quant (Fig 3). No such threshold was identified. In cases in which

NeuroQuant yielded an index of asymmetry of at least 5%, 10%,

or 20%, the neuroradiologist had an estimated accuracy of 75.0%,

78.9%, and 84.2%, respectively.

DISCUSSION
Despite the logic that would suggest that quantitative assessment

of hippocampal volumes allows a more accurate assessment of
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FIG 2. Control subjects’ relative asymmetry indices (positive means
the right hippocampus is larger than the left).
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patients with temporal lobe epilepsy, several limitations have pre-

vented its widespread implementation.17,18 The anatomy of the

hippocampus is quite intricate, with curved surfaces and layers of

gray and white matter that render parcellation of the cortex from

subcortical content a difficult task. The plane of orientation also

does not lend itself to easy assessment in the axial plane: This is the

plane in which neuroradiologists are often most comfortable. Ad-

ditionally, because the overall volume of the hippocampus is quite

small, minor manual or automated errors in calculation can lead

to wide relative error bars.

Manual segmentation of hippocampi has been performed for

decades both for the evaluation of MTS but also for assessing

patients at risk for or with probable Alzheimer disease. The pro-

cess is time-consuming and requires training as to the relevant

anatomy. It is not necessarily conducive to the rapid workflow

required of practicing neuroradiologists focused on efficiency and

accuracy. Hippocampal volumetric accuracy is difficult to assess

in vivo with live subjects, so most authors focus on reproducibil-

ity. To that end, Gonçalves Pereira et al19 noted inter- and intra-

observer error rates of approximately 6%– 8% in the amygdala

and piriform cortex. The volumes of these areas differed between

controls and patients with MTS by 15%–20%. Achten et al, 20 by

using a manual ray-tracing methodology, reported inter- and intra-

observer variabilities that ranged between 3.6%–7.3% and 3.4%–

5.6%, respectively, for various structures,

suggesting good reproducibility.

Neuroradiologists may suggest a di-

agnosis of MTS even in the face of absent

volumetric changes. The following find-

ings may also suggest MTS: 1) hip-

pocampal T2-weighted/FLAIR signal-

intensity abnormalities, 2) loss of the

crenated margin of the upper surface of

the hippocampus, 3) gray matter–white

matter blurring, 4) malrotation of the

hippocampus, 5) ipsilateral mammillary

body and fornical column volume loss,

and 6) unilateral temporal horn dilation

(sometimes as secondary findings of

volume loss in the limbic system).21-23

The ability to detect changes suggestive

of MTS has been shown to be signifi-

cantly correlated with the experience of

the reader and the quality of the study.

For example, Von Oertzen et al24 have

shown that the sensitivity for detection

of MTS varies between 39% and 50%

when comparing nonexpert and dedi-

cated epilepsy expert readers of standard

brain MRI, respectively. However, when

given an epilepsy-specific MR imaging

with appropriate sequences and proto-

cols, the sensitivity of dedicated epilepsy

expert readers increased to 91%, with a

4-fold improvement in accuracy when

an epilepsy-specific protocol was per-

formed and interpreted by expert read-

ers over standard protocols read by general readers.24

Automated methods for the analysis of hippocampal volume-

try have recently been published in clinical journals.13,25 How-

ever, there have been few reports using an FDA-approved solu-

tion that could be practical in a busy clinical practice. Brewer et

al10 and Brewer11 published results using NeuroQuant for tem-

poral lobe volumetry in 2009. Intraclass correlations for the

NeuroQuant-derived hippocampal volumes compared with

manual segmentation were 0.93 (outstanding), and the intraclass

correlation coefficients for 10 of 15 brain structures were �0.90

with the lowest value (still excellent at intraclass correlation coef-

ficients of 0.61) for the nucleus accumbens.

Most recently Farid et al13 examined the ability of Neuro-

Quant to predict MTS: The right-left classification accuracy was

94% for hippocampal volumes. Our dataset differs from that of

Farid et al in the following manner: 1) Two patients who had

bilateral MTS were initially included; 2) while Farid et al relied on

video-electroencephalography for localization, nearly 40% of our

cases had histopathologically proved MTS; 3) our case number

(n � 63) is larger than the 37 cases of that group; 4) Farid et al

scanned their patients on a 1.5T scanner, whereas 37 (of 63) of our

patients were scanned by using a 3T scanner; and 5) we used

electronic medical record reports from a wide variety of neurora-

diologists with 2–30 years’ experience as the clinical reports. Farid
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et al confirmed the existence of a natural asymmetry, with the

right hippocampus found to be larger than the left hippocampus

(4.00 versus 3.82 mL, 4.6% difference): The level of asymmetry

they observed differed slightly from ours. Farid et al also showed

that visual inspection by radiologists was concordant with the

NeuroQuant assessment in 85% of cases, whereas we had a lower

agreement rate of 72.1%.13 While NeuroQuant was correct in

�60% of our discordant cases, they found quantitative analysis to

be correct in 80% of their discordant cases.13

How good are neuroradiologists at detecting volumetric

changes in the hippocampi? What is the threshold for an experi-

enced physician? We did not detect a threshold clearly delineating

scenarios in which a neuroradiologist would or would not be able

to detect a volumetric change. In going from a 5%–20% difference

in hippocampal volume, ranging from 1.59 to 4.7 mL overall, the

radiologist’s estimated accuracy ranged from 75.0% to 84.2%.

However, in 9 of the 10 cases in which NeuroQuant was correct

and the neuroradiologists were incorrect over lateralizing the

MTS, the radiologists selected the wrong hippocampus as being

the smaller one. By the same token, when the neuroradiologists

used findings other than volumetry to select a side of MTS, they

were correct 67% (8/12) of the time, but this was dominated by

misclassifications of bilateral MTS.

Coan et al26 have suggested that adding T2 relaxometry to

automated T1-weighted-based volumetry of the hippocampus

can increase interpretation accuracy. They found that the use of

combined hippocampal volumetry and T2 relaxometry increased

the sensitivity to detect MR imaging signs of MTS, notably reclas-

sifying 28% of patients read as having normal findings on visual

inspection alone. While automated volumetry detected atrophy

in 119 of 125 (95%) patients who were identified by radiologists as

having MTS, it identified an additional 10 of 78 patients (12.8%)

initially read as having normal findings by the radiologists. T2

relaxometry analysis detected hyperintense T2 signal in 103 of the

125 cases (82.4%) of radiologist-detected MTS and in 15 of 78

subjects (19.2%) whom the radiologist classified as having normal

findings. Coan et al used an automatic volumetric analysis with

FreeSurfer software (Version 5.1.0; http://surfer.nmr.mgh.har-

vard.edu) from a T1-weighted dataset. As of this publication,

FreeSurfer has not been FDA-approved and is not being used

clinically in our setting. While both NeuroQuant and FreeSurfer

use a probabilistic atlas for labeling, the adaptation of this ap-

proach for clinical use and FDA clearance required adaptation of

the probabilistic atlas and complete rebuilding of the code by

using Good Manufacturing Practices by NeuroQuant. Indeed

FreeSurfer and NeuroQuant often do not return identical volu-

metry values, despite both using a similar underlying algorithm.

Given the report that epilepsy expert readers have a sensitivity

for MTS of 91%,20 why is the accuracy reported in the current

study only 71.4%? Some factors are the following: Many cases of

MTS are bilateral; the cases that get sent to a quarternary care

hospital in academia are often not straightforward and are the

ones that are confounding the outside physicians; our study was

stricter in making sure the cases were “proved” (requiring pathol-

ogy for more cases); and our experience is more the “norm” for a

neuroradiology academic practice.

Although the use of both 1.5T and 3T datasets in this cohort

may seem to be a limitation of the study, hippocampal volume

measures obtained by using 1.5T and 3T scanners have not been

found to differ.27,28 The limitations of this study include the lim-

ited percentage of cases that had histologic confirmation; never-

theless, our rate of pathologic proof is greater than that of most

other published series. We also struggled with the inclusion of

bilateral MTS cases in the analysis, given that we were using an

asymmetry index and not an absolute classification of individual

hippocampal volumes. We used the radiologist’s interpretation of

the MR images that not only included volumetry but also an as-

sessment of signal intensity and morphology.

CONCLUSIONS
In assessing asymmetry in hippocampal sizes and thereby predict-

ing the side of MTS, an automated FDA-approved volumetric

analysis software package performed as well as experienced neu-

roradiologists who reviewed the scans for all MTS MR imaging

findings. In those cases in which the radiologist and the computer

analysis disagreed, NeuroQuant performed slightly better (10 ver-

sus 7 of 17). Implementing this quantitative analysis may assist

neuroradiologists in their assessment of hippocampal asymmetry,

even though small changes in right-to-left hippocampal volumes

can be detected by the neuroradiologists.
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ORIGINAL RESEARCH
ADULT BRAIN

Perfusion Deficits and Mismatch in Patients with Acute Lacunar
Infarcts Studied with Whole-Brain CT Perfusion
S. Rudilosso, X. Urra, L. San Román, C. Laredo, A. López-Rueda, S. Amaro, L. Oleaga, and Á. Chamorro

ABSTRACT

BACKGROUND AND PURPOSE: The incidence and significance of perfusion abnormalities on brain imaging in patients with lacunar infarct
are controversial. We studied the diagnostic yield of CTP and the type of perfusion abnormalities in patients presenting with a lacunar
syndrome and in those with MR imaging– confirmed lacunar infarcts.

MATERIALS AND METHODS: A cohort of 33 patients with lacunar syndrome underwent whole-brain CTP on admission. Twenty-eight
patients had an acute ischemic lesion at follow-up MR imaging; 16 were classified as lacunar infarcts. Two independent readers evaluated
NCCT and CTP to compare their diagnostic yield. In patients with DWI-confirmed lacunar infarcts and visible deficits on CTP, the presence
of mismatch tissue was measured by using different perfusion thresholds.

RESULTS: The symptomatic acute lesion was seen on CTP in 50% of patients presenting with a lacunar syndrome compared with only 17%
on NCCT, and in 62% on CTP compared with 19% on NCCT, respectively, in patients with DWI-confirmed lacunar infarcts. CTP was more
sensitive in supratentorial than in infratentorial lesions. In the nonblinded analysis, a perfusion deficit was observed in 12/16 patients with
DWI-confirmed lacunar infarcts. The proportion of mismatch tissue was similar in patients with lacunar infarcts or nonlacunar strokes (32%
versus 36%, P � .734).

CONCLUSIONS: Whole-brain CTP is superior to NCCT in identifying small ischemic lesions, including lacunar infarcts, in patients pre-
senting with a lacunar syndrome. Perfusion deficits and mismatch are frequent in lacunar infarcts, but larger studies are warranted to
elucidate the clinical significance of these CTP findings.

ABBREVIATIONS: LI � lacunar infarct; TOAST � Trial of Org 10172 in Acute Stroke Treatment; TTD � time to drain

Small-vessel disease is common and causes cognitive, psychiatric,

and physical disability.1 Lacunar infarcts (LIs) are one of the

main manifestations of small-vessel disease, accounting for 10%–

20% of all ischemic strokes, and they often present with the charac-

teristic classic lacunar syndromes: pure motor hemiparesis, pure

sensory stroke, sensorimotor stroke, ataxic hemiparesis, and dysar-

thria–clumsy hand syndrome. LIs are usually �1.5 cm wide and are

often located in the territory of deep perforating arteries such as len-

ticulostriate, thalamoperforant, or paramedian territories. However,

LIs can also result from in situ occlusion of single superficial perfo-

rators from pial arteries. LIs are thought to be related to arteriopathy

of small blood vessels in the brain, either because of lipohyalinosis or

microatheroma.2 Less frequent causes are stenosis of a large vessel or

microembolization.

The sensitivity of neuroimaging techniques in acute LI is variable,

ranging from 40% for NCCT scans,3,4 80% for MR imaging,5 and up

to 94% for DWI.6 Conflicting results have been reported regarding

the presence of perfusion deficits in patients with LI,7-11 with sensi-

tivities varying from 0% to 68% in studies using MR imaging12-14

and from 17% to 47% with CTP.15,16 In fact, LI is considered one of

the causes of false-negative CTP findings.10,11 Some reports suggest

that the presence of a perfusion deficit is associated with worse out-

come in patients with LIs.8,13 Regarding the presence of mismatch, a

study using perfusion MR imaging did not find a mismatch between

perfusion and diffusion sequences in strokes involving perforating

arteries, but these results could be explained by the low resolution of

their imaging methods.12

In this study, we first assessed the clinical utility of CTP in the
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real-life scenario of patients presenting to the emergency depart-

ment with a lacunar syndrome. Then, we studied the details of the

perfusion abnormalities in a subgroup of patients with MR imag-

ing– confirmed LIs and compared them with those of patients

with nonlacunar infarcts.

MATERIALS AND METHODS
Patients
Because CTP is routinely used in our institution in the work-up of

patients arriving in the first hours after stroke, we studied all pa-

tients in the Stroke Unit registry of the Hospital Clínic, Barcelona,

admitted from January 2009 to December 2012, in whom the

Stroke Code was activated (patients within 8 hours of stroke onset

and wake-up strokes). The description of the study population is

summarized in Fig 1.

Twenty-four patients (73%) received treatment with tPA

within 4.5 hours after a head NCCT ruled out intracranial hem-

orrhage, and CTP was performed just before (n � 4) or during

tPA perfusion (n � 20). Stroke etiology was assigned by using the

Trial of Org 10172 in Acute Stroke Treatment (TOAST) criteria17

after a complete diagnostic work-up. All patients were admitted to

an intermediate care Stroke Unit and were treated by stroke neu-

rologists certified in the use of the NIHSS. The demographics, risk

factors, clinical course, imaging data, concomitant therapies, and

functional outcome were prospectively collected and stored in the

Hospital Clínic Stroke Unit data base. The neurologic course was

assessed at arrival, at day 1 after admis-

sion, at day 7 or discharge, and at day 90.

Functional outcome was assessed by us-

ing the mRS at a follow-up visit at 3

months. Because many of the patients

were expected to have mild strokes, fa-

vorable recovery was defined as an mRS

score of �1.

The study protocol was approved by

the institutional review board of the cen-

ter, and the patients or their legal repre-

sentatives signed a written informed

consent if they were treated with tPA

and were older than 80 years of age.

Neuroimaging
NCCT and CTP were performed at

admission at a median (interquartile

range) delay of 245 minutes (range, 175–

344 minutes) after stroke onset on a So-

matom Definition Flash 128-section

dual-source CT system (Siemens, Erlan-

gen, Germany) with a 98-mm z-cover-

age and 26 time points acquired at each

1.5 seconds (total acquisition time, 39

seconds). Fifty milliliters of nonionic io-

dinated contrast was administered in-

travenously at 5 mL/s by using a power

injector. CT perfusion imaging parame-

ters were 80 kV(peak), 250 mAs, 1.5-sec-

ond rotation, and 2-mm thickness, and

color maps were reformatted at 4-mm

thickness. CTP maps were calculated with syngo CT Neuro Per-

fusion VA20 (Siemens), which uses singular-value decomposition

without delay correction and automatically performs motion cor-

rection and selects an arterial input function from an unaffected

artery and venous output function from a large draining vein. The

perfusion maps generated were the following: CBF, CBV, MTT,

time to maximum of residue function maps, TTP, time to drain

(TTD), and MIP. Ischemic lesions usually show decreased CBV

and CBF and prolonged measures of time maps (Fig 2A).

Two experienced physicians (a neurologist and a neuroradi-

ologist) evaluated the NCCT and the CTP maps and were only

aware of the side of the clinical symptoms but were blinded to the

follow-up MR imaging data and clinical outcome. They described

the presence of perfusion deficits (with lacunar or nonlacunar

appearance) and their location. A consensus reading was achieved

in cases of differences in the individual readings.

MR imaging was performed on a 1.5T scanner at a median

delay of 26 hours (interquartile range, 18 – 43 hours) after stroke

onset. The stroke MR imaging protocol included a DWI sequence,

obtained with b-values of 1000, 5-mm section thickness, and

128 � 128 matrix. DWI hyperintensities were analyzed in isotro-

pic images. A vascular neurologist (X.U.) confirmed the final di-

agnosis by reviewing the patient’s clinical course and DWI find-

ings and by using Amira software (www.amira.com) segmented

the infarct in DWI by a semiautomatic procedure, selecting DWI

FIG 1. Flow chart describing the patients in the study.
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ROIs with a signal intensity exceeding by �3 SDs the intensity of

the contralateral hemisphere. The volume of the DWI lesion was

calculated, and the lesion shape was categorized as previously de-

scribed.18 To be categorized as LI on DWI, the infarcts had to be

located within the territories of the lenticulostriate, thalamoper-

forant, paramedian, or white matter long medullary arteries, and

they had to be �1.767 cm3 (the volume of a sphere with a diam-

eter of 1.5 cm).19 This strict definition was chosen to describe the

perfusion characteristics of a homogeneous group of patients

with typical LIs.

For the analysis of the perfusion abnormalities, an image-pro-

cessing pipeline was developed by using in-house fully automated

software running in Matlab (Version 2013a; MathWorks, Natick,

Massachusetts) to implement a comprehensive analysis of the

perfusion maps. A neurologist (X.U.) evaluated time maps (MTT,

time to maximum of residue function maps) and semiautomati-

cally delineated the regions defining perfusion abnormalities.

This ROI was then registered to perfusion maps generated by

using MIStar (Apollo Medical Imaging Technology, Melbourne,

Australia), a software that uses singular-value decomposition

with a delay correction.20 Within this ROI, we used a range of

relative and absolute thresholds in the CBF and time maps to

define infarct core or nonviable tissue and critically hypoperfused

or tissue at risk, respectively (Fig 2B). “Mismatch” was defined as

a greater extent of tissue at risk than nonviable tissue.21 In an

effort not to underestimate the size of the lesion defined in time

maps, we applied a dilation filter to the ROI. Nonviable tissue or

infarct core was segmented on the basis of a relative CBF threshold

of 30% of the value in the contralateral hemisphere, and tissue at

risk, on the basis of a delay time of 2 seconds.22 Additionally, we

explored the presence of mismatch by using various combina-

tions of CBF (relative CBF of �20%– 40%) and delay time thresh-

olds (�2 or 3 seconds).

For the coregistration of the infarct, each perfusion CT map

was coregistered to the corresponding 24- to 48-hour DWI. Using

Statistical Parametric Mapping (SPM8; http://www.fil.ion.

ucl.ac.uk/spm/software/spm8), we automatically subjected the

DWI to a sequence of two 3D registration procedures to match the

CTP map by using TOF as an intermediary. The first step was a

6-df coregistration of the DWI to the TOF. Following this step, we

performed another rigid coregistration of the TOF to the CTP,

and we finally applied the obtained transformation matrix to the

DWI, placing CTP maps, DWI, and TOF in the register. Once

CTP and DWI were in the register, we checked that the lesions

defined in DWI and CTP were at the same anatomic and spatial

locations.

Statistics
Normal distribution of all studied variables was assessed. Contin-

uous variables were compared with Student t, Mann-Whitney, or

Kruskal-Wallis tests as appropriate. Correlations were assessed

with Spearman coefficients, and categoric variables were com-

pared with the Fisher exact test. Interrater agreement was assessed

with the � statistic. The level of significance was established at a

2-tailed value of P � .05. All tests were performed by using SPSS,

Version 20.0 (IBM, Armonk, New York).

RESULTS
Clinical and MR Imaging Characteristics of Patients
Presenting with Lacunar Syndrome
The main clinical characteristics of the study patients are summa-

rized in the Table. Most patients presented with a sensory motor

syndrome (34%) or a pure motor syndrome (30%). According to

FIG 2. Neuroimaging methods. A, CTP maps and DWI lesions in a patient with a supratentorial lacunar infarct (upper row) and in a patient with
a brain stem paramedian infarct (lower row). B, Representative examples of the quantification of NVT and TAR and the final DWI lesion in a
patient with mismatch (left) and a patient with no mismatch (right). NVT indicates nonviable tissue; TAR, tissue at risk.
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the TOAST criteria, most of the strokes were related to small-

artery occlusions; only 3 patients had brain MR imaging find-

ings consistent with LI but diagnosed as infarcts of undeter-

mined origin due to the coexistence of ipsilateral carotid

stenosis of �50% (n � 2) or atrial fibrillation (n � 1). Only 5

patients (2 with MR imaging– confirmed LIs) experienced

neurologic deterioration.

On MR imaging, 29 of 33 patients (88%) had an ischemic

lesion on DWI and 4 patients had negative findings on MRI, de-

spite the presence of focal symptoms or signs for �24 hours (1

pure sensory, 1 pure motor, 1 ataxic hemiparesis, and 1 sensori-

motor syndrome). Thirteen patients had non-LIs, and 16 had LIs

(additional information can be found in On-line Fig 1 and On-

line Table 1). These involved the thalamoperforator arteries in 7

patients, the territory of paramedian arteries in 6, the lenticulos-

triate territory in 2, and the white matter long medullary arteries

in 1 patient. The median volume of LIs was 0.62 cm3, and most

had a tubular (56%) or nodular (37.5%) shape.

Diagnostic Yield of CTP in Patients with Lacunar
Syndrome and MR Imaging–Confirmed LIs
CTP results matched those of the follow-up MR imaging in 17/33

cases, while NCCT did so in only 6/33 cases. Both the sensitivity

and positive predictive value for the symptomatic acute lesions

were higher for CTP compared with NCCT (50% versus 18%, P �

.023%, and 54% versus 20%, P � .05, respectively). The negative

predictive value was similar for CTP and CT (43% versus 37.5%,

P � 1.0), and specificity was the same (20%). Interrater agree-

ment was also equal for NCCT and CTP (� � 0.61). CTP was

more sensitive for supratentorial lesions compared with infraten-

torial lesions (65% versus 16%, P � .011). Among the 12 false-

positive cases, in 6 cases, the CTP actually showed small perfusion

deficits, but they were greater than the 1.767-cm3 limit defined for

LIs. In 5 cases, the perfusion maps showed a small hypoperfusion,

but the stroke was found to be in another territory on the DWI;

and in 1 case, a CTP hypoperfusion had negative findings on

follow-up DWI. In the subgroup of 16 cases with MR imaging–

confirmed LI, CTP also had superior sensitivity and positive pre-

dictive value to NCCT (62.5% versus 19%, P � .029%, and 83%

versus 43%, P � .129, respectively). The proportion of CTP stud-

ies with negative findings was not significantly different between

patients with lacunar syndrome treated and not treated with tPA

(39.4% and 12.1%, P � .59) or in the LI group (37.5% and 18.8%,

P � .55).

Although the evaluators assessed all perfusion maps together,

the infarcts were best seen on TTD maps, which often showed the

LIs as small red dots that were easy to distinguish from the back-

ground (On-line Fig 2). Among the 16 cases with MR imaging–

confirmed LI, CTP with negative findings was due to movement

artifacts in 2 patients and to lesions located in the brain stem in 4

patients. In 2 of them, small perfusion deficits could be seen after

reviewing the DWI, but the lesions were either too small or poorly

differentiated from the background.

Perfusion Deficits in Patients with MR Imaging–Confirmed
LIs and in Other Strokes
In the nonblinded analysis, a clear perfusion abnormality to be

segmented was identified in 12/16 of LIs and in 8/12 of nonlacu-

nar infarcts within the ROIs of lesions on DWI. Mismatch was

found in 5 (42%) of the patients with measurable perfusion defi-

cits by using the standard thresholds, and the mean percentage of

mismatch volume ranged from 20% by using the strictest thresh-

olds to 65% in both patients with MR imaging– confirmed LI and

those with nonlacunar strokes (Fig 3). The proportion of mis-

match patients ranged from 17% to 50% in patients with LIs and

from 11% to 56% in patients with nonlacunar strokes.

Although clinical progression was more frequent in patients

without mismatch (43% versus 0%, P � .205), the rate of im-

provement after thrombolysis and functional outcome at 3

months and the rest of the clinical features were similar between

patients with and without mismatch (data not shown).

DISCUSSION
Previous studies have reported conflicting results regarding per-

fusion abnormalities in patients with lacunar infarcts, probably

reflecting differences in available technology. The results of this

study by using whole-brain-coverage CTP are very similar to

those of a recent study by using perfusion MR imaging in patients

with LI that reported perfusion deficits in 10/16 patients.14 The

sensitivity of whole-brain CTP was much higher than that of

NCCT for acute stroke and in particular for LI, and the greater

sensitivity of CTP in this study may reflect both whole-brain cov-

erage of perfusion maps and the refinement of current parameters

to assess perfusion maps. Studies with negative findings were due

to very small lesions that were poorly differentiated from the

Clinical characteristics of the study population

Patients
Lacunar Syndrome

(n = 33)
MRI-Confirmed

LI (n = 16)
Age (yr) (mean) (SD) 65.5 (11) 62.6 (10)
Sex (%) (male/female) 70:30 62.5:37.5
tPA (%) 73 62.5
NIHSS score (median) (IQR)

Admission 4 (3–5.5) 3.5 (3–4.5)
24 Hours 3 (1–5) 3 (2–4.5)
Discharge 2 (1–4) 2.5 (1.5–4)
Day 90 1 (0–2) 1 (0–2)

Excellent outcome (%) 48 44
TOAST (%)

Lacunar 64 81
Large-artery atherosclerosis 12 0
Cardioembolic 3 0
Undetermined 21 19

Note:—IQR indicates interquartile range.

FIG 3. Rates of mismatch tissue according to different definitions of
nonviable tissue and tissue at risk in patients with LI and nonlacunar
infarcts. Values are mean and standard error of the mean. DT indicates
delay time.
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background, especially in the brain stem; and in a few cases, they

were due to poor image quality from movement artifacts. In stud-

ies with no movement artifacts and after reviewing the results of

the DWI, we could identify a clear perfusion deficit in most pa-

tients with LIs.

The rate of clinical deterioration was rather low in patients

with LIs, and all patients with clinical deterioration had a no-

mismatch profile. However, the number of patients with MR im-

aging– confirmed LIs was too low to draw definite conclusions on

the clinical consequences of the perfusion deficits in these pa-

tients. Larger studies will be required to establish whether the

presence of mismatch in LIs represents a predictor of clinical re-

covery as it did for nonlacunar strokes,23 particularly after the

administration of thrombolytic therapy.24 The specificity of CTP

to show MR imaging– confirmed lacunar stroke was low because

some small hypoperfused lesions were not confirmed to be true

LIs by using a strict DWI volume limit, but sensitivity was higher

and a whole-brain-coverage CTP in the first hours after symptom

onset may be helpful in evaluating patients in whom the diagnosis

is not clear, even when the symptoms are mild.

TTD maps provided high-contrast images that were most use-

ful in identifying small perfusion deficits. TTD is a recently intro-

duced time-related perfusion parameter defined as the sum of the

time from arterial enhancement to tissue enhancement and

MTT.25 Condensing both pathologic changes in contrast bolus

delay time from arterial enhancement to tissue enhancement and

tissue transit time, TTD describes the time of contrast medium

washout and is very sensitive to all kinds of hemodynamic

disturbances.26

It has been argued that patients with true LIs should not have

detectable perfusion deficits and/or that they should have no mis-

match between infarcted tissue and hypoperfused tissue.12 This

study suggests that the hemodynamic abnormalities of LIs,

though small, are very similar to those described in infarcts result-

ing from occlusion of greater vessels (it has been claimed that

lacunes are just small strokes).27 The hypoperfusion in LIs may

reflect the fact that occlusions of small arterioles are not compen-

sated by dilation of neighboring arterioles.28 Although there are

contradictory statements in the literature regarding intraparen-

chymal arteriolar-to-arteriolar anastomoses,29 the capillary bed

of the brain comprises an attenuated network of intercommuni-

cating vessels, and dilation in capillaries after penetrating arteriole

occlusion in the rat brain allows some collateral flow from one

arteriolar territory to neighbor territories.28 This could result in

less severely hypoperfused areas with mismatch in CTP maps.

In addition to hypoperfusion, other mechanisms may contrib-

ute to the final infarct after occlusion of small vessels. In experi-

mental models, these lesions are accompanied by activation of

inflammatory cells,30 and extensive increases in vascular perme-

ability have been described in patients with small-vessel disease

and in particular LI.31 Although we have seen patients in whom

the final infarct was greater than the initial hypoperfused area, we

were not able to accurately measure the initial ischemic volume,

and therefore lesion expansion, because the segmentation of the

perfusion abnormalities was focused on delineating the hypoper-

fusion within the DWI lesion.

The main limitation of this study is its small sample size, de-

spite studying all consecutive patients arriving at our center for

the 3 years in which the Stroke Code was activated. The low per-

centage of patients with a lacunar syndrome among them is prob-

ably due to the lower clinical severity of these strokes. CTP was not

performed in 20 patients because acute revascularization thera-

pies were not considered in patients with milder symptoms.

Therefore, these findings cannot be extrapolated to patients with

other clinical presentations or to LIs assessed more protractedly

after the onset of symptoms, given the dynamic nature of perfu-

sion data after acute stroke. The small size of LIs is also challenging

for CTP-DWI coregistration, but its accuracy was manually con-

firmed. Thus, we do not think that the results are less accurate

than those in nonlacunar infarcts.

CONCLUSIONS
These results suggest that whole-brain CTP technology can iden-

tify abnormal perfusion maps in 62.5% of patients with DWI-

confirmed LI, mostly in supratentorial lesions. The rate of mis-

match in patients with perfusion deficits was similar to that in

patients with other strokes, suggesting that some collateral flow

exists in human microcirculation after the occlusion of small pen-

etrating vessels. However, further study is warranted to elucidate

whether the presence of mismatch in patients with LI predicts a

better clinical outcome and might even be used to select candi-

dates for new therapies, for example, to receive thrombolytic ther-

apy after the established 4.5-hour window.
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ORIGINAL RESEARCH
ADULT BRAIN

Residual Thromboembolic Material in Cerebral Arteries after
Endovascular Stroke Therapy Can Be Identified by

Dual-Energy CT
A.E. Grams, M. Knoflach, R. Rehwald, J. Willeit, M. Sojer, E.R. Gizewski, and B. Glodny

ABSTRACT

BACKGROUND AND PURPOSE: Dual-energy CT features the opportunity to differentiate among up to 3 different materials because the
absorption of x-rays depends on the applied tube voltage and the atomic number of the material. For example, it is possible to distinguish
between blood-brain barrier disruption and an intracerebral hemorrhage following treatment for a stroke. The aim of this study was to
evaluate whether dual-energy CT is capable of distinguishing intra-arterial contrast agent from residually clotted vessels immediately after
endovascular stroke therapy.

MATERIALS AND METHODS: Sixteen patients (9 women, 7 men; mean age, 63.6 � 13.09 years) were examined. Measurements were made
on the postinterventional dual-energy CT virtual noncontrast, iodine map, and “weighted” brain window (weighted dual-energy) series.
Postinterventional conventional angiography was used as the criterion standard method.

RESULTS: A residual clot was found in 10 patients. On the virtual noncontrast series, the Hounsfield attenuation of the clotted arteries was
higher than that in the corresponding perfused contralateral arteries (53.72 � 9.42 HU versus 41.64 � 7.87 HU; P � .05). The latter had higher
absorption values on the weighted dual-energy series than on the virtual noncontrast series (49.37 � 7.44 HU versus 41.64 � 7.87 HU; P �

.05). The sensitivity for the detection of a residual clot was 90%; the specificity was 83.3%, and the accuracy was 87.5%. Interrater agreement
was good (� � 0.733).

CONCLUSIONS: Dual-energy CT may be valuable in the detection of clot persistence or early re-thrombosis without the necessity of
additional contrast administration. However, its relevance for the prediction of outcomes remains to be determined in further studies.

ABBREVIATIONS: CI � confidence interval; DECT � dual-energy CT; DEw � weighted dual-energy series; IM � iodine map series; VNC � virtual noncontrast series

In specialized centers, endovascular stroke therapy is a method

frequently used in addition to or instead of intravenous throm-

bolysis. In recent decades, various intra-arterial treatment meth-

ods such as intra-arterial thrombolysis, clot aspiration, and stent

retrievers have been introduced.1,2 During the intervention, a

contrast agent must be administered; the diagnostic value of a

postinterventional CT is therefore limited because hyperattenu-

ated hemorrhage cannot always be differentiated from hyperat-

tenuated intraparenchymal contrast staining due to blood-brain

barrier disruption. It has been shown that this dilemma can be

overcome with dual-energy CT (DECT). DECT is a quite recent

innovation in CT imaging, in which datasets are acquired with 2

different tube voltages, typically with 80 kV or 100 and 140 kV.3-5

Individual tube settings are adapted so that the overall dose does

not exceed the dose of a comparable conventional CT acquired

with 1 tube voltage. Some studies even suggest that a dose reduc-

tion can be achieved with DECT compared with conventional

CT.6,7 In principle, the absorption of x-rays depends on the tube

voltage and the atomic number of a tissue.8-11 While for low or

medium voltages, the photoelectric effect is more likely to be re-

sponsible for the absorption of radiation, for medium voltages

Compton scattering is more often responsible.12,13 The photo-

electric effect and Compton scattering are related in different

ways to the energy of the radiation and the mass of the material

radiated. While the probability of the occurrence of a photoelec-

tric effect increases with the fourth power of the atomic number

and decreases with the third power of the energy, the probability

of the occurrence of Compton scattering increases only linearly

with the atomic number of the radiated element and decreases

linearly with radiation energy.12 These phenomena allow up to 3

different materials to be distinguished.12 The main application is
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for the differentiation between hemorrhagic transformation and

contrast staining in the brain after recent intravascular contrast

application.13-19 After neuroendovascular therapy, important

questions regarding possible hemorrhage, swelling, or infarction

can be answered reliably with this method.18 However, this

method is also widely applied to differentiate various tissues in

other regions of the body.20-23

The hyperattenuated artery sign is an accepted tool for detect-

ing a clotted vessel in the diagnostic management of acute stroke

on unenhanced CT scans.24,25 However, other factors that influ-

ence vascular attenuation, mainly an increased hematocrit level,

must be taken into account when interpreting vascular attenua-

tion.26,27 Postinterventionally, residual contrast agent remaining

in the vessel is the greatest factor affecting vascular attenuation. It

can prevent the correct diagnosis of residual or new clots on a CT

scan because the increased vascular attenuation due to contrast

agent cannot be distinguished from genuine clots that usually

appear hyperattenuated.14 However, DECT could, theoretically at

least, make this distinction possible because the iodine still re-

maining in the vessel could be quantified and, by using voxels,

subtracted from the absorption values found.14,18 However, this

technique has never been investigated with the focus on small

residual clots following endovascular stroke therapy. Therefore,

the aim of the present study was to discover whether residual

intra-arterial clots after endovascular stroke therapy can be de-

tected with DECT by using conventional angiography as the cri-

terion standard.

MATERIALS AND METHODS
This study was approved by the local ethics review board. From

October 2013 to October 2014, 16 patients (9 women and 7 men)

with a mean age of 63.6 � 13.09 years (range, 48 – 89 years) who

received endovascular therapy after an ischemic stroke due to

intracranial vascular occlusion from an intra-arterial clot were

examined. A preinterventional conventional CT scan (n � 15)

had been performed by using different scanners because the pa-

tients were transferred from other hospitals or from different lo-

cations of the hospital campus. Twelve patients had an occlusion

of the middle cerebral artery; and 4 had an occlusion of the basilar

artery. Most patients received intravenous thrombolysis with re-

combinant tissue plasminogen activator before endovascular

therapy. The reasons for the others not receiving thrombolysis

were due to therapy with anticoagulants (n � 3), recent stroke

(n � 1), or a recent surgical procedure (n � 1). Endovascular

therapy was performed with the patient under either general or

local anesthesia. In all patients, recanalization was performed by

using a stent retriever. Some patients (Table 1) received additional

intra-arterial thrombolysis. Demographic data of the 16 patients,

sex, age, initial clot location, information about performed intra-

venous or intra-arterial thrombolysis, residual clot localization,

and hematocrit values, are presented in Table 1.

After endovascular therapy, patients were immediately trans-

ferred to the DECT scanner (Somatom Definition Flash; Siemens,

Erlangen, Germany). The postinterventional unenhanced DECT

scan was performed within no more than 1 hour after finalization

of the endovascular therapy, in most cases earlier, to rule out

hemorrhage or infarct demarcation requiring further treatment

such as decompressive craniectomy. The DECT datasets were ac-

quired with both tubes in parallel. The tube parameters of the first

tube were 100 kV and 360 mA; the second tube was operated at

140 kV and 360 mA. The other parameters were the same for both

tubes: Pitch was 0.45, the acquisition mode was incremental with

32 � 0.6 mm collimation, section thickness was 4 mm, and scan

FOV was 200 mm in each. The following datasets were recon-

structed secondarily: brain window weighted dual-energy series

(DEw) in axial planes with a weighting of 50% for the 100 kV and

50% for the 140 kV series (section thickness, 4 mm; increment, 4

mm; kernel, H30f medium smooth; window, base orbit; FOV, 200

mm). From the data from each of the 2 tubes, series were calcu-

lated with the following parameters: 1-mm section thickness,

0.8-mm increment, H40f medium kernel, base orbit window,

200-mm FOV. Using the Brain Hemorrhage postprocessing soft-

ware (Siemens), we constructed virtual noncontrast (VNC) and

iodine map (IM) series on a dedicated workstation (syngo.CT

Workplace 2012B; Siemens).

Attenuation measurements were performed by using ROIs,

after maximum magnification in PACS software on a dedicated

Table 1: Relevant information about the included patients

No. Sex Age (yr) Clot
Intravenous

Thrombolysis Residual Clot
Intra-Arterial
Thrombolysis

Hematocrit
(l/l)

1 Female 79 BA Yes Right P1 Yes 0.276
2 Male 79 BA No Left P2 Yes 0.346
3 Male 50 Right MCA Yes M2 Yes 0.441
4 Female 73 Left MCA No M2 Yes 0.401
5 Female 58 Right MCA No M3 No 0.429
6 Male 63 Left MCA Yes M3 Yes 0.438
7 Female 77 Right MCA Yes M2 Yes 0.419
8 Female 51 Right MCA Yes M3 Yes 0.413
9 Female 62 Left MCA No M3 Yes 0.354
10 Female 48 Right MCA Yes M3 No 0.4
11 Female 73 Right MCA Yes No Yes 0.315
12 Male 58 Right MCA Yes No Yes 0.41
13 Female 48 BA Yes No Yes 0.36
14 Male 50 BA Yes No No 0.401
15 Male 60 Right MCA No No Yes 0.384
16 Male 89 Right MCA Yes No Yes 0.431

Note:—BA indicates basilar artery.
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workstation (Impax EE R20 XIV v20140703_1249; Agfa-Gevaert,

Mortsel, Belgium) by an experienced board-certified neuroradi-

ologist (A.E.G.) and an experienced board-certified radiologist

(B.G.).

In the preinterventional CT series, measurements were per-

formed in the clotted vessels on the basis of the data from CT or

conventional angiography and in the corresponding perfused seg-

ment of the MCA (M1 segment) on the contralateral side. If the

basilar artery was occluded, the right middle cerebral artery was

used for comparison. The same datasets were then blinded by

removing all patient data including information on the clinical

symptoms. Four months later, they were shown to the 2 raters in

random order for identification of clot positions.

In the postinterventional DECT examination, measurements

were performed within the residual clots known from a conven-

tional angiogram only in the patients with residual clots (Fig 1A)

and in the perfused contralateral MCA (M1 segment) in all pa-

tients on the different DEw (Fig 1B), VNC (Fig 1C), and IM (Fig

1D) series. If residual clots were no longer present, measurements

were made only in the contralateral MCA.

The postinterventional DECT datasets were also blinded as

described above and were presented to the 2 raters 4 months later

in random order for identification of the positions of residual

clots.

Descriptive statistics such as mean values and SDs were

compiled with the Excel software (Microsoft Office 2013; Mi-

crosoft, Redmond, Washington). Due to the small sample size,

only nonparametric tests not requiring normal distribution

were used. The Wilcoxon signed rank test was applied for

matched-pairs group comparisons. Correlation analyses were

performed by using the Spearman

method. Sensitivity, specificity, and pos-

itive and negative predictive values re-

garding the detection of clots in the pre-

interventional CT and of residual clots

in the postinterventional CT were calcu-

lated by using the data collected by the

neuroradiologist (A.E.G.). To evaluate

the interrater variability with respect to

the correct localization of clots or resid-

ual clots, we determined a Cohen � for each.28 All these calcula-

tions were made with the statistics software GraphPad Prism, Ver-

sion 6 (GraphPad Software, San Diego, California) and GraphPad

on-line (www.graphpad.com). The interrater variability with re-

spect to the agreement of the measured absorption values was

evaluated by using the intraclass correlation coefficient as pro-

posed by Shrout and Fleiss.29 A P � .05 was significant.

RESULTS
Descriptive data, mean attenuation, SDs, and P values for the

preinterventional CT and the different postinterventional DECT

series and vascular segments are given in Table 2.

In the preinterventional conventional CT scan, the clotted ar-

teries were significantly more attenuated than the perfused arter-

ies. In 8 of 9 cases (88.9%), clotted arteries could be identified by

the blinded reader due to pronounced hyperattenuation of the

vessel.

On the postinterventional VNC series, significantly higher at-

tenuation was found in clotted than in perfused arteries, but not

on the DEw series. In 9 of 10 cases (90.0%), residual clots could be

identified by the blinded rater due to pronounced hyperattenua-

tion of the vessel. On the IM series, no significant difference was

found between clotted and perfused arteries. Whereas between

the DEw and VNC series, no significant difference in attenuation

was found in the clotted arteries, significantly lower attenuation

was found on the DEw series than on the VNC series in perfused

arteries (Table 3 and Fig 2).

There was a weak, not statistically significant positive correla-

tion between hematocrit values and perfused arteries on the VNC

FIG 1. Residual clot (arrow) in the left P2 segment on conventional angiography (A) and in the different dual-energy series: weighted dual-energy
(B), virtual noncontrast (C), and iodine map (D). The arrows indicate the hyperattenuated residual clots in the DEw and the VNC series. No clot
is visible in the IM series. Note demonstration of ROI measurements in the residual clots after magnification in the left lower image sections.

Table 2: Attenuation measurements on the different series with mean values, SDs, upper/
lower 95% CIs of rater 1, and results from Wilcoxon tests between residual clots and
perfused vessels in the 10 patients with residual clots

Hounsfield Attenuation (Mean)

CT DEw VNC IM
Clots 58.88 � 10.98 50.50 � 10.08 53.72 � 9.42 16.02 � 12.07

Lower/upper 95% CI of mean 55.05/70.66 43.29/57.71 46.98/60.46 7.39/24.65
Vessels 43.35 � 5.54 49.37 � 7.44 41.64 � 7.87 10.88 � 11.35

Lower/upper 95% CI of mean 39.5/47.72 42.37/53.71 33.17/44.79 10.55/15.13
P values (Wilcoxon) .0091a .4316 .0020a .8457

a Significant difference.
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series (Spearman �, 0.24; 95% confidence interval [CI], 0.31–

0.66; P � .05), but not on the other series.

On the VNC series, residually clotted vessels were identified in

9 of 10 arteries (90%) due to vascular hyperattenuation, with a

false-negative evaluation in 1 case. In the 6 patients with no resid-

ual clot, the absence of a residual clot was correctly detected in 5

cases, with 1 false-positive evaluation. The sensitivity for the de-

tection of residual clots was thus 90% (95% CI, 54.1%–99.5%),

specificity was 83.3% (95% CI, 36.5%–99.1%), positive predictive

value was 63.5% (95% CI, 35.9%– 83.7%), and the negative pre-

dictive value was 37.5% (95% CI, 16.2%– 64.1%). The accuracy

was 87.5%.

The Cohen � for the evaluation of the interrater agreement for

the localization of initial clots was 0.762 (95% CI, 0.324 –1.0), and

for the localization of residual clots, 0.733 (95% CI, 38.9 –1.0).

The intraclass correlation coefficient regarding the measurements

(Table 4) of the initial clots was 0.8196 (P � .05), and for the

measurements of residual clots in the VNC map, 0.9133 (P � .05).

DISCUSSION
This study demonstrated that it is possible to detect intra-arterial

clots shortly after the administration of intra-arterial contrast

agent by DECT with quantitative measurements and subjective

clot detections. Sensitivity and specificity were high, and the in-

terrater agreement was good. On the DEw series, clotted and per-

fused vessels displayed a similar attenuation, but on the VNC

series, clotted arteries were more attenuated than perfused

arteries.

In various earlier studies, DECT in combination with the

Brain Hemorrhage software has been described as a useful tool for

differentiating intracranial hemorrhage and contrast staining af-

ter prior intravenous contrast application13,14,17 or neuroendo-

vascular therapy.15,18,19

It has been shown that by using a combined evaluation of the

VNC and IM series from DECT, sensitivity and specificity for the

detection of an underlying contrast-enhancing mass within a ce-

rebral hemorrhage was as high as 94.4% and 97.4%,17 with posi-

tive or negative predictive values up to 95.7% and 94.1%.30 With

regard to the differentiation between hemorrhage and contrast

staining in different intracranial compartments, another study

even described a sensitivity of 100%, specificity between 84.4%

and 100%, and accuracy between 87.2% and 100%, with some

limitations in calcified areas.14 For the differentiation between

hemorrhage and contrast staining after endovascular stroke ther-

apy, it has been suggested that sensitivity, specificity, and accuracy

are 100%, 91%, and 93%, respectively,13 with positive and nega-

tive predictive values of up to 100% and 89%.18,19 In the present

study, a sensitivity of 90%, specificity of 83%, a positive predictive

value of 63%, and a negative predictive value of 38% were

reached. The accuracy was 87.5%. These values for sensitivity,

specificity, and accuracy are of the same magnitude as those re-

ported for the differentiation between intraparenchymal hemato-

mas and intraparenchymal contrast staining13,18,19 or for the dif-

ferentiation between these features at other locations.31 However,

the positive and negative predictive values are clearly lower than

those for the differentiation between intraparenchymal hemato-

mas and intraparenchymal contrast staining, for example. The

reason for this difference is most likely the small size of clots

detected in this study. In contrast to intraparenchymal space-

occupying hematomas, partial volume effects that lower the at-

tenuation of the clots and make them more difficult to detect

could play a role in the evaluation of residual intra-arterial clots.

In this study, angiography as the criterion standard method was

used for comparison, but in the other studies, only follow-up tests

were available as the standard of reference.13,14,18,19

FIG 2. Mean values with upper/lower 95% confidence intervals and SDs of Hounsfield attenuation measured in clotted (A) and perfused (B)
vessels in the weighted dual-energy and virtual noncontrast series and as a comparison of clotted and perfused vessels in the VNC series (C).

Table 3: Results from Wilcoxon tests between the different DECT
series in clotted and perfused vessels of the 10 patients with
residual clots

P Values (Wilcoxon)

Clots Vessels
DEw and VNC .5703 .0020a

DEw and IM .0020a .0020a

VNC and IM .0020a .0020a

a Significant difference.

Table 4: Results from attenuation measurements of raters 1 and 2
and intraclass correlation on the different series

Rater 1 (Mean) Rater 2 (Mean)
Intraclass

Correlation
Clot

CT 58.88 � 10.98 56.57 � 9.49 0.8244
DEw 50.50 � 10.08 54.53 � 25.30 0.7599
VNC 53.72 � 9.42 54.43 � 8.33 0.9133
IM 16.02 � 12.07 19.60 � 36.08 0.65

Vessel
CT 43.35 � 5.54 43.99 � 5.74 0.8779
DEw 49.37 � 7.44 50.68 � 10.05 0.7687
VNC 41.64 � 7.87 46.23 � 5.63 0.6277
IM 11.22 � 6.90 10.88 � 11.35 0.6682

Note:—CT indicates preinterventional CT.
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The � value of 0.733 for interrater agreement with respect to

the detection of residual clots was of the same magnitude as the �

value for the preinterventional detection of the initial clots (� �

0.762). The interrater agreement can thus be considered good.28

The intraclass correlation coefficient for the preinterventional

and residual clot attenuation (Table 3) can be considered

strong.29 The good detectability of residual clots may be due to the

difference between the attenuation of the clots and the perfused

vessels with only a small overlap (Fig 2). Both indicate that the

method can be readily reproduced.

Only 1 existing study describes the application of DECT for

the differentiation between intra-arterial contrast agent and intra-

arterial cerebral clots in 10 patients as a co-result.14 However, no

information about the location of or the reason for the investi-

gated clots was given in this study, and no ROI measurements

were performed as in our study. Moreover, in the study men-

tioned, the lumens of branches involved were not visualized and

the respective lesions were not associated with reported clinical

symptoms, so the observation must be considered unverified or

anecdotal.

Thus far, no studies are available that describe the use of DECT

to detect residual peripheral intra-arterial clots after endovascular

therapy, to our knowledge.

The described method of clot detection after intravascular

contrast administration has various potential clinical applica-

tions. After endovascular stroke therapy with angiographically

proved residual clots, DECT could be used to demonstrate de-

layed recanalization or early reclotting of initially recanalized ar-

teries. Early postinterventional DECT could therefore lead to con-

sequences for treatment, such as modification of medication or

transfer to an intensive care unit.

In addition to this application, the described technique could

be applied to detect early thromboembolic complications after

other neurointerventional procedures with persistent contrast

staining such as intracranial stent placement or coiling. In addi-

tion, it could be useful in cases with cerebral thromboembolic

complications after interventional procedures of other regions

such as the heart or the aortic arch. Another potential application

could be in patients with suspected arterial or even venous intra-

cerebral clots after intravenous contrast application for various

reasons without the requirement of additional contrast agent

application.

In this study, there was a low but not significant correlation

between hematocrit values and perfused arteries on the VNC se-

ries. However, in general, the hematocrit levels seem to have only

little impact on vascular attenuation before or after endovascular

therapy, in contrast to the findings in other studies.26,27 One rea-

son for this phenomenon might be that some of the hematocrit

levels were determined before endovascular therapy, and others,

immediately afterward. Therefore a dilution effect due to catheter

flushing or intravenous fluid application might play a role. In

addition, the relatively small population in this study might inad-

vertently mask the effect of hematocrit on arterial attenuation.

Several limitations of this study must be mentioned. Due to

the occasionally small size of the peripheral, residually clotted,

hyperattenuated arteries, it was not always easy to distinguish

them from image noise. As discussed above, it has to be assumed

that the size of a structure has a relevant impact on the applicabil-

ity of the method to distinguish tissues, with better distinguish-

ability between tissues in larger hemorrhages or clots, though no

publication is available regarding this topic now. Complementary

studies with larger patient populations must be conducted to elu-

cidate not only the influencing factors vessel size, clot volume, and

vessel direction on the sensitivity, specificity, and positive or neg-

ative predictive value of DECT but also the effect of technical

factors such as mode of acquisition (axial or helical), signal-to-

noise ratio, section thickness, or postprocessing of smaller FOVs

and thinner sections. Furthermore, an estimation of the degree of

a stenosis or the differentiation between stenosis and occlusion,

such as might be possible with contrast-enhanced imaging, is not

feasible with the described method. Due to the small number of

patients, the CIs for sensitivity, specificity, positive predictive

value, negative predictive value, and accuracy are relatively wide.

They must be determined more precisely in further studies.

CONCLUSIONS
The described technique makes it possible to accelerate standard-

ized stroke management of patients with previous contrast ad-

ministration in whom intracranial clot detection with nonen-

hanced CT would be otherwise difficult. The application of DECT

after contrast administration described here can make additional

time-consuming imaging studies such as MR imaging or the ap-

plication of additional contrast agent unnecessary.

Disclosures: Elke R. Gizewski—UNRELATED: Payment for Lectures (including service
on Speakers Bureaus): Bracco Imaging, lecture for radiologists-in-training.
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ORIGINAL RESEARCH
ADULT BRAIN

Performance and Predictive Value of a User-Independent
Platform for CT Perfusion Analysis: Threshold-Derived

Automated Systems Outperform Examiner-Driven Approaches
in Outcome Prediction of Acute Ischemic Stroke

S. Dehkharghani, R. Bammer, M. Straka, L.S. Albin, O. Kass-Hout, J.W. Allen, S. Rangaraju, D. Qiu, M.J. Winningham, and F. Nahab

ABSTRACT

BACKGROUND AND PURPOSE: Treatment strategies in acute ischemic stroke aim to curtail ischemic progression. Emerging paradigms
propose patient subselection using imaging biomarkers derived from CT, CTA, and CT perfusion. We evaluated the performance of a
fully-automated computational tool, hypothesizing enhancements compared with qualitative approaches. The correlation between
imaging variables and clinical outcomes in a cohort of patients with acute ischemic stroke is reported.

MATERIALS AND METHODS: Sixty-two patients with acute ischemic stroke and MCA or ICA occlusion undergoing multidetector CT,
CTA, and CTP were retrospectively evaluated. CTP was processed on a fully operator-independent platform (RApid processing of
PerfusIon and Diffusion [RAPID]) computing automated core estimates based on relative cerebral blood flow and relative cerebral blood
volume and hypoperfused tissue volumes at varying thresholds of time-to-maximum. Qualitative analysis was assigned by 2 independent
reviewers for each variable, including CT-ASPECTS, CBV-ASPECTS, CBF-ASPECTS, CTA collateral score, and CTA clot burden score.
Performance as predictors of favorable clinical outcome and final infarct volume was established for each variable.

RESULTS: Both RAPID core estimates, CT-ASPECTS, CBV-ASPECTS, and clot burden score correlated with favorable clinical outcome (P �

.05); CBF-ASPECTS and collateral score were not significantly associated with favorable outcome, while hypoperfusion estimates were
variably associated, depending on the selected time-to-maximum thresholds. Receiver operating characteristic analysis demonstrated
disparities among tested variables, with RAPID core and hypoperfusion estimates outperforming all qualitative approaches (area under the
curve, relative CBV � 0.86, relative CBF � 0.81; P � .001).

CONCLUSIONS: Qualitative approaches to acute ischemic stroke imaging are subject to limitations due to their subjective nature and
lack of physiologic information. These findings support the benefits of high-speed automated analysis, outperforming conventional
methodologies while limiting delays in clinical management.

ABBREVIATIONS: AIS � acute ischemic stroke; AUC � area under the curve; CBS � clot burden score; CS � collateral score; RAPID � RApid processing of
PerfusIon and Diffusion; rCBF � relative CBF; rCBV � relative CBV; ROC � receiver operating characteristic; Tmax � time-to-maximum of the tissue residue function

Primary goals in the management of acute ischemic stroke

(AIS) include timely pharmacologic or mechanical interven-

tion, while avoiding untoward risks related to complications of

treatment. Appropriate patient selection may thus prove para-

mount, and identification of a subpopulation most likely to ben-

efit has been the subject of extensive inquiry.1,2 While the precise

profile of this target population remains to be conclusively de-

fined, recent work has highlighted the potential strengths of strat-

ification by using the ischemic penumbra formalism defining an

irreversibly injured infarct core and putative penumbra of at-risk

tissues.1,3

Despite promising results, penumbral imaging has met with

skepticism and inconsistent outcomes, particularly because the

broad array of imaging and computational approaches and inter-

pretive parameters has precluded formulation of generalizable
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conclusions.4-7 With studies further complicated by the time, ma-

terials, and expertise requisite to successfully undertake perfusion

imaging, some investigators have focused on triage algorithms

examining more readily attainable biomarkers derived from non-

contrast CT (eg, Alberta Stroke Program Early CT Score) or CT

angiography (eg, collateral score [CS], clot burden score [CBS])

common to stroke protocols.8-11 While quickly attainable, the

performance of ASPECTS in triaging patients to therapy or pre-

dicting outcome has been variable, and its use in prognostication

of individual outcomes has been questioned.12-14 Similarly, CS

and CBS have shown promise as rapid approaches to assessment

but may underperform when compared with perfusion imaging

metrics.9-11 Recently, the ASPECTS methodology was applied to

CTP parametric maps in an effort to impart standardization and

mitigate subjective elements of perfusion analysis; however, even

in this context, the strengths of perfusion imaging may be atten-

uated by variability in postprocessing, computational analysis, se-

lection of parametric maps, and the generally qualitative nature of

such approaches.10,11

Expert consensus has emphasized the demand for standard-

ization in the acquisition, processing, and analysis of perfusion

imaging.15,16 The potential for disparate results and the variability

in accuracy among competing software platforms have been the

subject of recent studies and were thoroughly expounded in a

comparative analysis by Kudo et al.17 In light of recent reports, the

primary objective of this study were to examine the predictive

performance of several user-defined approaches to NCCT, CTA,

and CTP analysis, by comparison with a fast, vendor- and op-

erator-independent computational tool using fully automated

lesion segmentation and pixel-wise parametric thresholding

for semiquantitation (RApid processing of PerfusIon and Dif-

fusion [RAPID]).18 The objective of our study was to evaluate

these tools to determine their ability to predict 90-day favor-

able clinical outcome in patients with AIS.

MATERIALS AND METHODS
We retrospectively identified patients with AIS presenting within

12 hours of symptom onset found to have intracranial ICA or

MCA occlusion as part of a prospectively collected registry of

patients undergoing acute comprehensive stroke imaging with

NCCT, CTA, and CTP at Emory University Hospital from Febru-

ary 2011 to December 2013. All patients were initially evaluated

by vascular neurology in the emergency setting, with initiation of

an institutional stroke protocol facilitating expedited triage, im-

aging, interpretation, and treatment when appropriate. Patients

were excluded from this analysis if they did not successfully com-

plete the comprehensive imaging protocol, had motion or other

artifacts rendering imaging nondiagnostic, or lacked data on 90-

day clinical outcome. Exclusion criteria further included patients

in whom large symptomatic intracerebral hemorrhage developed,

among whom measurement of final infarct volumes may be con-

founded or hindered by resultant mass effect. Retrospective anal-

ysis was supported under the guidelines of the institutional review

board, and written informed consent was waived for this study.

Medical records were reviewed for a clinical history of atrial

fibrillation, type 2 diabetes, hypertension, dyslipidemia, and con-

gestive heart failure. Any pre-existing disability (modified Rankin

Scale �0) was determined on initial questioning and during re-

view of the electronic medical record. Initial neurologic screening

at presentation included determination of National Institutes of

Health Stroke Scale score recorded by a vascular neurologist with

NIHSS certification. A subset of patients received intravenous

and/or intra-arterial thrombolytic therapy per institutional pro-

tocol and at the discretion of the vascular neurologist. The mod-

ified Rankin Scale was established at discharge and 90 days. A

favorable clinical outcome was defined as mRS �2 at 3 months.

Imaging Protocol
All patients underwent an institutional stroke imaging protocol to

include NCCT, CTA, and CTP. CT was performed on a 40-mm,

64 – detector row clinical system (LightSpeed VCT; GE Health-

care, Milwaukee, Wisconsin). Helical NCCT (120 kV; 100 –350

auto-mA; CT dose index, �43.15) was performed from the fora-

men magnum through the vertex at a 5.0-mm section thickness.

In the absence of visible intracranial hemorrhage during real-time

evaluation by a radiologist and vascular neurologist, 2 contiguous

CTP slabs were obtained for 8-cm combined coverage of the su-

pratentorial brain, obtained at eight 5-mm sections per slab. Cine

mode acquisition (80 kV; 100 mA; CT dose index, �293.48) per-

mitting high-temporal-resolution (1-second sampling interval)

dynamic bolus passage imaging was obtained following the ad-

ministration of 35-mL iodinated contrast (iopamidol, Isovue 370;

Bracco, Princeton, New Jersey) power injected at 5 mL/s through

an 18-ga or larger antecubital IV access. Contrast administration

was followed by a 25-mL saline flush at the same rate. Last, helical

CTA (120 kV; 200 –350 auto-mA; CT dose index, �38.08) was

performed from the carina to the vertex (section thickness/inter-

val, 0.625/0.375 mm) following IV administration of 70-mL io-

dinated contrast injected at 5 mL/s and followed by a 25-mL saline

flush. Follow-up in all patients included either MR imaging

and/or NCCT, documenting final infarct size before discharge. All

images were transferred to a separate workstation for analysis

(Mac Pro; Apple, Cupertino, California) by using a third-party

DICOM viewer (Osirix 64-bit; http://www.osirix-viewer.com).

Image Analysis

NCCT-ASPECTS. All NCCTs were assigned an ASPECTS by 2

experienced vascular neurologists blinded to patient clinical

information, other imaging, and clinical outcome. ASPECTS

used a 10-point visual inspection scale assessing the early isch-

emic burden in the supratentorial brain as detailed previously

by Barber et al.8

CTA Collateral Score and Clot Burden Score. Tan et al9 proposed

a rapid, qualitative visual inspection methodology for brain CTA,

emphasizing the importance of both the extent of vascular clot

(CBS) and the adequacy of surface vascular enhancement, osten-

sibly reflecting collateral flow response (CS). Two experienced

neuroradiologists with subspecialty certification applied visual

inspection CTA scores, blinded to clinical and outcome data and

all other imaging, specifically as follows: CBS defining clot extent

for anterior circulation disease was assigned a score of 0 –10,

whereby 2 points are deducted for thrombus within each of the

supraclinoid ICAs, the proximal 50% of the horizontal (M1)

1420 Dehkharghani Aug 2015 www.ajnr.org



MCA trunk, or the distal 50% of the M1; a single point was then

deducted for thrombus within the infraclinoid ICA and the

anterior cerebral artery and for each individual vertical (M2)

MCA branch.9 As per the original methodology proposed by

Tan et al, the thrombus may be partial or complete, with a

minimum potential score of zero reflecting extensive anterior

circulation occlusion. CTA CS (Fig 1) was described as an or-

dinal, visual grading system for collateral flow, scored 0 –3;

collateral flow was assigned a score of zero for absent surface

collateralization, 1 for �0 but �50% collateral supply, 2 for

50 –99% collateral supply, and 3 for normal or supranormal

surface vasculature of the MCA territory. CTA analysis was per-

formed by using 20-mm axial maximum-intensity-projection and

0.625-mm axial source images, as well as orthogonal and curved

multiplanar reformats as needed.

CT Perfusion. All perfusion imaging was postprocessed by using a

vendor-independent software platform (RAPID). RAPID is an

operator-independent image processing and visualization tool

operating on standardized DICOM data and configured for en-

tirely automated image processing.18 As an extension of earlier

iterations compiled for analysis of MRI diffusion and perfusion

imaging, the current implementation further permits CTP post-

processing carried through a computational pipeline similar to

that initially described. Briefly, following preprocessing steps

correcting rigid-body motion, arterial input function selection

is performed and deconvolved from the voxel time-attenua-

tion course using a delay-insensitive algorithm for isolation of

the tissue residue function. Time-to-maximum of the tissue

residue function (Tmax) is determined on a voxelwise basis,

with Tmax maps incrementally thresholded between 4 –10 sec-

onds at 2-second intervals, and over-

laid upon source CTP data for

analysis.

Cerebral blood volume maps were

computed as outlined elsewhere, and ce-

rebral blood flow was determined in

milliliter/100 g/minute.18 Both CBV and

CBF have been proposed as estimates of

irreversibly infarcted (core) tissues, with

past investigations describing both ab-

solute and relative (rCBV, rCBF) thresh-

olds for the detection of infarct core.19

For the purposes of this study, separate

estimates were supplied for each, thresh-

olded at relative rCBF or rCBV �30%

normal. Color-coded core maps for

both parameters were automatically

generated and overlaid on source images

for review purposes (Fig 2). Processing

time from the transfer of perfusion data

to the RAPID suite to production of

processed maps was approximately 3

minutes.

CTP analysis lastly included exam-

iner-driven qualitative evaluation of

perfusion parametric maps. Recent

studies have extended ASPECTS methodology to perfusion

imaging, reporting both improvements in predictive perfor-

mance relative to clinical outcome and stronger interrater

agreement.10,20 As detailed by Aviv et al,20 CBV and CBF maps

were assigned CTP-ASPECTS by the same 2 neuroradiologists,

again blinded to clinical and other radiographic data, in sepa-

rate scoring sessions spaced approximately 7 days from the

prior analyses. CTP-ASPECTS again ranged from 0 to 10, with

a single point deducted for any of 10 supratentorial regions

exhibiting apparent hypoperfusion.

Radiographic Outcome
The correlation between the RAPID core infarct estimates, CBV and

CBF, and final infarct volume was determined independently. Final

infarct volumes were measured following export of raw DICOM data

to the Fiji release of the ImageJ software platform (http://imagej.ni-

h.gov/ij/). Analysis included a series of postprocessing steps (Fig 3),

beginning with optimization of image contrast for detection of hy-

perintenseregionsonfollow-uptraceDWIorCTimages.Binary images

were generated following application of intensity thresholds permitting

voxelwisemeasuresof final infarctvolumeinmilliliters,cross-referenced

with original DWI to exclude regions of EPI-related artifacts, such as

those near the skull base or air-tissue interfaces.

Statistical Analysis
Statistical analysis was performed in SAS software, Version 9.3

(SAS Institute, Cary, North Carolina). Pearson correlation coef-

ficients were calculated to assess the relationship between contin-

uous variables (predicted infarct core and final infarct volume).

Ordinal (ASPECTS, CS, CBS) and continuous (predicted infarct

core volume, at-risk tissue volume, and final infarct volume)

FIG 1. CTA CS. CTA CS methodology as proposed by Tan et al.9 Axial 20-mm maximum-intensity-
projection images demonstrate the extent and asymmetry in the peripheral leptomeningeal
collateral supply graded as relative to the contralateral normal hemisphere (pathologic MCA
territory indicated by a red ROI). A, A score of zero suggests near-complete absence of surface
collateralization. B, A score of 1 indicates greater than zero but �50% collateral flow. C, A score
of 2 suggests �50% but �100% of normal leptomeningeal collaterals. D, A score of 3 suggests
normal or, when present, greater than normal surface collaterals.
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variables were considered for the input model of univariate and

multivariate logistic regression, against dichotomized out-

comes (mRS �2) for all patients at 90-day follow-up. Receiver

operating characteristics (ROCs) were computed; optimal op-

erating values were established for each variable of interest as

discriminators of favorable clinical outcome; and sensitivity,

specificity, and confidence intervals were determined. Statisti-

cal significance among tested variables as predictors of final

infarct volume was determined at P � .05. Interobserver agree-

ment for NCCT-ASPECTS, CBV-ASPECTS, CBF-ASPECTS,

CBS, and CS was established by Pearson correlation coeffi-

cients. Intraobserver agreement for binary determination of

ASPECTS �7 was established separately by � statistics.

RESULTS
Sixty-two patients (36 women; median age, 70 years; range years,

33–94 years) with AIS (�12 hours) and MCA or intracranial ICA

occlusion constituted the study popula-

tion. Among these, 15 were excluded

due to severe, unrecoverable motion ar-

tifacts (n � 5) or lack of 90-day clinical

outcome data (n � 10), leaving 47 pa-

tients for analysis. No patients were

observed to harbor bilateral arterial

occlusions.

Median NIHSS at admission was 15

(interquartile range, 16); the mean du-

ration from the time of onset/last known

healthy to imaging was 210 minutes.

Twenty-three (52%) patients received

IV tPA, and 10 (23%) underwent endo-

vascular treatment for intra-arterial clot

lysis or retrieval. The mean mRS at both

discharge and at 90 days was 3; favor-

able outcome (mRS �2) at 90 days was

recorded in 16 patients (34%). An ICA

or M1 occlusion was present in 41

(72%) patients, with MCA M2 segment occlusion observed in

the remainder. Final infarct volume was measured by DWI in

77% of patients with the remainder established by NCCT; me-

dian final infarct volume was 34 mL (interquartile range, 94

mL).

Results of adjusted multivariable logistic regression analysis

and odds ratios for dichotomized favorable outcome (mRS, �2)

are presented in Table 1. Patients with favorable clinical outcome

at 90 days exhibited higher baseline NCCT-ASPECTS (P � .03).

Similarly, significant interactions were observed relative to 90-day

favorable clinical outcome for CBV-ASPECTS (P � .01), CBF-

ASPECTS (P � .04), and CTA clot burden score (P � .02), but not

for CTA CS (P � .09).

Among RAPID parameters interrogated, predicted core in-

farct determined both by CBV and CBF demonstrated significant

correlations with favorable clinical outcome at 90 days (P � .01).

Estimates of hypoperfusion at thresholded values of Tmax

FIG 2. RAPID CTP core-penumbra mismatch. Sample output from RAPID perfusion module. The upper of 2 perfusion slabs (4-cm supratentorial
coverage across 8 contiguous 5-mm sections) underwent delay-insensitive deconvolution, normalization and lesion segmentation, and thresholding
for the production of infarct core and hypoperfused tissue estimates. Similar analysis was undertaken for the inferior perfusion slab (not shown) and
cumulative predicted core and penumbral volumes established for each patient. Default output parameters for infarct core (rCBV �30%, A), infarct
core (rCBF �30%, B), and hypoperfused tissues (Tmax �6 seconds, C) are shown. The final infarct volume (not shown) measured 97 mL.

FIG 3. Analysis pipeline, final infarct volume. Postprocessing steps for determination of final infarction
volume on follow-up. Optimization of image contrast for intensity-wise lesion segmentation was
performed with manual thresholding toward production of a binary image, with cross-reference to
the original DWI data to exclude spurious areas related to susceptibility or EPI distortions.
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exhibited variable results; statistical significance was observed for

the default threshold Tmax of �6 seconds (P � .03) as well as

Tmax of �4 seconds (P � .01), but not for the remaining Tmax

thresholds.

ROC analysis (Table 2) demonstrated the strongest predictors

of favorable outcome with RAPID-derived core infarct volumes

(rCBV core area under the curve [AUC], 0.86, P � .001; rCBF

core AUC, 0.81, P � .001). Among the predicted measures of

hypoperfusion and overall at-risk tissues by using thresholded

Tmax of �4, 6, 8, and 10 seconds, predictive performance for

dichotomized favorable outcome was similar (respectively,

AUC � 0.80, 0.77, 0.76, 0.74; P � .01); the highest combinations

of sensitivity and specificity were observed for Tmax of �6 sec-

onds (sensitivity, 77%; specificity, 72%). For both rCBV and

rCBF core measures, the threshold with optimized sensitivity

(100%) for favorable outcome was 9.2 mL, while the threshold

with greatest specificity (100%) was 43 mL.

Among qualitative, reader-defined measures, CBV-ASPECTS

exhibited the strongest performance (AUC, 0.75; P � .01).

Among CTA-derived parameters, CBS was superior to CS; how-

ever, sensitivity for predicting favorable outcome was lowest

among all measures for CBS, shared only by CBF-ASPECTS (CBS

AUC, 0.74; 95% CI, 0.59 – 0.89; optimal cutoff, 5; sensitivity, 58%;

specificity, 77%; P � .01). Performance for NCCT-ASPECTS

(AUC, 0.72; sensitivity, 68%; specificity, 68%; P � .01) was com-

parable with CBF-ASPECTS and CS, but inferior to all automated

perfusion metrics.

The strongest overall predictive performance toward favorable

clinical outcome was observed with final, follow-up infarct vol-

ume (AUC, 0.96; 95% CI, 0.91–1.0; optimal cutoff, 29.1 mL; sen-

sitivity, 91%; specificity, 88%; P � .001).

Analysis of interrater agreement yielded superior results for

CTP- and CTA-derived measures compared with NCCT AS-

PECTS (Pearson correlation: NCCT-ASPECTS, 0.52, P � .001;

CBV-ASPECTS, 0.94, P � .001; CBF-ASPECTS, 0.93, P � .001;

CS, 0.85, P � .001; CBS, 0.94, P � .001). Interrater agreement for

determination of NCCT-ASPECTS �7 improved (� coefficient �

0.93, P � .001).

Radiographic Outcome
Correlation between variables of interest and final infarct volume

(Table 3) demonstrated similar results, with the highest correla-

tions among RAPID-derived estimates of infarct core (CBV core

r2 � 0.77, P � .001; CBF core r2 � 0.75, P � .001); adjusted

logistic regression analyses comparing the odds ratios for final

infarct volumes of �29 mL (optimal cutoff defining favorable

clinical outcomes, above) were similar between the 2 measures

(CBV core OR, 1.10; 95% CI, 1.05–1.15; CBF core OR, 1.12; 95%

CI, 1.04 –1.20; P � .05). Significant correlations were observed

between all tested variables and final infarct, with the exception of

CBS (r2 � �0.23, P � .11).

DISCUSSION
The results herein support the feasibility of integrating a semi-

quantitative analytic and visualization tool for advanced CT triage

in the time-sensitive domain of AIS. The findings highlight the

potential benefits of advanced image processing in this context,

whereby enhancements to typically qualitative and sometimes

subjective interpretive algorithms were shown to augment the

predictive value of acute stroke imaging as it relates to clinical

outcome.

Among the variables tested, the semiquantitative predictors

of irreversible ischemia, CBV core and CBF core, exhibited the

strongest performance by ROC. By comparison with qualita-

tive approaches to core estimation, re-

lying on visual inspection and subjec-

tive definition of lesion extent, core

estimates derived from the RAPID

suite were produced following a series

of normalization and quantitation

steps, with automated lesion segmen-

tation and determination of lesion vol-

umes at predefined thresholds. Past

reports and expert consensus have

proposed the benefits of streamlined

and reproducible approaches to post-

processing and analysis; however, rig-

orous postprocessing may be imprac-

tical in the clinical setting.15,16

Accordingly, diagnostic paradigms in

Table 1: Ninety-day adjusted odds ratios: favorable clinical
outcome (mRS <2)a

Variable Odds Ratio 95% CI P Value
Final infarct volume 0.84 0.72–0.98 .03
NCCT-ASPECTS 3.23 1.09–9.54 003
CBV-ASPECTS 1.78 1.13–2.80 .01
CBF-ASPECTS 1.46 1.01–2.11 .05
Collateral score 2.27 0.88–5.83 .09b

Clot burden score 1.66 1.07–2.59 .02
RAPID rCBV core 0.92 0.86–0.98 .01
RAPID rCBF core 0.92 0.85–0.99 .02
RAPID Tmax �4 sec 0.98 0.96–0.99 .03
RAPID Tmax �6 sec 0.98 0.97–0.99 .01
RAPID Tmax �8 sec 0.98 0.96–1.00 .06b

RAPID Tmax �10 sec 0.98 0.96–1.00 .06b

a NCCT-ASPECTS, CBV-ASPECTS, and CBF-ASPECTS represent ASPECTS applied re-
spectively to noncontrast CT, cerebral blood volume maps, or cerebral blood flow
maps.
b Statistical significance in logistic regression observed with all tested variables with
the exception of RAPID-derived Tmax of �8 seconds and �10 seconds and the CTA
collateral score (P � .05).

Table 2: ROC analysis: dichotomized favorable outcome (mRS <2)a

Variable AUC P Value 95% CI OOP Sensitivity Specificity
Final infarct (mL) 0.96 �.001 0.91–1.00 29.1 91% 88%
RAPID rCBV core 0.86 .001 0.74–0.96 10.4 85% 78%
RAPID rCBF core 0.81 �.001 0.68–0.93 5.6 73% 72%
RAPID Tmax �4 sec 0.80 �.01 0.65–0.93 146.6 73% 67%
RAPID Tmax �6 sec 0.77 �.01 0.63–0.92 81.9 77% 72%
RAPID Tmax �8 sec 0.76 �.01 0.60–0.91 53.1 77% 72%
RAPID Tmax �10 sec 0.74 �.01 0.58–0.89 26.6 73% 72%
NCCT-ASPECTS 0.72 .01 0.57–0.87 9.5 68% 68%
CBV-ASPECTS 0.75 .01 0.61–0.89 5.0 76% 62%
CBF-ASPECTS 0.72 .02 0.57–0.87 5.0 58% 66%
Clot burden score 0.74 .01 0.59–0.89 6.5 58% 77%
Collateral scoreb .72 .20 0.56–0.89 1.5 70% 70%

Note:—OOP indicates optimal operating point, optimal cut-off from ROC analysis for the variable of interest.
a Results of ROC analysis relative to dichotomized favorable clinical outcome (90-day mRS �2). Performance indicated
by ROC AUC in descending-order performance.
b Significant relationships were observed for all tested variables, with the exception of the CTA collateral score.
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multiparametric CTP commonly involve the subjective deter-

mination of relative mismatch between putative infarct core

and the remaining at-risk tissues. With regions of irreversibly

injured, at-risk, and modestly hypoperfused tissues potentially

overlapping by visual inspection alone, voxelwise thresholding

may provide some immunity to incorrect tissue classification.

Heterogeneity in reperfusion of the study population pre-

cludes conclusive judgments as to a singular, ideal Tmax

threshold for outcome prediction, for which past reports have

documented variability in performance between a 4- and

6-second delay, depending on reperfusion status, in line with

the best performing Tmax thresholds above.6

NCCT-ASPECTS, while providing a rapid algorithm for de-

termination of the extent of infarcted tissues, may have insensi-

tivity to infarction in the early stages of injury, before the bulk

water shift detection on noncontrast imaging.10,12,14,20 We sus-

pect that the clustering of abnormal brain regions in ASPECTS

methodology, while providing for some uniformity in analysis,

may have further limited the dynamic range for discriminating

between lesions with similar ASPECTS but differing in actual ex-

tent or size. The inability of ASPECTS to provide an estimate of

the extent or severity of tissues at ongoing ischemic risk may

additionally limit its utility in patient selection. Application of

ASPECTS methodology to CTP imaging aims to leverage some

benefits of physiologic and flow imaging, while providing unifor-

mity in analysis and reporting as in NCCT-ASPECTS. While

showing improvements compared with NCCT-ASPECTS in prior

reports, the analysis remains fundamentally subjective and again

lacks in its ability to subclassify tissues within ASPECTS

regions.10,20

Two previously proposed CTA-derived measures, the clot

burden score and collateral score, were investigated among triage

variables in this study.9,11,21 While previously having shown

promise as outcome predictors, their ability to supplant tissue-

level information provided by perfusion imaging may be limited

by uncertainty as to the nutritive capacity of surface-level collat-

erals vis-à-vis the tissue perfusion approximated by dynamic bo-

lus passage deconvolution with an arterial input function. The

importance of leptomeningeal collateral flow in preserving isch-

emic neuronal substrate and potentially protecting against hem-

orrhage has been discussed, and numerous multimodal collateral

scoring methodologies have been proposed but may lack in their

ability to characterize the dynamic nature of collateral flow or

discriminate nonperfusion from flow delayed at the moment of

acquisition.22 Such vulnerabilities may, in combination, have

contributed to the lack of statistical significance observed with CS

relative to dichotomized favorable clinical outcome.

Stroke imaging protocols commonly include some combina-

tion of CT or MR imaging to exclude the presence of acute hem-

orrhage and for characterization of infarct core, as well as CT or

MR imaging hemodynamic-sensitized techniques to identify the

presence/extent of tissue at ongoing ischemic risk.4,23,24 Several

studies have aimed to apply such methodology to imaging triage;

however, no consensus has emerged regarding the optimal com-

bination of qualitative and quantitative metrics to accurately

identify the ischemic penumbra.15,16

Image-based patient selection has shown success in some re-

cent multicenter trials favoring interrogation with perfusion pa-

rameters.1,2 Variability among vendor-based and locally devel-

oped perfusion analysis tools is known to produce considerable

differences in results from perfusion data and may engender vari-

able conclusions from common datasets.17 The relative perfor-

mance of several tools was compared in a digital phantom in a

recent work by Kudo et al17; with this in mind, a study of predic-

tive performance against commonly used qualitative approaches

was conducted, suggesting enhancement to performance with the

use of a standardized, user-independent platform. The disparate

outcomes following re-analysis of data from the Echoplanar Im-

aging Thrombolytic Evaluation Trial support the idea that such

differences in analysis may not be purely trivial.25

We acknowledge several study limitations. The relatively small

sample population may have impacted the ability to identify sig-

nificant relationships among some tested variables; however, sig-

nificant trends among most tested parameters in our study are

consistent with the generally strong performance of such ap-

proaches in past reports. Within the statistical limits of the study,

we believe the findings offer generalizable support for the

strengths of advanced, automated computational tools for clinical

use. We acknowledge that ROC results in this study may suggest

generally stricter and more conservative thresholds for favorable

outcome compared with past studies. We suspect that the small

sample size and heterogeneity in treatment and revascularization

status account substantially for such differences; however, be-

cause the primary study aim was establishing the feasibility, util-

ity, and superiority of an automated platform by comparison with

user-driven approaches, we do not suspect that these observations

have significantly affected the study conclusions. The aims in this

study included principally the characterization of varying ap-

proaches to predicting clinical outcome. The design and statistical

limits did not permit assessment of interactions between study

variables and revascularization or tPA administration among pa-

tients and, in this respect, cannot specifically be assumed as gen-

eralizable to the merits of treatment in such patients. We, how-

ever, maintain that within the study aims, specifically to highlight

the advantages of robust automation over qualitative analysis reg-

imens in AIS imaging triage, the interaction term relating reper-

fusion to outcomes is not likely to have influenced the reported

Table 3: Parameter correlation with final infarct volumea

Variable Correlation P Value
RAPID rCBV core 0.77 �.001
RAPID rCBF core 0.75 �.001
RAPID Tmax �4 sec 0.38 �.01
RAPID Tmax �6 sec 0.44 �.001
RAPID Tmax �8 sec 0.49 �.001
RAPID Tmax �10 sec 0.54 �.001
NCCT-ASPECTS �0.40 �.01
CBV-ASPECTS �0.50 �.001
CBF-ASPECTS �0.48 �.001
Clot burden scoreb �0.23 .11
Collateral score �0.41 �.01

a Correlational analysis between tested variables and final infarct volume (MRI or CT,
in milliliters). The strongest overall correlations were observed with RAPID-derived
core estimates (rCBF core and rCBV core). Negative correlations were observed
between all ASPECTS and CTA-derived measures relative to the final infarct volume.
b Significant relationships were observed for all tested variables with the exception
of the CTA clot burden score.

1424 Dehkharghani Aug 2015 www.ajnr.org



results. A larger scale study permitting dichotomization between

treated and untreated patients is necessary and is underway for the

assessment of such diagnostic approaches as predictors of a ben-

eficial therapeutic effect in AIS.

CONCLUSIONS
Automated approaches to imaging in AIS may offer some immu-

nity to limitations inherent in qualitative methodologies. These

findings support the benefits of high-speed automated analysis in

AIS, outperforming conventional methodologies while avoiding

delays in management.
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ORIGINAL RESEARCH
ADULT BRAIN

Hyperintense Vessels on FLAIR: Hemodynamic Correlates and
Response to Thrombolysis

A. Kufner, I. Galinovic, V. Ambrosi, C.H. Nolte, M. Endres, J.B. Fiebach, and M. Ebinger

ABSTRACT

BACKGROUND AND PURPOSE: Hyperintense vessels on baseline FLAIR MR imaging of patients with ischemic stroke have been linked to
leptomeningeal collateralization, yet the ability of these to maintain viable ischemic tissue remains unclear. We investigated whether
hyperintense vessels on FLAIR are associated with the severity of hypoperfusion and response to thrombolysis in patients treated with
intravenous tissue-plasminogen activator.

MATERIALS AND METHODS: Consecutive patients with ischemic stroke with an MR imaging before and within 24 hours of treatment,
with proved vessel occlusion and available time-to-maximum maps were included (n � 62). The severity of hypoperfusion was charac-
terized on the basis of the hypoperfusion intensity ratio (volume with severe/mild hypoperfusion [time-to-maximum � 8 seconds /
time-to-maximum � 2 seconds]). The hypoperfusion intensity ratio was dichotomized at the median to differentiate moderate (hypo-
perfusion intensity ratio � 0.447) and severe (hypoperfusion intensity ratio � 0.447) hypoperfusion. Good outcome was defined as a
modified Rankin Scale score of �2.

RESULTS: Hyperintense vessels on FLAIR were identified in 54 patients (87%). Patients with extensive hyperintense vessels on FLAIR (�4 sections)
had higher NIHSS scores, larger baseline lesion volumes, higher rates of perfusion-diffusion mismatch, and more severe hypoperfusion (hypo-
perfusion intensity ratio). In stepwise backward multivariate regression analysis for the dichotomized hypoperfusion intensity ratio (including
stroke etiology, age, perfusion deficit, baseline lesion volume, smoking, and extent of hyperintense vessels on FLAIR), extensive hyperintense
vessels on FLAIR were independently associated with severe hypoperfusion (OR, 6.8; 95% CI, 1.1–42.7; P � .04). The hypoperfusion intensity ratio
was an independent predictor of a worse functional outcome at 3 months poststroke (OR, 0.2; 95% CI, 0.5–0.6; P � .01).

CONCLUSIONS: Hyperintense vessels on FLAIR are associated with larger perfusion deficits, larger infarct growth, and more severe
hypoperfusion, suggesting that hyperintense vessels on FLAIR most likely indicate severe ischemia as a result of insufficient
collateralization.

ABBREVIATIONS: FHV � hyperintense vessels on FLAIR; HIR � hypoperfusion intensity ratio; IQR � interquartile range; Tmax � time-to-maximum; TOAST � Trial
of Org 10172 in Acute Stroke Treatment

While most studies agree that hyperintense vessels on FLAIR

(FHV) are highly associated with large-vessel occlusion,

results on the underlying pathophysiology are seemingly split.1

Several studies suggest FHV to be indicative of hemodynamic

stress, inadequate collateralization, and poor functional recov-

ery.2-5 Conversely, others attributed FHV to increased leptomen-

ingeal collateralization and found an association with smaller le-

sions, slower infarct progression, and better prognosis.6-10

The apparent contradiction of these studies may stem from the

use of different methodologies and the diversity of populations

studied, making the plethora of results challenging to analyze.

Nevertheless, 2 critical questions remain due to lack of compre-

hensive imaging data and long-term clinical follow-up: Do FHV

represent good collateralization or indicate the insufficiency of

established collaterals to maintain ischemic tissue? Second, does

FHV have clinical relevance in terms of functional recovery?
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The difficulty in determining collateral status poses a major

challenge in answering these questions because digital subtraction

angiography is not always readily available and associated risks

may not be justified in most cases. Bang et al11 used a hypoperfu-

sion intensity ratio (HIR: time-to-maximum [Tmax] � 8 sec-

onds/Tmax � 2 seconds) on baseline MR perfusion imaging as a

surrogate marker of collateral status and found that excellent and

intermediate collateral grades were highly associated with lower

HIRs.

In the PRE-FLAIR study, patients with FHV had larger initial

lesion volumes and more severe clinical impairment12; therefore,

we hypothesized that patients with FHV would have more severe

hypoperfusion, suggesting the insufficiency of established collat-

erals to maintain ischemic tissue before reperfusion is achieved. In

this study, we investigated whether the extent of FHV is correlated

with the severity of hypoperfusion by using Tmax perfusion maps

and whether this plays a role in response to thrombolysis in pa-

tients with arterial occlusion treated with intravenous recombi-

nant tissue plasminogen activator.

MATERIALS AND METHODS
This was a retrospective study conducted at the Center for Stroke

Research Berlin at Charité University Hospital. Consecutive pa-

tients with acute stroke recruited between March 2008 and De-

cember 2012 (1000Plus study registered with clinicaltrials.gov;

NCT 00715533) were selected for analysis on the basis of the fol-

lowing criteria: received IV-tPA within 4.5 hours of symptom

onset, had MR imaging before and within 24 hours after treat-

ment, and had proved vessel occlusion and acute perfusion maps

of sufficient quality to postprocess into Tmax maps. MR imaging

(3T, Tim Trio; Siemens, Erlangen, Germany) protocol included

T2*, FLAIR (TE � 100 ms, TR � 8000 ms, TI � 2370.5 ms,

FOV � 220 mm, matrix � 256 � 232, 5-mm section thickness

with a 0.5-mm intersection gap), diffusion-weighted imaging

(TE � 93.1 ms, TR � 7600 ms, FOV � 230 mm, matrix � 192 �

192, 2.5-mm section thickness with no intersection gap), MR an-

giography (TE � 3.86 ms, TR � 22.0 ms, FOV � 200 mm, ma-

trix � 384 � 268, 0.65-mm section thickness with a 7.2 mm in-

tersection gap), and perfusion imaging (TE � 29 ms, TR � 1390

ms, FOV � 230 mm, matrix � 128 � 128, 5-mm section thick-

ness with a 0.5-mm intersection gap).

The following cerebrovascular risk factors were evaluated on

admission by using previously published definitions13: smoking,

arterial hypertension, diabetes mellitus, hypolipoproteinemia,

and atrial fibrillation. Stroke severity was assessed by using the

National Institutes of Health Stroke Scale. Stroke etiology was

determined by using the Trial of Org 10172 in Acute Stroke Treat-

ment (TOAST) criteria.14 Functional outcome was assessed 3

months poststroke by using the modified Rankin Scale score; fa-

vorable outcome was defined as mRS of �2.

Blinded to acute perfusion imaging, 2 raters (A.K., I.G.) inde-

pendently counted the number of FLAIR sections with FHV, de-

fined as focal, linear, or serpentine hyperintensities distal to the

main occluded artery. In case of disagreement, raters met for con-

sensus. The number of sections with FHV was dichotomized at

the median (� or �4 sections) to distinguish between less pro-

nounced versus more extensive FHV.

Postprocessing of DWI was performed by using MRIcro (Ad-

vanced Brain Imaging; McCausland Center for Brain Imaging,

Columbia, South Carolina) to assess lesion volumes on acute and

second-scan images to determine infarct growth (DWI lesion vol-

ume after thrombolysis � DWI baseline lesion volume). Stroke-

tool (Digital Image Solutions; Frechen, Germany) was used to

assess acute perfusion deficit volume (MTT � 6 seconds). Perfu-

sion-diffusion mismatch was assessed as a binary variable defined

as follows: (perfusion deficit � DWI lesion volume)/DWI lesion

volume � 100 � 20%. Tmax maps of acute perfusion imaging

images were created in Stroketool. The severity of the hypoperfu-

sion was characterized on the basis of HIR (Fig 1), defined as

tissue volume with severe hypoperfusion (Tmax � 8 seconds)

divided by volume with mild hypoperfusion (Tmax � 2 seconds).

HIR was dichotomized at the median to differentiate moderate

(HIR � 0.447) and severe (HIR � 0.447) hypoperfusion.

Arterial occlusion was evaluated on time-of-flight MRA. Arte-

rial occlusions were categorized on the basis of the size of the

occluded vessel: large-vessel occlusions (internal carotid artery

and carotid-T occlusions), medium-vessel occlusions (ie, M1,

M2, P1, P2, and vertebral occlusions), and small-vessel occlusions

(ie, occlusion in distal arterial branches).15 Recanalization was

defined as an increase in at least 2 Thrombolysis in Myocardial

Infarction points within 24 hours of treatment based on acute and

follow-up MRA.

For all 2-group analyses, we used the Fisher exact test and

Mann-Whitney U test as appropriate. We chose a stepwise back-

ward regression model with a binary dependent variable (dichot-

omized HIR and outcome) for multivariate regression analyses;

all parameters that reached a significance of �.1 in univariate

analysis based on the dependent variable were included for

analysis.

Stepwise backward multivariate regression analysis was per-

formed to determine independent predictors of the severity of

hypoperfusion. We included the following parameters: TOAST

criteria, the size of the vessel occlusion, smoking, baseline perfu-

sion deficit, baseline lesion volume, and extent of FHV. Analo-

gously, stepwise backward regression analysis was performed for

favorable outcome, with the only change being that age was also

dichotomized at older than 70 years to increase external compa-

rability13 (age [older than 70 years], smoking, atrial fibrillation,

HIR [�0.447], NIHSS score on admission, baseline lesion vol-

ume, and extent of FHV [�4 sections]). All statistical analyses

were performed by using SPSS, Version 19 (IBM, Armonk,

New York).

RESULTS
Sixty-two patients were included for final analysis (mean age,

71.4 � 13.9 years; 48.4% female; median NIHSS score on admis-

sion, 11; interquartile range [IQR], 4.8 –16); 87% had visible FHV

on acute FLAIR (n � 54). Interrater reliability for the presence of

FHV was high (� � 0.86; P � .01); in 9 cases, raters differed in �2

sections when counting the number of sections with FHV.

Patients with extensive FHV (�4 sections) had higher NIHSS

scores on admission, larger baseline lesion volumes, higher rates

of perfusion-diffusion mismatch, and more severe hypoperfusion

(ie, HIR) (Table 1). Patient groups also differed in terms of stroke
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etiology, in which patients with extensive FHV more often had

macroangiopathic strokes. Despite the similarity of vessel-occlu-

sion size and recanalization rates, patients with extensive FHV

had larger infarct growth and a worse functional recovery 3

months poststroke.

Patients with severe hypoperfusion were significantly older

and less often smokers and had higher NIHSS scores on admis-

sion, more sections with FHV, larger perfusion deficits, higher

baseline lesion volumes, and lower rates

of a favorable outcome (Table 2). Stroke

etiology based on the TOAST criteria

did not differ between groups.

In multivariate regression analysis

for HIR, the extent of FHV was associ-

ated with severe hypoperfusion (OR,

6.8; 95% CI, 1.1– 42.7; P � .04; Table 3).

In multivariate regression analysis for

outcome, only baseline lesion volume

(OR, 0.95; 95% CI, 0.9 –1.0; P � .05) and

dichotomized HIR (OR, 0.17; 95% CI,

0.05– 0.57; P � .01) remained in the

model (Table 4). Last-step multivariate

r2 increased from 0.42 to 0.49 when age

was included in the model as a continu-

ous variable.

DISCUSSION
The extent of FHV is not only associated

with larger perfusion deficits1,16 but is

also an independent predictor of more

severe hypoperfusion, resulting in larger

infarct growth. Although we found no

independent association between the

extent of FHV and functional recovery,

the severity of hypoperfusion was independently associated with a

worse functional recovery 3 months poststroke (Table 2).

Similar to results from a multicenter observational study,12

approximately 87% of patients with proved vessel occlusion had at

least 1 section with FHV on acute examination. Patients with exten-

sive FHV (�4 sections) had comparatively higher NIHSS scores on

admission, more severe hypoperfusion, larger infarct growth, and a

worse functional outcome 3 months poststroke. While patient

FIG 1. MR imaging (left-to-right: acute FLAIR, acute DWI, acute Tmax, dichotomized Tmax, follow-up DWI) of patients with middle cerebral
artery occlusions (M1). Patient A (82 years of age; baseline NIHSS score, 13; baseline lesion volume, 1.4 mL; HIR, 0.031; recanalization to Throm-
bolysis in Myocardial Infarction 2 following treatment; absolute infarct growth, 3.3 mL) had FLAIR hyperintense vessels on 3 sections (FHV � 4;
not visible on the depicted section) and patient B (76 years of age; baseline NIHSS score, 23; baseline lesion volume, 63.8 mL; HIR, 0.53; no
recanalization following treatment [Thrombolysis in Myocardial Infarction, 0]; absolute infarct growth, 80.2 mL) had FHV on 8 sections (arrows;
FHV � 4).

Table 1: Comparison of baseline parameters and response to thrombolysis based on the
number of sections with FLAIR hyperintense vesselsa

Visible FHV
on ≤4 Sections

Visible FHV
on >4 Sections P Value

No. 30 32
Age (yr) (mean) (SD) 71 (10.8) 71.9 (16.5) .42
Time to MRI in min (median) (IQR) 88.5 (72–103) 93.5 (61–121) .98
NIHSS score on admission (median) (IQR) 5 (4–13) 14.5 (11–18) �.001
NIHSS score on day 2 (median) (IQR) 3 (1–5) 5 (2–17) .03
TOAST .05

Cardioembolic (%) (No.) 40.7 (11) 36.7 (11)
Macroangiopathic (%) (No.) 37 (10) 63.3 (19)
Microangiopathic (%) (No.) 0 (0) 0 (0)
Other (%) (No.) 7.4 (2) 0 (0)
Competing causes (%) (No.) 14.8 (4) 0 (0)
Baseline lesion volume (mL) (median) (IQR) 1.6 (.3–4.9) 8.1 (2.4–20.6) �.01

Infarct growth (median) (IQR) 1.2 (0.2–12.7) 12.8 (2.5–43.9) �.01
Perfusion-diffusion mismatch (%) (No.) 67.7 (21) 96.9 (31) �.01
Baseline perfusion deficit (mL) (median) (IQR) 24.8 (14.5–54.6) 118 (82–175) �.001

Tmax �2 sec 30 (16.7–97.1) 155 (115.7–191.2) �.001
Tmax �8 sec 10.3 (3.7–27.2) 87.2 (62.5–123.7) �.001

HIR 0.28 (0.07–0.47) 0.61 (0.44–0.73) �.01
Vessel occlusion size: .29

Large (%) (No.) 20 (6) 9.4 (3)
Medium (%) (No.) 80 (24) 90.6 (29)
Small (%) (No.) 0 (0) 0 (0)

Recanalization (%) (No.) 53.3 (16) 74.2 (23) .11
Favorable outcome at 3 months (%) (No.) 66.7 (20) 38.7 (12) .02

a A Fisher exact test and Mann-Whitney U test were used for categoric and continuous variables, respectively.

1428 Kufner Aug 2015 www.ajnr.org



groups based on FHV differed in terms of stroke etiology, TOAST

criteria showed neither association with the severity of hypoperfu-

sion nor functional recovery in univariate analysis.

Bang et al11 used the same Tmax HIR ratio to determine the

severity of the perfusion deficit and found similar results in terms

of NIHSS scores on admission and infarct volume. Most interest-

ing, this study found that low HIR

(moderate hypoperfusion) was highly

associated with good collateral grades.

This finding is in line with our hypothe-

sis that FHV are indicative of severe hy-

poperfusion and insufficient collateral-

ization. These results stand in contrast

to previous studies suggesting that FHV

represent increased leptomeningeal col-

lateralization6,7,10,17; these studies, how-

ever, did not report perfusion status or

clinical follow-up.

Peripheral collateralization is an in-

herent defense mechanism following

proximal vessel occlusion; collaterals

can prolong tissue viability if blood flow

is sufficient to keep hypoperfusion mod-

erate until reperfusion is achieved. Ves-

sels become hyperintense on FLAIR

when blood flow is so slow that there is a

loss of the flow-void phenomenon.

Here, we observe an independent asso-

ciation between the extent of FHV and

severe hypoperfusion (Table 3); how-

ever, the link to collateral flow is not yet

clear. On the one hand, one might imag-

ine that slow flow in collaterals directly

causes arterial hyperintensities on

FLAIR, suggesting that FHV directly de-

pict insufficient or sluggish flow in col-

lateral pathways.7,8 On the other hand,

vessel occlusion and subsequent isch-

emia cause cerebral swelling, which

likely compresses distal collateral ves-

sels, slowing blood flow. Regardless,

FHV most likely reflect slow flow in dis-

tal collateral pathways distributed over a

large ischemic area, resulting in larger

ischemic lesions. Hence, this frequently

observed MR imaging feature may be

useful as a tool to assess the severity of

hypoperfusion over an ischemic area as

a result of poor collateralization.

Of note, patients with large-vessel

occlusion had less pronounced FHV

(�4) and more moderate hypoperfu-

sion (low HIR), though these did not

reach the level of significance (Tables 1

and 2). Carotid occlusions are fre-

quently the end result of chronic occlu-

sive disease, and the recruitment of col-

laterals often happens before acute stroke takes place. Thus,

one might imagine that the longer large-vessel disease has been

in existence before the index event, the greater the likelihood of

excellent flow in collaterals. These collaterals might maintain

good flow without visible FHV; however, this is mere

speculation.

Table 2: Univariate analysis comparing patients with moderate hypoperfusion (HIR < 0.447)
with patients with severe hypoperfusion (HIR > 0.447)a

Low HIR (≤0.447) High HIR (>0.447) P Value
No. 31 31
Age (yr) (mean) (SD) 67.5 (13.2) 75.4 (13.7) .02
Female (%) (No.) 51.6 (16) 45.2 (14) .8
Arterial hypertension (%) (No.) 80.6 (25) 87.1 (27) .73
Diabetes mellitus (%) (No.) 16.1 (5) 25.8 (8) .53
Smoking (%) (No.) 38.7 (12) 9.7 (3) .02
Hypolipoproteinemia (%) (No.) 54.8 (17) 46.4 (15) .9
Atrial fibrillation (%) (No.) 35.5 (11) 45.2 (14) .6
No. of sections with FHV (median) (IQR) 3 (1–7) 7 (4–10) �.01
NIHSS score on admission (median) (IQR) 5 (4–13) 15 (11–18) �.001
Baseline lesion volume (mL) (median) (IQR) 1.5 (0.27–5.8) 6.7 (2.3–28.2) �.01
Infarct growth (median) (IQR) 1.6 (0.2–10.6) 6.2 (1.4–39.0) �.01
Baseline perfusion deficit (mL) (median) (IQR) 41.2 (15.8–101.7) 117.1 (56.0–171.6) �.01
Tmax � 2 sec 75.6 (24.7–179.4) 143.1 (70.5–170.2) .08
Tmax � 8 sec 10.5 (3.7–61.9) 88.2 (43.7–122.6) �.001
Vessel-occlusion size: .47

Large (%) (No.) 19.4 (6) 9.7 (3)
Medium (%) (No.) 80.6 (25) 90.3 (28)
Small (%) (No.) 0 (0) 0 (0)

Recanalization (%) (No.) 70 (21) 58.1 (18) .43
Favorable outcome at 3 months (%) (No.) 75.9 (22) 32.3 (10) �.01

a A Fisher exact test and Mann-Whitney U test were used for categoric and continuous variables, respectively.

Table 3: Stepwise multivariate regression analysis for severity of hypoperfusion
(dichotomized at median)

Odds
Ratio 95% CI P Value Univariate r2

First step (multivariate r2 � 0.68)
Age 1.2 1.0–1.3 .01 0.12
TOAST 0.76 0.15–4.2 .77 0.004
Baseline lesion volume 1.1 1.0–1.2 .04 0.12
Baseline perfusion deficit 1.0 0.99–1.0 .06 0.12
Sections with FHV (�4) 6.7 1.0–41.9 .04 0.26
Smoking 0.04 0.001–0.99 .05 0.14

Last step (multivariate r2 � 0.68)
Age 1.2 1.0–1.3 .01
Baseline lesion volume 1.1 1.0–1.2 .05
Baseline perfusion deficit 1.01 0.9–1.0 .06
Smoking 0.04 0.001–0.96 .05
Sections with FHV (�4) 6.8 1.1–42.7 .04

Table 4: Stepwise multivariate regression analysis for favorable outcome (mRS <2)
Odds
Ratio 95% CI P Value Univariate r2

First step (multivariate r2 � 0.42)
Age (older than 70 years) 1.0 0.23–5.8 .95 0.0
Smoking 0.84 0.20–4.5 .83 0.02
Atrial fibrillation 0.41 0.10–1.6 .21 0.14
Sections with FHV (�4) 0.89 0.2–3.9 .88 0.12
HIR (�0.447) 0.24 0.05–1.1 .07 0.24
NIHSS score on admission 0.93 0.83–1.0 .12 0.25
Baseline lesion volume 0.96 0.90–1.0 .12 0.21

Last step (multivariate r2 � 0.36)
HIR (�0.447) 0.17 0.05–0.57 � .01
Baseline lesion volume 0.95 0.90–1.0 .05
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Although HIR was an independent predictor of functional re-

covery, we observed no independent associations of the extent of

FHV and outcome (Table 4). A possible explanation may lie in the

heterogeneity of vessel occlusion size observed in this cohort; an

independent analysis including only patients with middle cerebral

artery occlusions is suggested.

In multivariate analysis for outcome, baseline lesion volume

remained in the model, accounting for 21% of the variance; this is

to be expected because initial infarct volume may reflect collateral

status. While FHV may be indicative of insufficient collateral

flow, the clinical relevance of this MR imaging sign in terms of

predicting response to treatment remains unclear. A study by

Olindo et al9 found extensive FHV associated with smaller infarcts

pre- and posttreatment, as well as a better prognosis in patients

with MCA occlusion. The discordance of these results may lie in

the use of different MR imaging units (1T versus 3T), the charac-

teristics of populations studied, and the question at hand. In this

study, we focused primarily on the acute hemodynamic correlates

of FHV, which show a clear independent association with more

severe hypoperfusion; the prognostic value of FHV remains

unresolved.

Most interesting, smoking was independently associated

with moderate hypoperfusion, suggesting better collateraliza-

tion in patients with this risk factor. Bang et al11 also found an

association between smoking status and low HIR. Studies have

suggested that long-term smoking-induced atherosclerosis

leads to increased collateralization,18 which may explain this

observed phenomenon.

This study has limitations. Most important, it is a retrospective

observational study. Furthermore, lack of DSA did not allow di-

rect assessment of collateral grade; the use of HIR only partially

compensated for this limitation. Finally, due to small numbers,

this study runs the risk of type 2 errors, and multivariable regres-

sion analyses may lead to overfitting.

CONCLUSIONS
The extent of FHV on baseline MR imaging is an independent

predictor of severe hypoperfusion in patients with acute ischemic

stroke. FHV were highly associated with more severe strokes and

larger infarct growth, suggesting that this frequently observed MR

imaging feature most likely indicates severe ischemia due to the

insufficiency of established collaterals to maintain ischemic tissue

before recanalization is achieved.
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Evaluating CT Perfusion Deficits in Global Cerebral Edema after
Aneurysmal Subarachnoid Hemorrhage

H. Baradaran, V. Fodera, D. Mir, K. Kesavobhotla, J. Ivanidze, U. Ozbek, A. Gupta, J. Claassen, and P.C. Sanelli

ABSTRACT

BACKGROUND AND PURPOSE: Global cerebral edema is an independent predictor of mortality and poor outcomes after aneurysmal
SAH. Global cerebral edema, a complex disease process, is thought to be associated with an altered cerebral autoregulatory response. We
studied the association between cerebral hemodynamics and early global cerebral edema by using CTP.

MATERIALS AND METHODS: We retrospectively studied consecutive patients with aneurysmal SAH with admission CTP performed at
days 0 –3. Two neuroradiologists classified global cerebral edema and hydrocephalus on NCCT performed concurrently with CTP. Global
cerebral edema was defined as diffuse effacement of the sulci and/or basal cisterns or diffuse disruption of the cerebral gray-white matter
junction. CTP was postprocessed into CBF and MTT maps by using a standardized method. Quantitative analysis of CTP was performed by
using standard protocol with ROI sampling of the cerebral cortex. The Fisher exact test, Mann-Whitney test, and independent-samples t
test were used to determine statistical associations.

RESULTS: Of the 45 patients included, 42% (19/45) had global cerebral edema and 58% (26/45) did not. Patient groups with and without
global cerebral edema were well-matched for demographic and clinical data. Patients with global cerebral edema were more likely to have
qualitative global CTP deficits than those without global cerebral edema (P � .001) with an OR � 13.3 (95% CI, 2.09 –138.63). Patients with
global cerebral edema also had a very strong trend toward statistical significance, with reduced quantitative CBF compared with patients
without global cerebral edema (P � .064).

CONCLUSIONS: Global perfusion deficits are significantly associated with global cerebral edema in the early phase after aneurysmal SAH,
supporting the theory that hemodynamic disturbances occur in global cerebral edema.

ABBREVIATIONS: GCE � global cerebral edema; aSAH � aneurysmal subarachnoid hemorrhage; DCI � delayed cerebral ischemia

Aneurysmal subarachnoid hemorrhage (aSAH) is a devastat-

ing disease with serious complications and lasting impair-

ment in patients who survive. It has a mortality rate ranging from

32% to 67%1-3 and accounts for up to 7% of all strokes.4 While

there has been some minimal improvement in the mortality rate

since the 1960s, the persistently poor outcomes make aSAH a

serious disease. Poor outcomes occur after survival from the ini-

tial aneurysm rupture, with long-term functional disability in

more than half of patients, of whom 26% have persistent depen-

dence.5 Additionally, as many as 20% of patients have global cog-

nitive impairment contributing to poor functional status.6 Thus,

aSAH is associated with a substantial burden on health care re-

sources, most of which are related to long-term care for functional

and cognitive disability.7

After aneurysm rupture, early global cerebral edema (GCE)

contributes significantly to functional and cognitive disability as a

secondary complication.7-12 GCE typically occurs in the early

phase (days 0 –3) after SAH10-12 and has been shown to be an

independent predictor of morbidity and mortality.10 Currently,

detection of GCE is limited to qualitative assessment of subtle

findings on NCCT.10 While this finding is fairly common, it is
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often difficult to appreciate and quantify, so the true incidence of

GCE is likely underreported.10 The lack of quantitative markers is

a major limitation for accurate detection and monitoring of GCE

to guide management. Although little is known about the mech-

anisms underlying GCE, microvascular dysfunction from diffuse

ischemic injury has been implicated in the initial circulatory arrest

at the time of aneurysm rupture.10 The neurotoxic effects from

the breakdown of blood products after the initial circulatory ar-

rest may lead to hemodynamic disturbances in autoregulatory

response and neuronal dysfunction,10 which may be involved in

the pathophysiology of GCE.13-16

GCE is a complex and poorly understood disease process with

many contributing factors. Understanding the mechanisms un-

derpinning the development of GCE can aid in prevention and

treatment of this disease process. Because of the potential role of

hemodynamic disturbance in GCE, we evaluated cerebral perfu-

sion parameters, including CBF and MTT by using CTP in pa-

tients with early GCE after aSAH.

MATERIALS AND METHODS
Study Population
This was an institutional review board–approved retrospective

study of consecutive patients with aSAH with CTP examinations

performed on admission (days 0 –3) between October 2008 to

March 2011 at New York-Presbyterian Hospital–Weill Cornell. A

total of 105 patients were admitted with aneurysmal subarach-

noid hemorrhage; however, patients were only included if they

had a baseline CTP examination on days 0 –3 of admission ac-

cording to our standard scanning protocol. The presence of GCE

and the degree of hydrocephalus were determined on NCCT per-

formed concurrently with CTP by 2 neuroradiologists by consen-

sus. They interpreted the NCCT and CTP findings at separate

time points, blinded to all other clinical and imaging data. We

used a 2-part definition for GCE that was similar to that in pub-

lished criteria: 1) complete or near-complete effacement of the

hemispheric sulci and basal cisterns, and 2) bilateral and extensive

disruption of the cerebral gray-white matter junction at the level

of the centrum semiovale.10 Patients were classified as having

GCE if either diffuse effacement of the sulci and basal cisterns or

diffuse disruption of the cerebral gray-white matter junction was

present on the admission NCCT scan. Hydrocephalus was classi-

fied as none, mild, moderate, or severe by 2 neuroradiologists by

consensus on the basis of the admission NCCT. All demographic

and clinical data, including Glasgow Coma Scale scores, Hunt and

Hess scores, smoking history, and history of hypertension, were

obtained from retrospective chart review.

CTP Scanning, Postprocessing, and Data Collection
CTP was performed on admission (days 0 –3) in all patients with

aSAH before aneurysm treatment. We performed initial noncon-

trast CT of the head from the foramen magnum to the vertex,

using 5.0-mm-thick sections with 120 kV(peak), 250 mAs, and 1.0

rotation time. A standard scanning protocol for CTP at our insti-

tution uses the HD750 scanner (GE Healthcare, Milwaukee, Wis-

consin) with a cine 4i scanning mode and a 45-second acquisition

at 1 rotation per second with 80 kVp and 190 mA. A scanning

volume of 2.0 cm was used, consisting of 4 sections at 5.0-mm

thickness with its inferior extent selected at the level of the basal

ganglia, above the orbits, to minimize radiation exposure to the

lenses. Approximately 45 mL of nonionic iodinated contrast was

administered intravenously at 5 mL/s by using a power injector

with a 5-second delay.

Postprocessing of the acquired images into CBF, MTT, and

CBV maps was performed on an Advantage Workstation by using

CTP software, Version 3.0 (GE Healthcare). This software uses a

deconvolution method, which is considered most accurate for

low-contrast injection rates.17 The postprocessing technique was

standardized for all patients according to recommended guide-

lines,18 with the arterial input function as the A2 segment of the

anterior cerebral artery19 and the venous function as the superior

sagittal sinus. In the deconvolution method, selection of the arte-

rial input function has been shown to not significantly affect the

quantitative perfusion values.18,20,21

The perfusion maps were qualitatively evaluated by 2 neuro-

radiologists (with 7 and 10 years’ experience) blinded to clinical

and imaging data, to determine the presence of global perfusion

deficits, defined as diffusely decreased CBF and/or elevated MTT.

Focal perfusion abnormalities due to the primary hemorrhagic

event, surgical intervention, hematoma, or vasospasm as identi-

fied on the acquired images from the CTP dataset were not in-

cluded as perfusion deficits related to early global cerebral isch-

emia. After the images were reviewed independently, consensus

judgment was determined.

Quantitative analysis was conducted by using a standardized

method with contiguous ROI placement, measuring 157 mm2,

sampling the cerebral cortex. Each CTP section had up to 24 ROIs

distributed along the cortical surfaces to include mostly gray mat-

ter in the following territories: approximately 6 ROIs in the ante-

rior cerebral artery, 12 in the MCA, and 6 in the posterior cerebral

artery (Fig 1). CTP studies were analyzed with readers blinded to

all clinical and imaging data to limit test-review bias.

Statistical Analysis
The incidence of qualitative diffuse CTP deficits was calculated

for each outcome group (GCE and non-GCE). Two-tailed P val-

ues were calculated by using the Fisher exact test to determine

statistical significance. The OR was also calculated to determine

the strength of association between GCE and CTP deficits. The

Mann-Whitney test was used to determine the statistical differ-

ence between patient groups for demographic characteristics.

Quantitative CTP data were analyzed by calculating the mean

CBF, CBV, and MTT and their SDs for each outcome group by

using all ROIs for all 4 section locations included in the arithmetic

means. To minimize the contribution of vascular pixels from

large vessels, we excluded CBF values of �100 mL/100 g/min

from the statistical analysis and did not use these in calculating the

mean CBF, CBV, and MTT because this method has been pub-

lished in the evaluation of ischemia.22 The ROIs in the perfusion

abnormalities due to the primary hemorrhagic event and/or sur-

gical intervention were not included in the statistical analysis. A

Student 2-tailed t test was used to determine statistical signifi-

cance, accepted at P � .05.

Interobserver reliability for the detection of GCE between the

2 neuroradiologists was calculated by using the Cohen � statistic
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with separate analyses for each criterion of sulcal effacement and

gray-white matter differentiation.

RESULTS
Forty-five patients with aSAH and admission CTP studies were

included in the statistical analysis. Of these 45 patients, 42.2%

(19/45) were classified as having GCE, and 57.8% (26/45), with-

out GCE. Patient groups with and without GCE were well-

matched for basic demographic characteristics including age, sex,

admission Hunt and Hess and Glasgow Coma Scale scores, and

hydrocephalus (Table). Qualitative global perfusion deficits were

seen in 53% (10/19) of patients with GCE and 7.7% (2/26) of

patients without GCE. No evidence of vasospasm was seen on

either the CTA or CTP examinations for the patients included in

the study. The Fisher exact test revealed that patients with GCE

had significantly higher rates of global perfusion deficits (P �

.001) compared with patients without GCE (Fig 2) with an OR �

13.3 (95% CI, 2.09 –138.63). The mean global CBF in patients

without GCE was 40.31 mL/100 g/min compared with 34.75 mL/

100 g/min in patients with GCE (P � .064). The mean global MTT

in patients with GCE was 6.38 seconds compared with 5.60 sec-

onds in patients without GCE (P � .153).

The mean global CBV in patients with

GCE was 2.29 mL/100 g compared with

2.16 mL/100 g in patients without GCE

(P � .78). The Cohen � statistic for inter-

observer reliability for classification of

sulcal effacement was high, with a value of

0.86 (P � .0001), and the Cohen � statistic

for classification of gray-white matter dif-

ferentiation showed a medium associa-

tion, with a value of 0.73 (P � .0001).

DISCUSSION
GCE is fairly commonly encountered af-

ter aSAH and has been shown to have as-

sociated devastating consequences.10 The

presence of GCE on initial head NCCT

is an independent predictor of poor

outcome and mortality.10 Despite its

relatively common occurrence, GCE is an

incompletely understood, complex mul-

tifactorial process with several proposed

contributing etiologies including meta-

bolic disturbances, increased intracranial

pressure, and global ischemia.13,15 Addi-

tionally, GCE is associated with break-

down of the blood-brain barrier, leading

to disturbances in the autoregulatory re-

sponse, which may manifest as hemody-

namic alterations in perfusion.13,14

Our results support global perfusion

deficits on CTP occurring more fre-

quently in patients with GCE compared

with patients without GCE. Furthermore,

the patient groups with and without GCE

did not have significant differences in key

demographic features, such as age and sex

or history of smoking or hypertension. Increased disease severity

cannot be attributed to increased perfusion deficits because our

patients were also well-matched for measures of disease severity,

including Glasgow Coma Scale scores and Hunt and Hess scores.

Additionally, even though hydrocephalus has been shown to

cause global perfusion deficits23 and could potentially confound

our analysis, most important, we found no statistical difference in

the severity of hydrocephalus between the GCE and non-GCE

groups. Also, although vasospasm is a common complication of

aSAH and could potentially confound perfusion deficits, our pa-

tients were imaged within the first 3 days after initial presentation

when vasospasm is less likely to occur. Typically, development of

vasospasm after aSAH is thought to peak at 7 days.24,25 Addition-

ally, focal perfusion deficits of any kind were excluded, and only

global deficits were considered true perfusion deficits suggestive

of global cerebral edema.

The exact mechanism underlying GCE and its role in patients

with aSAH developing serious neurologic complications are not

clearly understood. Some studies have suggested that the initial

bleeding insult causes high intracranial pressure leading to

FIG 1. Example of ROI placement on the MTT (A) and CBF (B) maps in a representative patient.

Demographic, clinical, and imaging characteristicsa

No GCE GCE
Statistical

Comparison
Age (yr) 55.4 � 13.5 49.7 � 12.56 Z � 0.36
Sex 76.9% (female) 73.7% (female) P � 1
Smoking history 50% (13/26) 42% (8/19) P � .76
History of hypertension 42% (11/26) 63% (12/19) P � .23
Admission Hunt and Hess score 2.58 � 1.00 2.95 � 1.10 P � .64
Admission GCS 13–14 13–14 P � .67
Hydrocephalus 1.77 � 0.80 (mild) 2.00 � 0.65 (mild) P � .368
Global CBF 40.3 � 11.0 34.8 � 7.6 P � .06
Global MTT 5.6 � 1.56 6.38 � 2.02 P � .15

Note:—GCS indicates Glasgow Coma Scale.
a Mean values are given for age, admission Hunt and Hess score, admission GCS, hydrocephalus, global CBF, and global
MTT.
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cerebral circulatory arrest causing ischemic brain injury. This may

lead to cytotoxic edema and breakdown of the blood-brain barrier

with disturbances in the autoregulatory response from inflamma-

tory and neurotoxic effects on the vasomotor centers of the

brain.13,14 Recently, microarterial constriction and microthrom-

bosis have been shown to contribute to the early damage leading

to delayed cerebral ischemia (DCI).26 Although the relationship

between the vascular pathology in DCI and GCE is not well-un-

derstand, microvascular dysfunction represents a plausible mech-

anistic link between DCI and GCE, which warrants further

investigation.

Our study demonstrates that patients with GCE are more

likely to have global perfusion deficits with reduced CBF and/or

elevated MTT compared with patients without GCE, confirming

that disturbances in the autoregulatory response occur in patients

with GCE. Further investigation is needed to fully elucidate the

underlying pathophysiologic mechanism leading to GCE.

Our study has some limitations. First, our sample size was

relatively small, and though our results achieved statistical signif-

icance, the wide confidence interval in our OR suggests that ad-

ditional work is needed to more precisely determine the strength

of the association of global perfusion deficits with GCE. Second,

the diagnosis of GCE on NCCT can be prone to subjective assess-

ment. The proportion of patients with GCE in our aSAH cohort

was 42.2%, which is in the 6%– 62% range of previously published

studies.10,15,27 Additionally, we had medium-to-high interob-

server reliability between our neuroradiologists for the 2-part def-

inition of global cerebral edema used. While the interobserver

reliability was high for sulcal effacement, indicating that it may be

a more important factor in the definition of GCE than loss of

gray-white differentiation, other imaging markers, such as perfu-

sion metrics, might aid in the definition of GCE. Although our

study was adequately powered to assess our primary outcome of

qualitative global perfusion deficits, we were not able to demon-

strate the statistical significance in quantitative CBF between the 2

groups, despite a strong trend. Further work should be done with

larger sample sizes to evaluate the quantitative assessment of CBF.

In summary, our study reveals that patients with aSAH with

GCE have a statistically increased incidence of global perfusion

deficits on CTP in the early phase (days 0 –3) compared with those

without GCE, supporting the theory that GCE is associated with

altered cerebral hemodynamics. However, further work is needed

to understand the pathologic mechanisms leading to altered hemo-

dynamics in GCE and to assess the clinical implications of global

perfusion deficits in contributing to poor outcomes after aSAH.

CONCLUSIONS
Patients with aSAH who have GCE on early-phase (days 0 –3)

NCCT are significantly more likely to have global perfusion defi-

cits on CTP compared with patients without GCE. GCE and its

FIG 2. Patient 1 is an 87-year-old woman with acute aSAH from a right posterior communicating artery aneurysm who presented with Hunt and
Hess grade 4 and a Glasgow Coma Scale score of 7–12. No GCE is seen on NCCT (A and B). Normal findings on CBF (C) and MTT (D) maps are seen
in this patient. Patient 2 is a 53-year-old man with right middle cerebral artery aneurysmal rupture who presented with Hunt and Hess grade 2
and a Glasgow Coma Scale score of 15. GCE is seen on NCCT with a loss of gray-white differentiation at the level of the centrum semiovale as
demonstrated by fingerlike projections of white matter extending to the cortex10 (E, arrows) and diffuse effacement of the basal cisterns and
cerebral sulci (F). Globally decreased CBF (G) and increased MTT (H) are seen in this patient.
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relationship with poor clinical outcomes in patients with aSAH

are complex, but our study supports the theory that GCE is asso-

ciated with altered cerebral hemodynamics.
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12. Lagares A, Gómez PA, Lobato RD, et al. Prognostic factors on hos-

pital admission after spontaneous subarachnoid haemorrhage.
Acta Neurochir (Wien) 2001;143:665–72

13. Mocco J, Prickett CS, Komotar RJ, et al. Potential mechanisms and
clinical significance of global cerebral edema following aneurysmal
subarachnoid hemorrhage. Neurosurg Focus 2007;22:E7

14. Zetterling M, Hallberg L, Hillered L, et al. Brain energy metabolism
in patients with spontaneous subarachnoid hemorrhage and global
cerebral edema. Neurosurgery 2010;66:1102–10

15. Helbok R, Ko SB, Schmidt JM, et al. Global cerebral edema and
brain metabolism after subarachnoid hemorrhage. Stroke 2011;
42:1534 –39

16. Grote E, Hassler W. The critical first minutes after subarachnoid
hemorrhage. Neurosurgery 1988;22: 654 – 61

17. Wintermark M, Maeder P, Thiran JP, et al. Quantitative assessment
of regional cerebral blood flows by perfusion CT studies at low in-
jection rates: a critical review of the underlying theoretical models.
Eur Radiol 2001;11:1220 –30

18. Sanelli PC, Lev MH, Eastwood JD, et al. The effect of varying user-
selected input parameters on quantitative values in CT perfusion
maps. Acad Radiol 2004;11:1085–92

19. Wintermark M, Lau BC, Chien J, et al. The anterior cerebral artery is
an appropriate arterial input function for perfusion-CT processing
in patients with acute stroke. Neuroradiology 2008;50:227–36
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Constrained Source Space MR Spectroscopy: Multiple Voxels,
No Gradient Readout
K. Landheer, A. Sahgal, S. Das, and S.J. Graham

ABSTRACT

BACKGROUND AND PURPOSE: Our goal was to develop a novel technique for measuring a small number of localized spectra simulta-
neously and in a time-efficient manner.

MATERIALS AND METHODS: Using appropriate radiofrequency pulses, the magnetization from multiple voxels is excited simultaneously
and then separated (reconstructed) by using the individual coil-sensitivity profiles from a multichannel receiver coil. Because no gradients
are used for k-space encoding, constrained source space MR spectroscopy provides a time advantage over conventional spectroscopic
imaging and an improved signal-to-noise ratio per square root of unit time over single-voxel spectroscopy applied at each successive
location. In the present work, we considered prototype application of constrained source space MR spectroscopy for 2 voxels.

RESULTS: Experimental data from healthy volunteers and simulation results showed that constrained source space MR spectroscopy is
effective at extracting 2 independent spectra even in the challenging scenario of the voxels being closely spaced. Also, from 6 patients with
various types of brain cancer we obtained 2-voxel constrained source space MR spectroscopy data, which showed spectra of clinical
quality in half the time required to perform successive single-voxel MR spectroscopy.

CONCLUSIONS: Constrained source space MR spectroscopy provides clinical quality spectra and could be used to probe multiple voxels
simultaneously in combination with Hadamard encoding for further scan-time reductions.

ABBREVIATIONS: CSSMRS � constrained source space MR spectroscopy; PRESS � point-resolved spectroscopy sequence; SVS � single-voxel spectroscopy

There are 2 major categories of MR spectroscopy pulse se-

quences on current clinical MR imaging systems: single-voxel

spectroscopy (SVS), which measures one voxel, and MR spectro-

scopic imaging, which measures many spectra simultaneously

over a Cartesian grid of voxels. Both SVS and MR spectroscopic

imaging are widely applied in humans to detect certain molecular

constituents of normal and abnormal tissues, especially those as-

sociated with cellular metabolism, and to monitor therapeutic

response.1-3 Each MR spectroscopy category has its application

niche, because SVS and MR spectroscopic imaging exploit dif-

ferent spatial and temporal resolution trade-offs. SVS is attrac-

tive when anatomic MR imaging provides a precise indication

of where spectral information should be collected. When pa-

thology is more diffuse, widely distributed, or not detectable

on anatomic MR imaging, MR spectroscopic imaging is the

technique of choice for generating spectra from many voxels by

using multiple repetitions for k-space encoding.4,5 To reduce

spectroscopic scan times, various “parallel imaging” ap-

proaches have been applied to reduce the amount of k-space

data acquired. These techniques exploit the spatial sensitivity

of individual elements in multichannel receiver coils6-9 and

can substantially reduce scan times.

The spatial limitations of SVS are well recognized; it is usually

the case that SVS spectra are required at more than one location,

either to compare spectra from diseased and normal tissue or in

the case of multifocal disease. This limitation naturally leads to

execution of SVS pulse sequences successively for each voxel lo-

cation. There have been some attempts to modify spectroscopy

acquisition to extend the volume of SVS coverage, such as with

line-scan echo-planar spectroscopic imaging,10 which provides

spectra from a column of voxels. However, for clinical applica-
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tions, standard SVS methods, notably point-resolved spectros-

copy (PRESS)11 and stimulated echo acquisition mode,12 remain

entrenched.

Previously, a technique that uses radiofrequency localization

and sensitivity encoding13 was developed for fast functional MR

imaging.14 It is reasonable that this “constrained source space”

approach, appropriately modified for MR spectroscopy applica-

tions, should be investigated more to determine whether it use-

fully augments existing SVS capabilities. In the present work, in

which we used constrained source space MR spectroscopy

(CSSMRS), a prototype pulse sequence was developed and ana-

lyzed for its ability to acquire and separate spectra from 2 voxels

simultaneously with no k-space encoding. The efficacy of spectral

separation was investigated for a variety of distances between the

2 voxels in a healthy volunteer. In addition, numeric simulations

were performed to assess the validity of certain assumptions made

in the reconstruction and to predict CSSMRS performance in

cases in which lengthy experimentation was impractical. Last,

2-voxel CSSMRS data were reported in relation to conventional

SVS data acquired successively at each voxel location for patients

with a variety of different brain cancers ranging from low grade to

high grade.

MATERIALS AND METHODS
CSSMRS Implementation and Spectral Analysis
All experimental data were collected by using a Discovery MR750

3T imaging system (GE Healthcare, Milwaukee, Wisconsin) with

a standard 8-channel head coil receiver. To achieve CSSMRS for

proof-of-principle demonstrations, a standard PRESS sequence

was modified to excite 2 voxels (instead of 1) arbitrarily in space

(Fig 1A). Illustrative voxel locations are shown overlaid on

the anatomic image of a patient with brain cancer in Fig 1B (see

patient 6 data in Table 1). The 2 user inputs were the voxel size,

chosen throughout as 20 mm � 20 mm � 20 mm, and the x, y,

and z coordinates of each voxel location. In this approach, 2 arbi-

trarily positioned voxels were excited via cosine modulation of the

first radiofrequency pulse, which resulted in the excitation of 2

parallel sections, followed by the standard spin-echo formation

process thereafter. Arbitrary localization was obtained by modi-

fying the offset frequencies of the radiofrequency pulses and

changing the rotation array between logical and physical gradi-

ents. The 3 radiofrequency pulses were Shinnar-Le Roux pulses15

with durations of 3600, 5200, and 5200 milliseconds and band-

widths of 2366.67, 1384.62, and 1384.62 Hz for the first, second,

and third pulses, respectively.

The additional pulse sequence parameters for this initial work

included a TR and TE of 1500 milliseconds and 288 milliseconds

(unless otherwise stated), respectively, a flip angle of 63° (approx-

imately the Ernst angle), a readout bandwidth of 2500 Hz, and

1024 points of data acquisition (total acquisition time, 409.6 mil-

liseconds). A TE value of 288 milliseconds was chosen because it

has been shown to have high MR spectroscopy reproducibility,16

an important clinical factor compared with the other common

TE values of 30 and 144 milliseconds, despite the associated

reduction in SNR. Water suppression was implemented by us-

FIG 1. A, Pulse diagram for CSSMRS. The first radiofrequency pulse has a flip angle of � (where � is �90°) and is cosine modulated, such that the
subsequent spin echo after the third radiofrequency pulse excites 2 voxels. Shaded gradients are crusher gradients. The section-select rephasing
lobe for the y gradient is added directly to the first crusher. The gradient-echo readout in the dotted box is optional for voxel localization
verification. RF indicates radiofrequency; DAQ, data acquisition. B, An anatomic T1-weighted image of patient 6 with the nominal voxel locations
overlaid and a brain tumor evident in the left middle temporal gyrus. The 2 spectra for this patient are displayed in the bottom row of Fig 2.

Table 1: Summary of patients with brain tumor studied in experiment 2
Patient

No.
Age
(yr) Sex Disease Radiation Treatment Status Tumor Location

Tumor Size
(vs Voxel Size)

1 36 F Grade II oligodendroglioma None Right cingulate gyrus Larger
2 84 M Grade IV glioblastoma Currently undergoing focused radiation Left middle temporal gyrus Comparable
3 79 M Grade IV glioblastoma Currently undergoing focused radiation Left superior temporal gyrus Larger
4 61 F Brain metastases from

breast cancer
60 days since completion of focused

radiation
Left middle temporal gyrus Smaller

5 79 M Brain metastases from
colon cancer

70 days since completion of focused
radiation

Right superior temporal gyrus Smaller

6 61 M Grade IV glioblastoma Currently undergoing focused radiation Left middle temporal gyrus Larger

Note:—F indicates female; M, male.
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ing chemical shift selective saturation.17 Before each data ac-

quisition, first- and second-order shimming was applied to

encompass most of the brain to decrease spectral linewidths.

The typical linewidth of the water peak was approximately 8

Hz. The total number of excitations was 128, and the total scan

time was 3.2 minutes.

Regarding spatial reconstruction of CSSMRS data to separate

spectra from the 2 voxels, the governing equation can be ex-

pressed in matrix form as follows13,14:

1) y�t� � Sx�t� � ��t�,

where the sensitivity matrix S relates how the magnetization signals

x(t) from each voxel result in the acquired signals y(t) from each

element in the receiver coil, and �(t) represents coil element-depen-

dent noise. As can be seen from Equation 1, the reconstruction of

CSSMRS requires a calibration scan for the measurement of the coil

sensitivity. The sensitivity matrix is generated by assuming that the

spatial sensitivity C of each coil element varies slowly over the extent

of each voxel. For each of the l coils and n sections,

2) Sl,n �
1

Np
�

i � imin

imax �
j � jmin

jmax

Cl,n�i, j�,

where Np is the number of pixels within the specified region inside

the voxel, imin and imax are the minimum and maximum, respec-

tively, row pixel limits on the voxel, and jmin and jmax are the

minimum and maximum, respectively, column pixel limits on the

voxel. Equation 1 can be solved by the sensitivity encoding for-

malism by using weak reconstruction with SNR optimization13:

3) x̂�TRp;t� � �SH��1S��1SH��1y�TRp;t�,

where x̂ is the estimated magnetization signal for each voxel, TRp

denotes the pth repetition, and � represents the noise covariance

matrix between the coils. For example,

4) � l1,l2 �
1

NE
�

i � 1

NE

�� l1

* �i� � � l1

* ��� l2�i� � � l2�,

where the complex noise samples can be taken from the last da-

tum of each acquisition, and the covariance is calculated over the

total number of excitations, NE.

The C matrices can be estimated by various approaches,18-20

though previous CSS work has shown that a simple procedure is

sufficient for proof-of-concept implementation.14 Two sets of fast

gradient-echo images were acquired with the same pulse sequence

parameters (TE, 1.3 milliseconds; TR, 34 milliseconds; flip angle,

5 °; field of view, 30 cm; 64 � 64 acquisition matrix; section thick-

ness, 5 mm): 1 set with the body coil and 1 set with the multichan-

nel head coil receiver. These images were then interpolated to

produce 256 � 256 images with an isotropic in-plane resolution

of 1.17 mm. For each of the l coils and n sections, the coil-sensi-

tivity map at each in-plane x,y coordinate, Cl,n(x,y), was estimated

by dividing each of the individual head coil images by the analo-

gous body coil image and then thresholding by using an “object

indicator” to set the coil sensitivity to 0 in regions in which noise

dominated the object signal.

The CSSMRS reconstruction was performed by using specially

written scripts in Matlab (MathWorks, Natick, Massachusetts).

The 2 separated signals were first zero-filled by a factor of 2 and

then transformed to the spectral domain by fast Fourier transfor-

mation. The spectra were then phase corrected including zero-

and first-order correction terms by using an automated algorithm

based on minimizing entropy.21 The spectra were then shifted in

frequency to place the peak for NAA at 2.04 ppm, normalized by

their L2 norm, and subjected to Hankel-Lanczos singular value

decomposition22 for the removal of residual spectral content

arising from water. Spectral components were then quantified

automatically by using the freeware SPID (http://homes.esat.

kuleuven.be/	biomed/software.php), which uses a separable

nonlinear least-squares fitting algorithm known as automated

quantitation of the short echo time MR spectroscopy spectra.22

The automated quantitation of short echo time MR spectros-

copy spectra algorithm provides Cramer-Rao lower-bound es-

timates of the standard deviation of each quantified spectral

component. The basis set used was simulated by using Java

Magnetic Resonance User Interface (jMRUI) and the scan pa-

rameters. The values obtained from the quantification algo-

rithm for NAA, Cho, and Cr were then scaled by attenuation

factors to account for transverse and longitudinal relaxation

effects by using relaxation constants obtained in a normal

brain.23 According to common practice, the values for lactate

were not adjusted for attenuation.

Experimental Validation
Bloch equation simulations confirmed that cosine modulation had

negligible effects on the integrity of the spatial profile. A water-fat

phantom was used to measure the signal bleed between voxels. One

voxel was placed inside a stationary fat container, and another voxel

was placed inside a surrounding water bath. Typical scan parameters,

except a TE of 30 milliseconds for increased SNR, were used. This

scan was repeated for center-to-center distances of 30–70 mm. The

bleed was defined to be the amplitude of the contaminating spectrum

divided by the amplitude of the main spectrum in the other voxel

multiplied by 100%. Two validation experiments were subsequently

conducted on healthy volunteers and patients with brain cancer to

assess CSSMRS capabilities in practical scenarios. Each volunteer

participated with free and informed consent and with the approval of

the hospital research ethics board.

Experiment 1 was performed to investigate how CSSMRS re-

sults are affected by voxel placement in relation to coil-sensitivity

profiles. Because CSSMRS involves sensitivity encoding recon-

struction, overall performance depends on the condition number

of the reconstruction matrix, as quantified by the g factor13:

5) g�k� � ��S*��1S�k,k
�1�S*��1S�k,k,

where the integer k is used to denote the different voxels that

are reconstructed (ie, k � [1,2] in this case). To assess CSSMRS

results for various g factors, one voxel was placed in a fixed

central location in the brain, and the other was placed to

achieve center-to-center separations between voxels varying

from 20 mm (ie, adjacent voxels) to 70 mm in the radial direc-

tion toward the head coil. SVS PRESS data were acquired in

each successive location for comparison. These CSSMRS and

PRESS data were collected for one healthy adult male (23 years

old). Equation 2 was then used to calculate the sensitivity ma-
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trix from the measured coil sensitivities at each individual

voxel location, which, along with the noise covariance matrix

(Equation 4), can be used to calculate the g factor by using

Equation 5. In addition to these experiments, a single scan was

performed on a healthy volunteer with a TE of 30 milliseconds

to investigate the short echo time regimen.

Experiment 2 was performed to investigate how well CSSMRS

distinguishes spectra from cancerous and normal tissue over a

representative range of clinical presentations. Six patients with

brain cancer were recruited from the Sunnybrook Odette Cancer

Centre during the course of their treatment (see Table 1 for tumor

characteristics). Patients were included if they presented with a

tumor volume approximately the same size as the prescribed

voxel, or slightly larger or smaller. Tumor location was verified by

using a high-resolution fast-spoiled gradient-echo with an ana-

tomic inversion recovery preparation (acquisition parameters are

shown below). For each patient, one voxel was placed at the center

of the tumor, and the other was placed on the contralateral side in

the analogous neuroanatomic region within normal-appearing

brain tissue. PRESS data were also acquired successively in these 2

locations for comparison purposes.

In both experiments, PRESS was performed with the identical

acquisition parameters used in CSSMRS and with the same spec-

tral analysis pipeline. The total examination time for comparing

CSSMRS and PRESS data from 2 voxels was approximately 20

min, which included scout images, anatomic MR imaging (fast-

spoiled gradient-echo with an anatomic inversion recovery;

256 � 256 pixels; pixel size, 0.86 � 0.86 mm; TR, 8.2 milliseconds;

TE, 3.2 milliseconds; flip angle, 8°), and 2 fast gradient-echo scans

(for measuring coil sensitivity, as already described) and high-

order shim, CSSMRS, and PRESS acquisitions.

Numeric Simulation
A simple numeric simulation was also written in Matlab for addi-

tional insight into the results of experiments 1 and 2. The simu-

lation assessed the impact on spatial reconstruction of the impor-

tant assumption underlying Equation 1, namely that coil

sensitivity could be reasonably approximated as a constant over

each voxel. Given good agreement between experimental results

and simulations for experiment 1 (see “Results”), the simulation

also was used to predict CSSMRS performance under conditions

that were not possible to measure experimentally during experi-

ment 2 because of the inherent time restrictions for collecting MR

spectroscopy data in patients.

The simulation used measured coil-sensitivity and PRESS

data from 2 voxels as initial inputs. In the context of the sim-

ulation, the PRESS data (obtained according to the experimen-

tal parameters already given, averaged over 128 excitations)

were considered to represent a situation in which signal com-

ponents were concentrated uniformly over each voxel volume.

Simulated signals were then generated for each coil element,

while accounting for nonuniform coil sensitivity, by perform-

ing the appropriate spatial integral. Complex Gaussian noise

was added to each simulated signal to approximate the levels

observed experimentally for each coil. These simulated coil

signals were then used for spatial reconstruction of 2 voxel

signals according to Equations 1– 4 for subsequent comparison

with the PRESS data that were input originally. Spatial recon-

FIG 2. Spectra from a healthy volunteer (A and B) and a patient with brain cancer (C and D) measured with both CSSMRS and PRESS. Spectra from
patient 6 are shown, because this patient exhibited the median g-factor, typifying CSSMRS reconstruction quality. Errors represent the standard
deviation over 128 excitations. a.u. indicates arbitrary units.
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struction, spectral processing, and analysis were conducted as

outlined above for experimental data.

RESULTS
For center-to-center spacings of 30, 40, 50, 60, and 70 mm, the ob-

served bleeds of water into the fat voxel were 6.2%, 6.3%, 3.5%, 0.4%,

and 1.7%, respectively, and the observed bleeds of fat into the water

voxel were 3.0%, 0.2%, 0.1%, 5.2%, and 2.4%, respectively.

For visual comparison, Fig 2 displays 4 representative spectra

obtained by CSSMRS (solid black lines) and PRESS (dashed gray

lines). As commonly performed for display purposes, all spectra

were apodized by a Gaussian filter with 2 Hz full-width at half-

maximum. The spectra shown in Fig 2A, -B are qualitatively sim-

ilar and were obtained from a healthy volunteer with both voxels

placed inside the prefrontal cortex.

The spectra shown in Fig 2C, -D were

obtained from patient 6 (Table 1)

and are substantially different for the

2 voxels, with the spectra in Fig 2C

obtained from tumor tissue inside

the left middle temporal gyrus and

those in Fig 2D obtained from con-

tralateral homologous tissue, as

shown in Fig 1B. Spectra from pa-

tient 6 were chosen for display in Fig

2 because CSSMRS results were ob-

tained in this case with the median g

factor observed over the patient co-

hort. Figure 3A displays spectra ob-

tained from both CSSMRS and

PRESS for the minimum achievable

TE of this pulse sequence (30 milli-

seconds). Figure 3B shows the tumor

spectrum obtained from CSSMRS

for patient 1 and the fit obtained

from automated quantitation of

short echo time MR spectroscopy

spectra.
The results of experiment 1 and

related numeric simulations are

shown in Fig 4, in which are plotted

the difference between quantified

spectral components measured by

CSSMRS and PRESS for 6 different

voxel separations (one voxel held

fixed, one moved radially) and the 3

main metabolites observed in Fig 2A,

-B: NAA, Cr, and Cho. The differ-

ence values (CSSMRS minus PRESS)

reported are specifically for the voxel

that was maintained in a fixed po-

sition. For both the experimental

and simulated results, the differ-

ence between CSSMRS and PRESS

remained constant within experi-

mental error over all the voxel sep-

arations. Furthermore, the differ-

ence values for experimental and

simulation results also agreed within error, with the only ex-

ception being a slight bias in NAA quantification when voxels

were separated by more than 20 mm.

Given the good level of agreement between experiment and

simulation observed in Fig 4, numeric simulations were then ex-

tended to assess CSSMRS reconstruction quality as a function of

voxel separation with spectra that were substantially different in

the 2 voxels. Figure 5 shows plots of the difference between

quantified spectral components measured by CSSMRS and

PRESS in a manner analogous to that shown in Fig 4; however, in

this case, the inputs to the simulation were provided from patient

6 with the difference values relating to quantification of the tumor

spectral components: NAA, Cho, Cr, and lactate. For additional

FIG 3. A, Spectra from a healthy volunteer at 30-millisecond echo time, obtained by using both
CSSMRS and PRESS. The labeled metabolites are myo-inositol (mI), Cho, Cr, Glx, and NAA. B, The
unapodized spectrum obtained from CSSMRS from patient 1 (highest g-factor) along with the auto-
mated quantitation of short echo time MR spectroscopy spectra (AQSES) fit.

FIG 4. Measured and simulated differences between the CSSMRS and PRESS measurement for 6
different voxel separations for the 3 main metabolites within a healthy adult brain: NAA, Cho, and Cr.
The signal from the CSSMRS voxel that was kept in a fixed position was reconstructed and compared
with the PRESS measurement obtained from the same location. The black and gray lines represent
the measured and simulated values, respectively. The g factors are also displayed for reference above
the top x-axis, though there is a nonlinear relationship between g factor and voxel separation. Error
bars represent Cramer-Rao bounds.
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context, the difference values ob-

tained experimentally for patient 6

are also indicated as single data

points in Fig 5. Similar to Fig 4, Fig 5

shows difference values of 0 within

error for all voxel separations and

metabolites (except Cho for adjacent

voxels), indicating that good

CSSMRS reconstruction quality was

maintained even when the 2 voxels

were located in close proximity to

one another. In addition, the recon-

struction tends to improve as the dis-

tance between the voxels increases

for all metabolites. The simulation

results and experimental results also

agree within error for the single ex-

perimental data point.

To summarize the results of ex-

periment 2, CSSMRS and PRESS re-

sults are quantified in Tables 2–5 for

patients 1– 6 across tumor and nor-

mal tissue voxels for NAA, Cr, Cho,

FIG 5. Simulated metabolite quantification values for 7 different voxel separations for the 4 main
metabolites within the tumor spectra for patient 6: NAA, Cho, Cr, and lactate (Lac). The quantified
values were from the stationary voxel placed within the tumor and are plotted in gray. The black data
points located at 62 cm in each plot are the experimental results for this patient, corresponding to
the first difference column values listed in Tables 2–5 for patient 6. The estimated g factors are also
displayed above the top x-axis for reference, though there is a nonlinear relationship between the g
factor and voxel separation.

Table 2: Quantified NAA values from PRESS and CSSMRS for both voxelsa

Patient
No.

CSSMRS Tumor
Voxel (a.u.)

PRESS Tumor
Voxel (a.u.)

Difference
(a.u.)

CSSMRS Healthy
Voxel (a.u.)

PRESS Healthy
Voxel (a.u.)

Difference
(a.u.)

1 5.70 
 0.65 4.86 
 0.58 0.83 
 0.87 9.73 
 0.28 9.88 
 0.20 �0.15 
 0.35
2 2.70 
 0.44 2.08 
 0.40 0.62 
 0.59 9.34 
 0.35 8.84 
 0.35 0.50 
 0.49
3 1.70 
 0.19 1.60 
 0.20 0.10 
 0.28 9.14 
 0.12 9.42 
 0.14 �0.28 
 0.18
4 3.33 
 0.54 0.14 
 0.25 3.19 
 0.59 8.09 
 0.38 8.89 
 0.36 �0.81 
 0.52
5 5.27 
 0.29 4.22 
 0.21 1.05 
 0.35 8.87 
 0.38 10.93 
 0.55 �2.06 
 0.66
6 5.89 
 0.27 5.41 
 0.33 0.48 
 0.43 6.81 
 0.21 6.98 
 0.20 �0.17 
 0.29

Note:—a.u. indicates arbitrary units.
a Shown are means and standard deviations (Cramer-Rao bounds).

Table 3: Quantified Cho values from PRESS and CSSMRS for both voxelsa

Patient
No.

CSSMRS Tumor
Voxel (a.u.)

PRESS Tumor
Voxel (a.u.)

Difference
(a.u.)

CSSMRS Healthy
Voxel (a.u.)

PRESS Healthy
Voxel (a.u.)

Difference
(a.u.)

1 2.93 
 0.39 2.89 
 0.24 0.04 
 0.45 1.72 
 0.18 1.73 
 0.13 �0.01 
 0.22
2 1.86 
 0.27 1.67 
 0.17 0.19 
 0.32 1.89 
 0.20 2.22 
 0.22 �0.33 
 0.30
3 0.67 
 0.12 0.96 
 0.17 �0.28 
 0.21 2.06 
 0.07 2.31 
 0.08 �0.25 
 0.11
4 0.97 
 0.93 0.83 
 0.33 0.15 
 0.99 1.36 
 0.18 2.05 
 0.21 �0.69 
 0.75
5 1.66 
 0.12 1.81 
 0.11 �0.15 
 0.16 1.56 
 0.26 3.02 
 0.66 �1.46 
 0.71
6 1.56 
 0.17 1.59 
 0.20 �0.02 
 0.26 1.75 
 0.13 1.80 
 0.12 �0.05 
 0.17

Note:—a.u. indicates arbitrary units.
a Shown are means and standard deviations (Cramer-Rao bounds).

Table 4: Quantified Cr values from PRESS and CSSMRS for both voxelsa

Patient
No.

CSSMRS Tumor
Voxel (a.u.)

PRESS Tumor
Voxel (a.u.)

Difference
(a.u.)

CSSMRS Healthy
Voxel (a.u.)

PRESS Healthy
Voxel (a.u.)

Difference
(a.u.)

1 10.62 
 2.44 7.77 
 1.07 2.85 
 2.66 6.34 
 0.77 6.50 
 0.61 �0.16 
 0.98
2 3.82 
 1.68 1.66 
 0.55 2.16 
 1.77 9.09 
 0.89 10.40 
 1.07 �1.32 
 1.39
3 2.41 
 0.77 1.56 
 0.67 0.85 
 1.02 8.73 
 0.32 8.37 
 0.35 0.36 
 0.48
4 4.66 
 4.17 0.42 
 0.63 4.24 
 4.22 8.94 
 1.03 8.60 
 0.95 �0.25 
 1.40
5 6.19 
 0.61 5.98 
 0.48 0.21 
 0.77 10.44 
 1.76 10.58 
 2.97 �0.15 
 3.45
6 8.21 
 0.74 8.00 
 0.88 0.22 
 1.15 6.13 
 0.56 6.19 
 0.52 �0.05 
 0.77

Note:—a.u. indicates arbitrary units.
a Shown are means and standard deviations (Cramer-Rao bounds).
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and lactate, including the differences in spectral quantification.

The CSSMRS g factors for patients 1– 6 were 1.39, 1.00, 1.00, 1.13,

1.17, and 1.01, respectively, which indicates that there should be a

SNR per square root of unit time benefit for CSSMRS over PRESS

in all cases. Overall, large decreases in NAA and increases in lac-

tate and Cho were observed for tumor voxels in relation to normal

tissue voxels for CSSMRS and PRESS for most patients, con-

sistent with results from previous studies.24 Tables 2–5 also

show large variability in the tumor spectra across patients. A

Mann-Whitney U test on the pooled values from all metabo-

lites obtained from CSSMRS versus PRESS yielded a P value of

.86, indicating no significant difference. There was no evidence

of significant voxel bleed in the in vivo experiments, because

no systematic increase in lactate was observed in normal tissue

CSSMRS voxels (Table 5), except that a large lactate value was

obtained from CSSMRS and PRESS spectra in the healthy tis-

sue of patient 4. Voxel placement was close to the scalp in this

particular patient, which produced contaminating lipid signals

that were subsequently misinterpreted as lactate by the auto-

mated quantitation of short echo time MR spectroscopy spec-

tra software. Thus, this specific result should be discounted. In

addition there was a significant increase observed for this pa-

tient in NAA in the CSSMRS tumor voxel, which is likely be-

cause of motion that exacerbated the bleed effects (this partic-

ular patient had difficulty remaining still).

DISCUSSION
This work has introduced a prototype pulse sequence for

CSSMRS, a novel spectroscopy technique that measures spectra

from multiple voxels simultaneously without the need for k-space

encoding. Instead, spatial encoding is achieved by multivoxel ra-

diofrequency selective excitation, signal readouts from a multi-

channel receiver coil, and sensitivity encoding14 reconstruction to

separate the signals from each voxel. The CSSMRS method is

important from the perspective of SNR per square root of acqui-

sition time, potentially providing efficiency in comparison to the

standard clinical practice of performing successive SVS acquisi-

tions at different voxel locations.

Careful experiments and simulations were undertaken to in-

vestigate the capabilities of CSSMRS for simultaneous measure-

ment of 2 voxels. In particular, considerable attention was paid to

whether CSSMRS provides adequate spatial localization in rela-

tion to the standard SVS PRESS method. In a water-fat experi-

ment, it was shown that the bleed rate was up to 6% for very

closely spaced voxels and less for further spaced voxels. This

amount of bleed is acceptable for spectroscopic applications. Ex-

periments 1 and 2, conducted with healthy volunteers and a di-

verse group of 6 patients with a brain tumor (4 different types of

cancer were represented), showed overall that CSSMRS and suc-

cessive PRESS spectra agreed within experimental error. Further-

more, CSSMRS spatial reconstruction was shown to be robust

over a range of voxel prescriptions (with one voxel held fixed and

the voxel separation varied) by both experiments and numeric

simulations. The experiment and simulation were in agreement

for a healthy volunteer, indicating excellent reconstruction even

when the 2 voxels were placed adjacent to one another. The only

additional feature of note in this regard was a systematic decrease

in the measured value of NAA in CSS (as shown in Fig 4), which

was not predicted by simulation. This feature is likely a result of

either motion or the relatively simplistic nature of the simula-

tions, which did not account for various experimental factors.

However, given that the overall level of agreement between exper-

iment and simulation was very good, these factors evidently have

a small influence. The simulation, therefore, helped to support the

assumption made in CSSMRS reconstruction that coil-sensitivity

variations can be neglected within the voxels.

The agreement between these experiments and the simulation

provides rationale for using simulations to further predict

CSSMRS capabilities in a patient with brain cancer . As expected,

slightly larger variations were observed as a function of voxel sep-

aration in this case, likely because of the larger spectral differences

between the 2 voxels. However, with the exception of NAA for

voxels separated by greater than 20 mm, all CSSMRS results were

predicted to be consistent with PRESS results within error.

Given that CCSMRS has been demonstrated to provide robust

high-quality results, discussion can turn productively to the po-

tential efficiency of this pulse sequence in terms of SNR per square

root of acquisition time. In the 2-voxel implementation investi-

gated in the present work, spectra were obtained in half the time of

successive application of PRESS. The quality of the CSSMRS re-

sults may have been affected by noise amplification in the sensi-

tivity encoding reconstruction, however, as parameterized by the

g factor. Therefore, the appropriate context for by using CSSMRS

advantageously over PRESS is when the g factor is less than �2,

which corresponds to a minimum center-to-center separation in

voxels of approximately 35 mm near the center of the 8-channel

head receiver coil used in this work. All patients had a g factor

below this threshold.

CSSMRS performed similarly with a short echo time, though a

notable increase in the lipid peaks was observed. This increase is

likely a result of the slight modification of the pulse profile and

Table 5: Quantified lactate values from PRESS and CSSMRS for both voxelsa

Patient
No.

CSSMRS Tumor
Voxel (a.u.)

PRESS Tumor
Voxel (a.u.)

Difference
(a.u.)

CSSMRS Healthy
Voxel (a.u.)

PRESS Healthy
Voxel (a.u.)

Difference
(a.u.)

1 1.31 
 0.09 1.46 
 0.08 �0.16 
 0.12 0.03 
 0.04 0.23 
 0.07 �0.20 
 0.08
2 3.36 
 0.11 3.16 
 0.10 0.20 
 0.15 0.60 
 0.11 0.51 
 0.11 0.09 
 0.16
3 2.83 
 0.04 2.77 
 0.04 0.06 
 0.05 0.25 
 0.04 0.28 
 0.05 0.03 
 0.06
4b 3.22 
 0.14 2.76 
 0.13 0.46 
 0.19 1.84 
 0.10 1.59 
 0.10 0.25 
 0.14
5 2.26 
 0.08 2.32 
 0.07 �0.06 
 0.10 0.73 
 0.13 0.87 
 0.17 �0.14 
 0.21
6 0.54 
 0.07 0.76 
 0.08 �0.22 
 0.11 0.22 
 0.05 0.29 
 0.05 �0.08 
 0.07

Note:—a.u. indicates arbitrary units.
a Shown are means and standard deviations (Cramer-Rao bounds).
b Lipid contamination from scalp mislabeled as lactate in healthy voxel.
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will be corrected for in the future by using outer-volume

suppression.

It is also interesting to note that CSSMRS is compatible with

another approach that avoids using k space for spatially encoding

spectral information. In principle, if the flip angles assigned to

each voxel can be modulated appropriately, then simple algebraic

combinations of the successive spectroscopic readouts can be

used to localize each voxel without sensitivity encoding recon-

struction, as achieved in Hadamard spectroscopic imaging.24 The

Hadamard spectroscopic imaging approach is independent of g

factor and also provides improvements in SNR per square root of

time but traditionally has required excellent radiofrequency fidel-

ity and is sensitive to how spatial radiofrequency nonuniformity

and patient motion influence algebraic combination and the sub-

sequent leakage of signals between voxels. In addition, the alge-

braic combination of multiple recordings reduces the minimum

temporal resolution that is achievable with Hadamard spectro-

scopic imaging, whereas CSSMRS provides spectral separation in

as little as a single TR value. CSSMRS and Hadamard spectro-

scopic imaging are not mutually exclusive, however, and it is pos-

sible that a robust hybrid technique can be developed in the future

for further scan-time reductions.

Irrespective of developing such a hybrid technique, the

method discussed here has potential applications in any in vivo

spectroscopy experiment in which there are 2 regions of interest

and the lengthy acquisition times of MR spectroscopic imaging

are impractical. CSSMRS may also be beneficial in a research set-

ting in which sophisticated 2D MR spectroscopy experiments

have inherently long acquisition times, such as J-resolved MR

spectroscopy.25 Another promising application of CSSMRS is in

functional spectroscopy, in which real-time changes in metabolic

information can be measured from multiple points within the

brain simultaneously with high temporal resolution. Further de-

velopment and applications of CSSMRS should be explored in the

future.

CONCLUSIONS
CSSMRS has been developed to extract signals from 2 localized

regions simultaneously and reliably. Utility was demonstrated in a

clinical setting, though the technique also has promising applica-

tions in research settings.
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ORIGINAL RESEARCH
ADULT BRAIN

High-Resolution DCE-MRI of the Pituitary Gland Using Radial
k-Space Acquisition with Compressed Sensing Reconstruction

M.C. Rossi Espagnet, X L. Bangiyev, M. Haber, K.T. Block, J. Babb, V. Ruggiero, F. Boada, O. Gonen, and G.M. Fatterpekar

ABSTRACT

BACKGROUND AND PURPOSE: The pituitary gland is located outside of the blood-brain barrier. Dynamic T1 weighted contrast enhanced
sequence is considered to be the gold standard to evaluate this region. However, it does not allow assessment of intrinsic permeability
properties of the gland. Our aim was to demonstrate the utility of radial volumetric interpolated brain examination with the golden-angle
radial sparse parallel technique to evaluate permeability characteristics of the individual components (anterior and posterior gland and the
median eminence) of the pituitary gland and areas of differential enhancement and to optimize the study acquisition time.

MATERIALS AND METHODS: A retrospective study was performed in 52 patients (group 1, 25 patients with normal pituitary glands; and
group 2, 27 patients with a known diagnosis of microadenoma). Radial volumetric interpolated brain examination sequences with golden-
angle radial sparse parallel technique were evaluated with an ROI-based method to obtain signal-time curves and permeability measures
of individual normal structures within the pituitary gland and areas of differential enhancement. Statistical analyses were performed to
assess differences in the permeability parameters of these individual regions and optimize the study acquisition time.

RESULTS: Signal-time curves from the posterior pituitary gland and median eminence demonstrated a faster wash-in and time of
maximum enhancement with a lower peak of enhancement compared with the anterior pituitary gland (P � .005). Time-optimization
analysis demonstrated that 120 seconds is ideal for dynamic pituitary gland evaluation. In the absence of a clinical history, differences in the
signal-time curves allow easy distinction between a simple cyst and a microadenoma.

CONCLUSIONS: This retrospective study confirms the ability of the golden-angle radial sparse parallel technique to evaluate the
permeability characteristics of the pituitary gland and establishes 120 seconds as the ideal acquisition time for dynamic pituitary gland
imaging.

ABBREVIATIONS: GRASP � golden-angle radial sparse parallel; STC � signal-time curve; VIBE � volumetric interpolated brain examination

The pituitary gland is a highly perfused gland located within the

sella turcica and outside the blood-brain barrier. Pathologies

intrinsic to this region, listed from most common to least com-

mon, include benign micro- and macroadenomas, invasive ade-

nomas, and carcinomas. Of these, benign pituitary adenomas rep-

resent 10%–25% of all intracranial neoplasms, with an estimated

prevalence rate of 17% within the general population.1

MR imaging is the criterion standard for the evaluation of the

pituitary gland. Imaging is performed in a dynamic manner by

using section-selective T1-weighted TSE sequences before and at

multiple time points after the injection of a gadolinium-based

contrast agent.2,3 Such dynamic scanning allows assessment of

underlying pathology, especially microadenomas, by evaluating

any focal area of differential enhancement within the pituitary

gland. However, such a dynamic scanning technique has certain

limitations. Enhancement within the posterior pituitary gland

cannot be appreciated due to its inherently bright T1 signal. Eval-

uation of very small-sized (1–3 mm) microadenomas can be chal-

lenging, depending on the underlying section thickness. Distinc-

tion between a simple cyst and a microadenoma can sometimes be

difficult, especially without a good history. Furthermore, there is

not a standard dynamic image-acquisition timeframe. Literature

suggests that the acquisition time for the dynamic sequence varies

among different institutions, ranging from 150 to 240 seconds.4-6
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Standardization of this image acquisition time is especially im-

portant in today’s economic imaging scenario, where we strive for

the best possible information in the most appropriate time.

Golden-angle radial sparse parallel MR imaging (GRASP) is

a new volumetric dynamic imaging technique based on a 3D

gradient-echo sequence with radial “stack-of-stars” k-space

sampling7 and golden-angle ordering.8 As opposed to the con-

ventional dynamic MR imaging techniques that perform mul-

tiple separate examinations, the GRASP technique acquires all

dynamic information in a single continuous scan during which

the contrast agent is injected. Image reconstruction is then

achieved by binning the data into sequential timeframes and

reconstructing the frames with an iterative method that com-

bines parallel imaging and compressed sensing.9 By using a

total-variation constraint along time, the GRASP technique

can reconstruct images from highly undersampled data, offer-

ing simultaneously high submillimeter spatial and excellent

temporal resolution. In addition, a unique feature of GRASP

imaging is that the desired temporal resolution can be selected

retrospectively and can be designated as high as approximately

2.5 seconds per frame. Thus, compared with conventional

2D TSE examinations, GRASP provides greater through-plane

resolution, improved sensitivity to motion and flow, and im-

proved fat suppression.10

The purpose of our study was, therefore, to evaluate the role of

GRASP for assessing the pituitary gland. More specifically, the

study proposed to do the following: 1) establish normal enhance-

ment patterns and signal-time curves (STCs) for the anterior and

posterior pituitary gland and median eminence, 2) optimize the

acquisition time for dynamic pituitary gland imaging, and 3) eval-

uate differences in the STCs to distinguish a simple cyst from a

microadenoma.

MATERIALS AND METHODS
Patients
This study was approved by the institutional review board and

is Health Insurance Portability and Accountability Act– com-

pliant. We retrospectively evaluated MR imaging data of 52

patients who underwent dynamic imaging of the pituitary

gland by using the GRASP technique between July 2013 and

November 2013. For our study, these patients were divided

into 2 groups: group 1 patients (n � 25; male/female ratio,

9:16; age range, 10 –74 years; mean age, 39 years) included

healthy volunteers (n � 8) or patients undergoing brain stud-

ies for the evaluation of headache (n � 13) and patients who

had undergone pituitary gland studies for incidentally noted

suspicious sellar lesions on prior conventional brain studies

(n � 4). Group 2 consisted of 27 patients (male/female ratio,

12:15; age range, 26 – 63 years; mean age, 37 years) with a

known microadenoma. Specifically, patients were included in

group 2 if they had the following: 1) a history of endocrinologic

disturbances favoring a central cause, and 2) previous MR im-

aging studies demonstrating a focus of “reduced” differential

enhancement within the pituitary gland compatible with a mi-

croadenoma. Patients with susceptibility artifacts at the skull

base resulting from dental hardware (n � 2) and aneurysm

clips (n � 1) were excluded from the study. Patients with hem-

orrhagic (n � 1) or cystic lesions (n � 2) within the pituitary

gland were also excluded.

MR Imaging
All patients underwent MR imaging with a 3T system (Magnetom

Skyra; Siemens, Erlangen, Germany). A 20-channel head/neck

coil was used. Imaging protocol included a coronal radial volu-

metric interpolated brain examination (VIBE) with a GRASP ac-

quisition (TR/TE, 6.4/2.4 ms; in-plane resolution, 0.7 mm; sec-

tion thickness, 0.8 mm; 32 sections; FOV, 180 mm; flip angle, 9.5°;

bandwidth, 391 Hz/pixel; pixel base resolution, 256; 800 spokes;

acquisition time, 180 seconds), precontrast sagittal T1 (TR/TE,

440/2.66 ms; section thickness, 3 mm; 25 sections; FOV, 160 mm;

flip angle, 90°; bandwidth, 380 Hz/pixel; pixel base resolution,

320), coronal T2 (TR/TE, 4000/97 ms; section thickness, 2 mm; 15

sections; FOV, 140 mm; flip angle, 150°; bandwidth, 260 Hz/

pixel; pixel base resolution, 320), and axial FLAIR (TR/TE,

9000/90 ms; TI, 2500; section thickness, 5 mm; 15 sections;

FOV, 220 mm; flip angle, 150°; bandwidth, 290 Hz/pixel; pixel

base resolution, 320). Contrast material, 0.01-mmol gadopen-

tetate dimeglumine (Magnevist; Bayer HealthCare Pharma-

ceuticals, Wayne, New Jersey) per kilogram of body weight,

was administered at 3 mL/s on initiation of the GRASP

sequence.

Image Data Analysis and Processing
Images were evaluated by 1 neuroradiologist (G.M.F., with 15

years of experience), who was blinded to the study population.

The acquired data from the GRASP scans were exported and re-

constructed off-line by using a C�� implementation of the

GRASP algorithm, creating 9 dynamic image frames with a tem-

poral resolution of 20.00 seconds each. Reconstructed images

were sent to the PACS and analyzed by using the software Olea

Sphere, Version 2.2 (Olea Medical, La Ciotat, France) to obtain

signal-time curves and generate permeability measurements, in-

cluding wash-in, washout, peak, time to maximum enhancement,

and area under the curve (Fig 1).

Evaluation of the normal-appearing pituitary gland was per-

formed in group 1 by placing ROIs on the GRASP images of the

anterior and posterior pituitary gland and the median eminence.

Sagittal reconstructions confirmed the placement of ROIs within

their respective locations (Fig 2A–C). The ROIs were used to gen-

erate STCs for each of these individual regions (Fig 2D). In addi-

tion, ROIs were placed within incidentally noted cysts (n � 3) in

group 1 to compare the generated STCs with microadenomas in

group 2.

To optimize image acquisition times, we generated STCs

and permeability measurements for group 2, placing the ROIs

in the normal-appearing pituitary gland and in the microad-

enoma (Fig 3).

Statistical Analysis
Statistical analysis was performed with SAS 9.3 software (SAS In-

stitute, Cary, North Carolina). The analysis was divided into 2

parts. The first part was using the paired-sample Wilcoxon signed

rank test to evaluated differences in normal STCs and permeabil-

ity parameters of the anterior and posterior pituitary gland and
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the median eminence from group 1 subjects. The mean signifi- cance level was set up at P � .005. The second part of the analysis

used the Student t test and focused on optimizing the acquisition

time for dynamic pituitary gland imaging. This was performed

by comparing peak enhancement values between the anterior pi-

tuitary gland and the microadenoma in group 2 patients at 10-

second time intervals beginning at 60 seconds (when the maxi-

mum enhancement was almost reached) to 140 seconds. This

allowed us to estimate a total of 8 mean, minimum, and maxi-

mum percentage-change values beginning at T1 (from 60 to 70

seconds) until T8 (from 130 to 140 seconds) (Table 1). A Student

t test was used to demonstrate any significant difference in peak

enhancement values between the normal-appearing anterior pi-

tuitary gland and the microadenoma in this time (60 –140 sec-

onds). The mean significance level was set at P � .001.

FIG 1. Analysis of radial VIBE images provide maps of different permeability parameters: peak, area under the curve, time of maximum
enhancement, wash-in, and washout.

FIG 2. GRASP images in a healthy volunteer show the ROIs in the anterior pituitary gland (A), posterior pituitary gland (B), and median eminence
(C). Sagittal reference planes are shown top right. Corresponding signal-time curves from the ROIs (D) demonstrate a different pattern of
enhancement in the anterior (red) and posterior pituitary gland (yellow) and the median eminence (light blue).

Table 1: Mean, SD, median, maximum, and lower and upper limits
of a 95% confidence interval of the mean for the percentage
change in the peak enhancement estimate from time T0 � 60
seconds to time T8 � 140 seconds in the normal-appearing
anterior pituitary gland of group 2 patients

Time Mean SD Median Maximum Lower Upper
1 9.82 9.97 5.25 30.99 5.16 14.49
2 6.11 6.65 4.52 21.69 3.00 9.23
3 2.00 2.52 1.05 8.53 0.82 3.18
4 2.17 2.55 1.18 8.98 0.97 3.36
5 1.41 0.87 1.06 2.76 1.01 1.82
6 1.38 0.87 1.04 3.82 0.98 1.79
7 0.94 0.87 0.71 3.28 0.53 1.35
8 0.57 0.33 0.62 1.30 0.42 0.73
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RESULTS
Region Analysis (Group 1)
An evaluation of the STCs derived from the anterior and posterior

pituitary gland and the median eminence demonstrated differen-

tial patterns of enhancement for each of these individual regions.

STCs from the posterior pituitary gland and the median eminence

demonstrated a faster wash-in (9.14 and 8.54, respectively) com-

pared with the anterior pituitary gland (10.92), a faster time of

maximum enhancement (58.96 and 62.60 seconds, respectively)

compared with that of the anterior pituitary gland (86.55 sec-

onds), and a lower peak of enhancement (439.61 and 446.62,

respectively) compared with the anterior pituitary gland (754.94).

The anterior pituitary gland and median eminence showed a

faster washout compared with the posterior pituitary gland (1.52

and 1.56 versus 1.90, respectively). The results of the statistical

analysis of the preceding data are summarized in Table 2. These

findings are consistent across patients in group 1, with a mean

significance level of P � .005.

Time Analysis (Group 2)
The mean peak enhancement for the anterior pituitary gland

was reached at 80 � 10 seconds. There was no significant

change in the enhancement values for the anterior pituitary

gland after 90 seconds (Table 1). The mean peak enhancement

value for the microadenoma was reached at 90 � 10 seconds.

There was a relative plateau to mild washout noted in the en-

hancement values measured subsequent to the peak enhance-

ment time (Table 3). A statistically significant difference (P �

.001) in the enhancement values between the normal pituitary

gland and the microadenoma could be consistently noted

throughout all the time points measured from 60 seconds (T1)

to 140 seconds (T8) (Fig 3).

Microadenomas
Of the 27 microadenomas, 7 were 6 –9

mm, 19 were 3–5 mm, and 1 was

�3 mm.

DISCUSSION
In this study, we have successfully dem-

onstrated the role of a radial 3D gradi-

ent-echo acquisition with GRASP re-

construction to provide a quantitative

assessment of permeability characteris-

tics and enhancement patterns of the normal pituitary gland and

microadenomas.

Golden-angle radial sparse parallel MR imaging is a volumet-

ric dynamic imaging technique based on a 3D gradient-echo se-

quence with radial “stack-of-stars” k-space sampling and golden-

angle ordering. Such an image acquisition allows excellent spatial

and temporal resolution. The current study exploited the poten-

tial of this technique in evaluating the pituitary gland with an

in-plane resolution of 0.7 mm, a contiguous section thickness of

0.8 mm, and a temporal resolution of 20 seconds.

Our ROI-based analysis of STCs demonstrates a greater max-

imum and mean enhancement in the anterior pituitary gland

compared with the posterior pituitary gland and median emi-

nence. Furthermore, we found faster wash-in in the median em-

inence and posterior pituitary gland compared with the anterior

pituitary gland (Fig 2). These findings may reflect differences in

the underlying vascular anatomy and perfusion characteristics of

these regions. The superior hypophyseal artery is a branch of the

supraclinoid segment of the internal carotid artery. The inferior

hypophyseal artery is a branch of the meningohypophyseal trunk

that arises from the cavernous segment of the internal carotid

artery. Both the superior and inferior hypophyseal arteries anas-

tomose with each other and their counterparts at the level of the

median eminence to form the primary plexus. This primary

plexus of capillaries gives rise to a series of short and long portal

hypophyseal veins, which pass down the stalk to form a secondary

plexus to supply the anterior pituitary gland. In contrast, the pos-

terior pituitary gland is supplied directly by the inferior hypophy-

seal arteries. It is likely that the differences in the blood supply to

the anterior and posterior pituitary gland reflect the variation in

their enhancement patterns. Specifically, the posterior pituitary

gland, due to the direct vascular supply from the inferior hypo-

physeal artery, enhances earlier than the anterior pituitary

gland.11 Similarly, the anterior pituitary gland receives blood sup-

ply from both the superior and inferior hypophyseal arteries via

the portal plexus. The anterior pituitary gland, therefore, exhibits

delayed wash-in, likely due to the additional time taken for the

blood to course through the portal plexus of veins. Likewise, the

greater maximum enhancement within the anterior pituitary

gland results from an intrinsic attenuated and complex capillary

network contributed by the dual vascular supply of the superior

and inferior hypophyseal arteries.12,13

Our findings are supported by a previous study by Tien,13

which obtained STCs from 1.5T sagittal dynamic contrast-en-

hanced T1-weighted gradient-echo sequences, similarly demon-

strating slightly delayed enhancement of the anterior pituitary

Table 2: Values of perfusion parameters obtained from ROI analysis in different regions of
the normal-appearing pituitary glanda

Parameter

Anterior Posterior Median Eminence

Mean SD Mean SD Mean SD
AUC 69980.65 20169.32 37500.10 17701.73 40246.39 16626.70
Peak 754.94 242.04 439.61 205.67 446.62 192.66
TME (sec) 86.55 19.23 58.96 16.23 62.60 18.70
Wash-in 10.92 3.89 9.14 4.20 8.54 3.71
Washout 1.52 1.34 1.90 1.48 1.56 1.27

Note:—TME indicates time of maximum enhancement.
a All parameters other than TME are dimensionless.

Table 3: Mean, minimum, and maximum peak enhancement
values measured at different times in the microadenoma of
group 2 patients

Time (sec) Mean PE Min PE Max PE
60 327 90 500
70 365 120 600
80 400 170 630
90 420 200 660
100 417 180 650
110 342 165 625
120 345 172 620
130 346 171 613
140 344 170 613

Note:—PE indicates peak enhancement; Min, minimum; Max, maximum.
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gland compared with the posterior pituitary gland and median

eminence.

There is a large variation in the acquisition time (150 –240

seconds) for dynamic imaging of the pituitary gland among im-

aging centers.4-6 Our study based on the STCs sought to establish

a more defined acquisition time for dynamic pituitary gland im-

aging. Our results demonstrate that maximum enhancement of

the anterior pituitary gland occurs at approximately 80 � 10 sec-

onds, subsequent to which there is no significant change in en-

hancement for a measured time period up to 140 seconds. In

contrast, the microadenomas demonstrate maximum enhance-

ment at 90 � 10 seconds, subsequent to which there is no signif-

icant change in the enhancement for a total measured time of 140

seconds. Furthermore, statistical analysis demonstrated that a sig-

nificant difference in the enhancement curves between the ante-

rior pituitary gland and the microadenoma is seen beginning 60

seconds postinjection of contrast and continuing for the entire

remaining duration of the study. Our results therefore suggest

that 120 seconds (2 minutes) is a reasonably appropriate dynamic

acquisition time to evaluate the pituitary gland following contrast

administration. According to our literature search, ours is the first

imaging study that has looked into the signal-time curves to es-

tablish a defined acquisition imaging time for pituitary studies.

This has significant bearing in the current economic imaging sce-

nario, allowing appropriate use of magnet scanning time to

achieve optimum patient throughput without compromising pa-

tient care. By establishing a 120-second acquisition time, we save

30 –120 seconds of imaging time from that quoted in the

literature.4-6

The study also demonstrated that the signal-time curves for

microadenomas are distinctly different from those of cysts. The

STC from a microadenoma demonstrated some uptake of con-

trast in the initial 60 seconds following contrast administration

before plateauing off. In contrast, the simple cyst did not pick up

any contrast and is represented by a flat STC (Fig 4).

The retrospective nature of the study, the small sample size,

and lack of surgical confirmation for microadenomas are the ma-

jor limitations of our study. We excluded cystic and hemorrhagic

adenomas from our study population; this exclusion can be con-

sidered a relative limitation as well. However, we did this to have

a homogeneous patient-microadenoma population, keeping in

mind that this was a proof-of-concept study.

CONCLUSIONS
We have demonstrated that dynamic imaging of the pituitary

gland by using a radial VIBE with GRASP is feasible in clinical

FIG 3. A, GRASP image demonstrates placement of ROIs within the normal-appearing pituitary gland and microadenoma. B, Corresponding
signal-time curves are shown. Peak enhancement from the anterior pituitary gland is seen at approximately 80 seconds with subsequent gradual
washout. Peak enhancement from the microadenoma is seen at approximately 100 seconds with a subsequent plateau. There is a significant
difference in the enhancement between the anterior pituitary gland and the microadenoma from 60 seconds onward.

FIG 4. Signal-time curve derived from an ROI applied to a cyst demonstrates a flat STC compared with the normal STCs from the anterior
pituitary gland, posterior pituitary gland, and median eminence evaluated in the same patient.
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practice and enables both quantitative and qualitative assessment

of temporal variance in signal-enhancement patterns of the ante-

rior and posterior pituitary gland and the median eminence.

Moreover, we have shown that an acquisition time of 120 seconds

following contrast administration is sufficient to provide ade-

quate dynamic evaluation of the pituitary gland, allowing optimal

use of magnet scanning time.

Disclosures: Kai Tobias Block—UNRELATED: Patents (planned, pending or issued):
Patent application for GRASP technique submitted by New York University.* Fer-
nando Boada—RELATED: Grant: National Institutes of Health.* *Money paid to the
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ORIGINAL RESEARCH
ADULT BRAIN

How Does the Accuracy of Intracranial Volume Measurements
Affect Normalized Brain Volumes? Sample Size Estimates

Based on 966 Subjects from the HUNT MRI Cohort
T.I. Hansen, V. Brezova, L. Eikenes, A. Håberg, and X T.R. Vangberg

ABSTRACT

BACKGROUND AND PURPOSE: The intracranial volume is commonly used for correcting regional brain volume measurements for
variations in head size. Accurate intracranial volume measurements are important because errors will be propagated to the corrected
regional brain volume measurements, possibly leading to biased data or decreased power. Our aims were to describe a fully automatic
SPM-based method for estimating the intracranial volume and to explore the practical implications of different methods for obtaining the
intracranial volume and normalization methods on statistical power.

MATERIALS AND METHODS: We describe a method for calculating the intracranial volume that can use either T1-weighted or both T1- and
T2-weighted MR images. The accuracy of the method was compared with manual measurements and automatic estimates by FreeSurfer and
SPM-based methods. Sample size calculations on intracranial volume–corrected regional brain volumes with intracranial volume estimates from
FreeSurfer, SPM, and our proposed method were used to explore the benefits of accurate intracranial volume estimates.

RESULTS: The proposed method for estimating the intracranial volume compared favorably with the other methods evaluated here, with
mean and absolute differences in manual measurements of �0.1% and 2.2%, respectively, and an intraclass correlation coefficient of 0.97
when using T1-weighted images. Using both T1- and T2-weighted images for estimating the intracranial volume slightly improved the
accuracy. Sample size calculations showed that both the accuracy of intracranial volume estimates and the method for correcting the
regional volume measurements affected the sample size.

CONCLUSIONS: Accurate intracranial volume estimates are most important for ratio-corrected regional brain volumes, for which our
proposed method can provide increased power in intracranial volume– corrected regional brain volume data.

ABBREVIATIONS: ARBM � automatic reverse brain mask; HUNT � Nord-Trøndelag Health Study; ICC � intraclass correlation coefficient; ICV � intracranial
volume; RBM � reverse brain mask; SPM � Statistical Parameteric Mapping

A large part of the variability in regional brain volume mea-

surements can be explained by differences in head size be-

cause individuals with larger heads tend to have larger brain struc-

tures than people with smaller heads. Thus, regional brain

volumes are usually normalized by some measure of the head size

to reduce this variability. The most commonly used measure is

intracranial volume (ICV),1 which is defined as the volume inside

the cranium, including the brain, meninges, and CSF. The ICV is

often preferred over the brain volume because it is a good measure

of premorbid brain size.2

Manual delineation is considered the criterion standard for

measuring ICV on MR images, but it is labor-intensive; therefore,

a number of automatic methods have been developed. Two of the

most popular are one by Buckner et al3 implemented in Free-

Surfer (http://surfer.nmr.mgh.harvard.edu/) and another based

on the Statistical Parameteric Mapping (SPM) program package

(www.fil.ion.ucl.ac.uk/spm/software/spm8).

Several of the automatic methods for estimating the ICV re-

port good accuracy, with volume estimates close to those of man-

ual measurements.3,4 However, because the ICV is seldom used

directly but instead is used for reducing the variability due to head
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size in other regional brain volume measurements, it may be more

relevant to consider how the accuracy of the ICV estimates affects

the normalized regional brain volumes. This detail is important

because the method for estimating the ICV can change the out-

come of statistics on ICV-normalized regional brain volumes.

This difference was shown in a recent study that compared statis-

tics on normalized hippocampal volumes by using ICV estimates

from FreeSurfer and SPM.5

The method for normalizing the regional brain volumes with

the ICV will affect how errors in the ICV measurements are prop-

agated to the normalized volumes. Two of the most common

normalization methods are the “ratio” method, which amounts

to dividing the regional brain volumes by the ICV, and the “resid-

ual” method, which uses residuals from a linear regression be-

tween the volume of interest and the ICV,6 but other techniques

are also used.1,7,8 Studies have shown that the ratio method is

more sensitive to errors in ICV than the residual method.1,9

In this study, we describe a fully automatic SPM-based

method for estimating the ICV, which improves on previous

SPM-based methods in 2 important ways; First, there is no need to

define an empiric threshold for estimating the ICV; and second,

our method can estimate the ICV by using both T1- and T2-

weighted images, which might be more accurate than using only

T1-weighted images. We assessed the accuracy of our method against

manually traced ICV measurements and ICV estimates from Free-

Surfer and an accurate SPM-based method, called the “reverse brain

mask” (RBM).4 To explore the practical implications of both meth-

ods for obtaining the ICV and the normalization method (residual-

versus-ratio correction), we estimated the sample sizes needed to

detect significant differences in ICV-normalized regional brain vol-

umes between 2 groups with ICV estimates from FreeSurfer, the

RBM method, and our proposed method.

MATERIALS AND METHODS
Subjects
The MR images in this study were from The Nord-Trøndelag

Health Study (HUNT Study), which is a collaboration between

the HUNT Research Centre (Faculty of Medicine, Norwegian

University of Science and Technology), the Nord-Trøndelag

County Council, the Central Norway Health Authority, and the

Norwegian Institute of Public Health. The MR images in the

HUNT MR imaging cohort (n � 1006) represent subjects (n �

14,033) who participated in the 3 public health surveys in Nord-

Trøndelag County (HUNT 1, 1985–1987; HUNT 2, 1995–1997;

HUNT 3, 2006 –2008) in Norway. MR imaging examinations

were performed from 2007 to 2009. The mean age for the subjects

was 59 � 4.2 years (range, 50.5– 66.8 years) at the time of scan-

ning. Of the 1006 MR imaging datasets, 40 had to be discarded

because of motion or image artifacts (n � 34), missing T2-

weighted images (n � 5), and failed FreeSurfer processing (n � 1),

leaving 966 for analysis.

This study was approved by the Regional Committee for Eth-

ics in Medical Research (REK-Midt #2011/456). All participants

gave written informed consent before participation.

Subjects Selected for Manual Segmentation. Images from 30

healthy individuals (15 men) were selected for manual segmenta-

tion. To avoid biasing the sample toward any particular age, we

divided the sample into 3 age groups, 50 –55 years, 55– 60 years,

and 60 – 67 years, and randomly selected 5 men and 5 women

from each age group. The mean age for the subjects selected for

manual segmentation was 58 � 4.4 years (range, 51– 65 years).

Image Acquisition
Examinations were performed on a 1.5T Signa HDx MR imaging

scanner (GE Healthcare, Milwaukee, Wisconsin) with an 8-chan-

nel head coil at Levanger Hospital, Nord-Trøndelag. T1-weighted

3D MPRAGE images were acquired sagittally by using the follow-

ing parameters: TE � 4 ms, TR � 10 ms, flip angle � 10°, matrix

size � 256 � 256, FOV � 240 � 240 mm, 166 sections of 1.2-mm

thickness. T2-weighted images were acquired axially by using the

following parameters: TE � 7.8 ms, TR � 95.3 ms, flip angle �

90°, matrix size � 512 � 512, FOV � 230 � 230 mm, 27 sections,

4-mm section thickness, 1-mm gap.

ICV Measurements

Manual Tracing. ICV was traced on the T1-weighted images by a

single rater (V.B.) by using the ITK-SNAP software (Version

2.2.0, www.itksnap.org),10 by drawing along the outer surface of

the dura using the lowest point of the cerebellum as the most

inferior point.11 There was no active exclusion of sinuses or large

veins. The pituitary gland was excluded by drawing a straight line

from the anterior-to-posterior upper pituitary stalk. Drawings

were made on each section in the axial plane. Intrarater accuracy

was assessed by re-segmenting 10 randomly selected images from

the previously segmented data after at least 2 months.

Automatic Methods

Standard FreeSurfer Method. We used FreeSurfer, Version 4.5.0.

FreeSurfer differs from the other methods evaluated here in that it

does not produce an ICV mask but estimates the ICV from the

scaling factor of the affine transform of the anatomic images to the

Talairach template.3 This scaling factor is approximately propor-

tional to the ICV, and by linearly fitting the scaling factor from a

set of images in which the ICV also has been determined by man-

ual tracing, one can use the slope from the fit to estimate the ICV,

yielding ICV estimates with an accuracy equivalent that of manual

segmentation.3

Optimized FreeSurfer Method. Differences in image quality or

subject composition could render the default scaling factor in

FreeSurfer suboptimal for our data. Therefore, we optimized the

scaling factor to the manual ICV estimates in our dataset. We refer

to these results as “optimized FreeSurfer.”

Reverse Brain Mask Method. The reverse brain mask method4

uses the unified segmentation algorithm12 in SPM to derive a

nonlinear transform from template space to the subject’s native

image space. An ICV mask based on the tissue probability maps in

SPM is transformed to native space, and by using an empirically

derived threshold, one can obtain an estimate of the ICV.4

The RBM method was implemented in SPM8 with an improved

unified segmentation algorithm called “new segment”13 and default

settings for nonuniformity correction (bias full width at half maxi-

mum � 60-mm cutoff, and bias regularization � 0.0001 “very light
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regularization”). The threshold on the ICV probability mask was

determined by least-squares, minimizing the volume difference be-

tween the ICV mask and the manually traced ICV volumes.

Automatic Reverse Brain Mask Method. The RBM method needs

a threshold to calculate the ICV. This can be obtained empirically

as in the original implementation4 or by optimization against a

manually segmented dataset as in this work. Both methods have

disadvantages, however, and we implemented an alternative

SPM-based method that avoided the use of a threshold. This “au-

tomatic reverse brain mask method” (ARBM) uses a manually

drawn ICV mask in template space, which is transformed to na-

tive space by using the nonlinear transform from the “new seg-

ment” in SPM and nearest neighbor interpolation, thus avoiding

any need for a threshold. The ICV mask in template space was

traced on the 1-mm3 T1-weighted Montreal Neurological Insti-

tute template by using the same segmentation protocol as de-

scribed previously and the same rater (V.B.) used for the manual

segmentation.

ICV Estimates by Using Multispectral Data
T2-weighted images provide better contrast between the dura and

skull. Our implementation of the RBM and ARBM methods al-

lows multispectral input to the segmentation algorithm, and by

using both the T1- and T2-weighted images, a more accurate es-

timate of the ICV might be achieved. We made additional ICV

estimates with both the RBM and ARBM methods, by using T1-

and T2-weighted images as input, which we refer to as “RBM

multi” and “ARBM multi.”

Assessing the Accuracy of ICV Estimates
The accuracy of the automatic ICV estimates relative to manual

tracing was assessed by the accuracy of the volume estimates, by

the overlap of the ICV masks, and by the agreement between the

measurements as quantified by the intraclass correlation coeffi-

cient (ICC).

The accuracy of the volume estimates was quantified by the

mean of the relative volume difference (RDIFF) and absolute vol-

ume difference (ADIFF), both expressed as percentages. These

metrics capture slightly different aspects: RDIFF is sensitive to

systematic differences in the ICV, but not random errors that may

cancel out over the whole sample, while ADIFF is sensitive to

random errors.

1) RDIFF � � Vmanual � Vcalculated

0.5 � �Vmanual � Vcalculated)� � 100,

2) ADIFF � � �Vmanual � Vcalculated�
0.5 � �Vmanual � Vcalculated)� � 100.

We also quantified the overlap between the calculated ICV mask

and the manually traced ICV mask by using the Dice coefficient,14

a unitless quantity ranging from 0 (no overlap) to 1 (perfect over-

lap). It is defined as the overlap between 2 binary images A and B,

divided by the mean size of the 2 images.

3) Dice �
� A � B�

0.5 � � A � B�
.

The Dice coefficient was only calculated for the SPM-based meth-

ods because FreeSurfer does not produce an explicit mask of the

ICV.

The agreement between the manual ICV measurements and

the ICV estimates was quantified with a 2-way mixed single-mea-

sures ICC.15

Power Analysis
To explore how the different ICV estimates affect the statistical

power in ICV-normalized regional brain volume measurements,

we estimated the minimum sample size needed to detect a hypo-

thetic volume difference between 2 groups by using the whole

dataset of 966 subjects. We reported sample size estimates on 4

ICV measurements, the original FreeSurfer method, the opti-

mized FreeSurfer method, and the 2 ARBM estimates. Results

from the RBM method were omitted because they were almost

identical to those of the ARBM method.

Regional brain volume measurements of subcortical gray mat-

ter structures, total cortical volume, and total white matter vol-

ume of the cerebrum and cerebellum were obtained with Free-

Surfer (version 4.5.0) by using methods described in Fischl

et al,16,17 and the volumes for the right and left hemispheres were

added. The ICV was calculated with FreeSurfer, RBM, and ARBM

methods as previously described. For the RBM method, we used

the threshold optimized on the manually segmented images, and

for the optimized FreeSurfer method, we used the scaling factor

fitted to the manually segmented images.

ICV Normalized Volumes
The regional brain volumes were normalized with the ratio and

residual methods. The ratio-corrected volumes were calculated as

the ratio of the regional brain volume to the ICV. For the residual

method, we expressed the ICV-corrected measurements as

4) Voladj � Vol � b�ICV � ICV�,

where Voladj is the ICV-corrected regional brain volume, Vol is the

original uncorrected volume, b is slope from the linear regression

of Vol on ICV, ICV is the intracranial volume for a particular

subject, and ICV is the mean ICV over all subjects. Note that ratio-

and residual-corrected volumes must be interpreted differently18

and that the residual-corrected regional volumes have a zero cor-

relation with the ICV, whereas the ratio-corrected volumes will

usually correlate to some degree with the ICV.19

Estimating the Sample Size
For each regional brain volume measure, we calculated the min-

imum sample size required to detect a specified difference in the

means between 2 groups when testing for a 2-sided difference

with a power set to 0.8 and a type I error rate of 0.05. This calcu-

lation was performed for the raw volumes, the residual-, and ra-

tio-corrected volumes.

We varied the effect size from 1% to 5% of the mean of the

hippocampus volumes to determine how the sample size varied as

a function of the effect size as an illustration of the general behav-

ior. We also computed sample size estimates for all regional brain

volume measurements for detecting a 2% difference from the

mean, which amounts to approximately a “small effect size.”20
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The effect was calculated on the uncorrected volumes as a per-

centage from the mean and transformed to the corrected vol-

umes. The SD was calculated directly on the raw volumes and

ICV-corrected volumes. For power calculations, we used the

“power.t.test” part of the “stats” package in the R statistical com-

puting software, Version 3.0.2 (http://www.r-project.org).

RESULTS
Interrater Accuracy of Manual ICV Estimates
The intraclass correlation (2-way random, absolute agreement,

single measures) was 0.99, indicating good agreement between

the 2 manual segmentations.

Accuracy of ICV Estimates
The accuracy of the automatic ICV estimates compared with

manual delineation is summarized in Table 1. (See On-line Table

1 for mean ICV values for each method.) The FreeSurfer measure-

ments were the least accurate in terms of relative agreement, ab-

solute agreement, and ICC. All ICV estimates by FreeSurfer were

lower than the manual measurements, with a mean underesti-

mate of 111 mL. The SDs in the volume differences were also the

largest. The optimized FreeSurfer estimates were considerably better

than the standard FreeSurfer estimates as seen by the mean and ab-

solute mean of the volume differences, but the SD of the difference

was still among the highest. The RBM and RBM multi methods had

the lowest absolute mean differences. Table 1 also shows that the

multispectral RBM method, by using both T1- and T2-weighted im-

ages, was slightly more accurate than the RBM method by using only

T1-weighted images. The ARBM method performed in a manner

comparable with the RBM method, but the absolute mean difference

was slightly larger for the ARBM and ARBM multi methods com-

pared with the RBM counterparts. The Dice and ICC values were

very similar for the RBM and ARBM methods but also indicated a

slightly better agreement when using multispectral data.

There was good agreement between the automatic methods

and manual segmentation (Fig 1). The linear fit between the dif-

ference and average had a slightly positive slope for all methods

except for the standard FreeSurfer ICV estimates (Fig 1) but was

nonsignificant (all P � .14, r2 	 0.08) except for the ARBM multi

method, in which the difference and average correlated signifi-

cantly (P � .03, r2 � 0.15). This result indicates that the errors

increased with increasing ICV. A potential consequence of such a

biased error could be that a sex-related bias was introduced in the

ICV estimates because men, on average, have a larger ICV than

women. We did not, however, find significant differences be-
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FIG 1. Bland-Altman plots show the ICV difference (manual-automatic) plotted against the mean of the 2 measurements. Units are in milliliters.
The dotted horizontal lines are 2 SDs above and below the mean, and the solid line is the best-fit line from the regression of the difference on
the mean.

Table 1: Accuracy of the automatic methods for estimating ICV compared with manual delineationa

FreeSurfer Opt FreeSurfer RBM RBM Multi ARBM ARBM Multi
Volume difference (mL)

Mean (SD) 111.25 (53.62) 0.21 (53.02) �9.17 (42.34) 2.49 (26.72) �0.07 (41.64) 30.29 (26.75)
Absolute mean (SD) 111.25 (53.62) 40.11 (33.86) 34.38 (25.63) 20.66 (16.69) 34.57 (22.31) 33.71 (22.12)

Volume difference (%)
DIFF (SD) 7.3 (3.7) �0.1 (3.5) �0.6 (2.7) 0.1 (1.7) �0.1 (2.6) 1.9 (1.7)
ADIFF (SD) 7.3 (3.7) 2.6 (2.3) 2.2 (1.6) 1.3 (1.1) 2.2 (1.4) 2.1 (1.3)

ICC 0.96 0.96 0.97 0.99 0.97 0.99
Dice overlap (mean) (SD) NAb NAb 0.96 (0.01) 0.97 (0.01) 0.96 (0.01) 0.97 (0.00)

Note:—DIFF indicates volume difference; ADIFF, absolute volume difference; NA, not applicable.
a Positive differences indicate that the manual measurements were larger.
b Calculation not possible because FreeSurfer does not produce an ICV mask.
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tween men and women in the errors of the ICV estimates (all P �

.1; t 	 1.7).

The use of T1 and T2 images as input improved the accuracy of

the RBM method. Table 1 shows that all accuracy metrics are

improved for RBM multi over RBM. For the ARBM multi

method, the benefits of using multispectral data are less evident.

Although the ARBM multi method improves the ICC, Dice overlap,

and SD of the volume differences over the ARBM method, the

ARBM multi method underestimates, on average, the ICV by 1.9%,

compared with only �0.1% for the ARBM method (Table 1).

Sample Size Calculations
Figure 2 shows how the sample size varied over a range of effect

sizes for hippocampal volumes normalized with ICV estimates

from the FreeSurfer and ARBM methods. The differences in the

required sample sizes were most pronounced for small effect sizes,

whereas for larger effect sizes, the differences between both ICV

estimates and correction methods diminished. Figure 2 also

shows that in terms of increasing power, the residual correction

was more effective than the ratio correction.

The minimum sample sizes per group required to detect a 2%

difference in regional brain volume measurements are shown in

Table 2. Compared with the uncorrected volume measurements,

both the ratio and residual corrections reduced the required sam-

ple size considerably. With residual correction, the differences in

the estimated sample size were small and generally in favor of the

FreeSurfer methods. The largest difference was for normalized

caudate volumes, in which the ICV derived from the ARBM

method would require 32 more subjects per group than using the

ICV from FreeSurfer. With ratio correction, the differences were

larger, as expected. Comparing the standard FreeSurfer estimates

with the ARBM estimate showed that the ARBM estimate reduced

the sample size considerably for some structures. For the hip-

pocampus volumes, sample size was reduced by 44, and for nu-

cleus accumbens, by 52 subjects per group when using the ARBM

ICV estimate compared with the FreeSurfer ICV values. The dif-

ference was even larger with the ARBM multi method, with a

reduction in the sample size of 51 and 61 per group for the hip-

pocampus and nucleus accumbens, respectively.

There was considerable variation in the required sample size

for the different regional volume measurements (Table 2), with

cerebral cortex and cerebral white matter volumes requiring the

lowest sample sizes, whereas nucleus accumbens measurements re-

quired a sample of �800 subjects to reach sufficient power. We

found that the sample size was associated with the strength of the

correlation between the regional volume measurements and the ICV.

This result is expected for the ratio-normalized volumes because

there is a linear dependence between the variance of ratio-corrected

volumes and the correlation between the

ICV and raw volume.19 However, a simi-

lar relationship was also found for the re-

sidual-corrected volumes. The association

between the Pearson correlation coeffi-

cient and sample size estimates for both

the residual- and ratio-correction meth-

ods is plotted in Fig 3. (See On-line Table 2

for correlation coefficients between the re-

gional brain volumes and the different

ICV estimates.)

DISCUSSION
Accuracy of the Automated
Methods versus Manual
Segmentation
The automatic methods for estimating

the ICV, which we evaluated, produced
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FIG 2. Effect size in percentage difference from the mean plotted against the sample size per
group for uncorrected hippocampal volumes and ICV-corrected hippocampal volumes by using
FreeSurfer and ARBM ICV estimates.

Table 2: Required sample size per group for detecting a 2% difference in raw and ICV-normalized regional brain volumes between 2
groups, with a power of 0.8 and a type I error rate of 0.05

Brain Volumes

Residual Method Ratio Method

Raw FreeSurfera ARBM ARBM Multi FreeSurfer Opt FreeSurfer ARBM ARBM Multi
Cerebral white matter 771 195 213 186 195 211 227 202
Cerebral cortex 377 143 143 129 194 164 159 147
Cerebellum white matter 748 441 453 446 459 441 454 452
Cerebellum cortex 450 252 257 255 321 285 287 293
Thalamus proper 490 236 254 243 276 249 272 264
Caudate 738 486 518 511 526 498 532 533
Putamen 504 354 365 359 453 407 423 422
Hippocampus 406 284 290 280 412 360 368 361
Pallidum 669 498 527 520 592 549 596 595
Amygdala 772 536 531 526 570 543 536 534
Nucleus accumbens 1042 849 844 834 933 891 881 872

Note:—Opt indicates optimized.
a The FreeSurfer and optimized FreeSurfer sample size estimates are identical when using residual correction because these 2 measurements are linearly related.
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ICV estimates that closely matched those of manual segmenta-

tion. The ICV FreeSurfer estimates had a bias that was larger than

the other methods, and FreeSurfer consistently underestimated

the ICV. A possible cause is that the default scaling factor in Free-

Surfer is not optimal for the present study, or that differences

between the segmentation protocol for the images on which the

scaling factor was optimized and that of the present study could

account for the bias.

Optimizing the FreeSurfer scaling factor improved the ICV

estimates. A drawback is that one must have a sufficiently large set

of images with manually derived ICV measurements to compute

an optimized scale factor. Future studies could determine

whether the variation in the optimal scaling parameter is primar-

ily determined by the scanner parameters or by the study

population.

The RBM method was the most accurate for estimating the

ICV. We also found that in comparison with the original imple-

mentation of the RBM method, the “new segment” algorithm in

SPM improved the accuracy of the RBM method. (See On-line

Table 3 for a summary of the accuracy of the original RBM

method.) A disadvantage of the RBM method, however, is that

one must set an empiric threshold for calculating the ICV. There-

fore, the accuracy of the RBM method is dependent on the thresh-

old. This dependency is illustrated in On-line Table 3 showing the

accuracy of the RBM method with the optimized threshold and

with the threshold recommended by the authors of the RBM

method.4 Using the nonoptimized threshold renders the RBM

method less accurate than the ARBM method. We also found that

a visual determination of the threshold was difficult because it

varied among different raters. Optimizing the threshold against

the manual segmentation result avoided this problem but is im-

practical in many instances because it necessitates manual

measurements.

The ARBM method attempts to alleviate the drawback of us-

ing a threshold. An ICV mask must still be drawn in template

space, but it needs to be done only once. The ARBM approach

was, however, less accurate than the RBM method but more ac-

curate than the FreeSurfer methods. The ICV estimates with the

ARBM method may be robust over different field strengths, sim-

ilar to those with the RBM method,4 because the 2 methods only

differ in how the brain masks are thresholded.

Multispectral input clearly improved the accuracy of the RBM

method, suggesting that the transformation from template space

to native space is more accurate when using T1 and T2 images as

input compared with using only T1 images. For the ARBM

method, however, multispectral input resulted in a slight under-

estimation of the ICV. This discrepancy in accuracy between these

methods can appear puzzling because they rely on the same trans-

formation from template space to native space. The underlying

cause is that the multispectral segmentation, on average, gener-

ates a slightly smaller volume in native space than the segmenta-

tion based on T1 images only. The bias is adjusted during the

optimization of the threshold in the RBM method because the

optimized threshold for RBM multi is 0.29 compared with 0.34

for the RBM method (a lower threshold results in a larger ICV

mask). For the ARBM method, the ICV is fully determined by the

transformation to native space; therefore, there is an increase in

the mean volume difference for the ARBM multi method. The

bias in the ARBM multi estimates is mainly a concern when using

ratio correction. For residual correction, the ARBM multi method

would still be preferable over the ARBM method because the mul-

tispectral segmentation reduces the variance in the volume esti-

mates compared with the T1-only ARBM. This outcome is re-

flected in the slight decrease in sample size estimates for the

ARBM multi method over the ARBM method (Table 2).

Sample Size Estimates
The ICV is often used for correcting variations in regional brain

volume measurements due to differences in head size. Several

studies have compared the accuracy of various ICV-estimation

methods,3,4,21,22 but surprisingly few have examined the practical

benefits of an accurate ICV measurement. Naively, one would

expect that accurate ICV estimates would increase the statistical

power of ICV-corrected regional volume measurements. Our re-

sults demonstrate that not only the choice of ICV estimate, but

also the method of ICV correction can affect the statistical power.

We found that residual correction resulted in only minor differ-

ences between the FreeSurfer and ARBM methods (Table 2). In

fact, the FreeSurfer ICV correction generally required a smaller

sample size than the ARBM-corrected volumes. This is surprising

considering that the ARBM method had higher accuracy than

FreeSurfer compared with manual segmentation (Table 1). How-

ever, the differences in the required sample sizes for the volume

estimates can largely be explained by the strength of the correla-

tion between the ICV and the volume measurements (Fig 3).

We found that accurate ICV estimates were more crucial for

the ratio-corrected volumes, a finding that is in agreement with

previous studies,9,19 and that the ratio-correction method, unlike

the residual-correction method, requires absolute agreement in

the ICV estimates. When using ratio correction, we found that the

more accurate ARBM ICV estimates can provide increased power

compared with the FreeSurfer ICV estimates. For example, to

detect a 2% difference in the hippocampus volumes requires 44

fewer subjects per group when using ARBM ICV estimates com-

pared with FreeSurfer ICV estimates. However, the difference in

the required sample size becomes smaller for larger effects (Fig 2);

for medium-sized or larger effects, there are only minor differ-

ences among the methods we evaluated.
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FIG 3. The relationship between sample size estimates for detecting
a 2% difference from the mean and Pearson’s r between uncorrected
regional volumes and ICV estimates.
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CONCLUSIONS
In this article, we described an SPM-based method for calculating

the ICV, which compared favorably against other available meth-

ods. Sample size estimates showed that ICV estimates from the

ARBM method could increase the statistical power in ICV-cor-

rected regional brain volume data compared with using ICV esti-

mates from FreeSurfer, but only when using ratio correction and

for small effect sizes. For detecting larger effects or when using

residual correction, the choice of method for estimating the ICV

became less critical. The ARBM method can serve as a robust and

efficient method for obtaining accurate ICV estimates in large

datasets and in datasets in which application of FreeSurfer or

other software is not possible or needed. The Matlab (Math-

Works, Natick, Massachusetts) source code for the ARBM

method can be obtained from the corresponding author.
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ORIGINAL RESEARCH
ADULT BRAIN

Longitudinal Mixed-Effect Model Analysis of the Association
between Global and Tissue-Specific Brain Atrophy and Lesion

Accumulation in Patients with Clinically Isolated Syndrome
M. Varosanec, T. Uher, D. Horakova, J. Hagemeier, X N. Bergsland, M. Tyblova, Z. Seidl, M. Vaneckova, J. Krasensky, M.G. Dwyer,

E. Havrdova, and R. Zivadinov

ABSTRACT

BACKGROUND AND PURPOSE: The relationship between lesion formation and brain atrophy development in the early phase of multiple
sclerosis is unclear. We investigated the association between new lesion accumulation and brain atrophy progression in patients with
clinically isolated syndrome over 48 months.

MATERIALS AND METHODS: Patients with clinically isolated syndrome (n � 210) were evaluated with 1.5T MR imaging at baseline and at
6, 12, 24, 36, and 48 months as part of a multicenter observational study of early administration of intramuscular interferon �-1a. Mixed-
effect model analyses, adjusted for age, sex, and treatment status, investigated the association between accumulation of contrast-
enhancing and T2 lesions and brain-volume percent changes in a 48-month period.

RESULTS: In patients with clinically isolated syndrome, the average whole-brain volume decreased 2.5%, the mean lateral ventricle volume
increased 16.9%, and a mean of 7.7 new/enlarging T2 lesions accumulated over the follow-up period. Patients with clinically isolated syndrome
who showed greater percentages of change in whole-brain, white and gray matter, cortical, and lateral ventricle volumes over the follow-up
period had more severe lesion outcomes at baseline (all P � .007). There were significant associations between decreased individual brain-volume
measures at baseline and greater percentages of change during follow-up (P � .05). We found a significant association between the total
cumulative number of new/enlarging T2 lesions and the evolution of whole-brain (P � .001), lateral ventricle (P � .007), gray matter and thalamic
(P � .013), subcortical deep gray matter (P � .015), and cortical (P � .036) volumes over the follow-up period.

CONCLUSIONS: Lesion accumulation and brain-volume changes occur simultaneously in the early phase of clinically isolated syndrome.
More severe lesion and brain-volume outcomes at baseline were associated with greater development of brain atrophy over the follow-up
period in patients with clinically isolated syndrome.

ABBREVIATIONS: CIS � clinically isolated syndrome; CE � contrast-enhancing; EDSS � Expanded Disability Status Scale; LV � lesion volume; SDGM � subcortical
deep gray matter

Multiple sclerosis is a chronic inflammatory demyelinating

disease that affects the central nervous system. Approxi-

mately 85% of patients with MS begin with the relapsing-remit-

ting form.1 This event consists of an episode of neurologic distur-

bance known as a clinically isolated syndrome (CIS). The risk of

progression to clinically definite MS is highest within the first 5

years of the initial event.

The development of brain atrophy is a well-known feature of

MS.2 The general loss of brain tissue in MS derives from focal and

diffuse damage, including loss of myelin and axons and Wallerian

neurodegeneration.3 In recent years, there has been an increased

focus on GM pathology in MS. This surge has been triggered by

new histochemical and MR imaging techniques that enable im-

proved detection of GM pathology.4 Recent studies have shown

that global and regional GM atrophy at the first clinical event in

patients with CIS is associated with conversion to clinically defi-

nite MS.5-8

GM pathology in MS has become a focal point of research
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since the discovery that GM atrophy can predict clinical outcomes

better than WM pathology.9-11 Weak-to-modest associations be-

tween the development of regional brain atrophy and changes in

lesion number and lesion volume (LV) suggest that newly de-

tected lesions, as well as progressive tissue damage in pre-existing

lesions, contribute only partially to the loss of overall brain tis-

sue.12,13 At this time, the importance of lesion formation in rela-

tion to brain atrophy development is unclear, especially at the

earliest clinical stages of MS.

Against this background, the aim of the present study was to

investigate the relationship between new/enlarging lesion forma-

tion and brain atrophy progression over 48 months in patients

with CIS who presented with their first clinical event.

MATERIALS AND METHODS
Study Population
This was an investigator-initiated, multicenter, prospective, ob-

servational clinical study in patients with CIS in which we inves-

tigated the evolution of clinical and MR imaging outcomes over

24 and 48 months.5,14-17

Inclusion criteria were age between 18 and 55 years and enroll-

ment into the study within 4 months of the first clinical event.

Criteria included diagnostic MR imaging showing �2 T2-hyper-

intense lesions, an Expanded Disability Status Scale (EDSS) score

of �3.5, and �2 oligoclonal bands in the CSF at the screening visit

before the start of treatment. Exclusion criteria were a second

relapse before the baseline examination, missing or invalid clini-

cal or MR imaging follow-up information after the baseline ex-

amination, and pregnancy. Clinical visits were performed every 3

months, and disability, as measured by the EDSS, was assessed

every 6 months. MR imaging was performed at baseline and at 6,

12, 24, 36, and 48 months.

All patients received the same treatment at baseline, which

included 30 �g of intramuscular interferon �-1a once per week.

Necessary adjustments were made in the treatment for patients

who presented with no or limited treatment effects, including the

development of 2 relapses, a 6-month sustained EDSS progres-

sion of 1 point, or other clinical reasons. Each study subject was

treated with 3–5 g of methylprednisolone after the first symptom

before study entry, and a baseline MR imaging examination was

performed at least 30 days after administration of the steroid.

During the study, relapses were treated with 3–5 g of methyl-

prednisolone.

The local ethics committees approved the study protocol, and

each study subject gave written informed consent.

MR Imaging Acquisition and Analysis
MR imaging was performed at baseline and at 6, 12, 24, 36, and 48

months with a standardized protocol using the same 1.5T MR

imaging scanner (Gyroscan; Philips Healthcare, Best, the Nether-

lands). Axial brain images were obtained by using FLAIR with a

section thickness of 1.5 mm (TR, 11,000 ms; TE, 140 ms; TI, 2600

ms; matrix size, 256 � 181; flip angle, 90°). Axial T1-weighted 3D

T1 images were acquired with a section thickness of 1 mm (TR, 25

ms; TE, 5 ms; matrix size, 256 � 204; flip angle, 30°). The FLAIR

and 3D T1 images were contiguous. In addition, each patient

underwent a postcontrast T1 spin-echo scan with a section thick-

ness of 3 mm, 5 minutes after contrast injection of a single dose of

0.1 mmol/kg of Gd-DTPA (TE, 12 ms; TR, 450 ms).

The image analysis included the cumulative number of new

and enlarging T2 lesions, defined as the overall number of new

and enlarging T2 lesions, and the cumulative number of con-

trast-enhancing (CE) lesions between all time points from

baseline to 48 months. All lesion measures were performed by

a single analyst (M.G.D.) who was blinded to the disease status

of the patients. T2 and CE LVs were calculated by applying a

semiautomated contouring-thresholding technique in Jim

software (http://www.xinapse.com).18

Baseline whole-brain, GM, WM, cortical, and lateral ventricle

volumes were calculated by using FSL Structural Imaging Evalu-

ation of Normalized Atrophy Cross-sectional (SIENA/X; http://

fsl.fmrib.ox.ac.uk/fsl/fslwiki/SIENA).19 Subcortical deep gray

matter (SDGM)— defined as the thalamus, globus pallidus, puta-

men, caudate, nucleus accumbens, hippocampus, and amygda-

la—volume was calculated by using the FMRIB Integrated Regis-

tration and Segmentation Tool (FIRST; http://fsl.fmrib.ox.ac.uk/fsl/

fslwiki/FIRST).20 All brain-volume measures were performed by a

single analyst (N.B.) who was blinded to the disease status of the

patients. Each baseline tissue volume was normalized for head size by

using a skull-constrained registration to the standard MNI 152 tem-

plate. Longitudinal percent changes in whole-brain, GM, WM, cor-

tical, and lateral ventricle volumes were obtained by using direct

methods of atrophy measurement. Briefly, whole-brain volume

changes were measured by using the SIENA technique,21 whereas

GM, WM, and lateral ventricle changes were calculated by using a

longitudinal regularization of a hidden Markov random field

model.22 Absolute and percent volume changes for the SDGM and

thalamus at each time point were calculated.

Statistical Analysis
SPSS (version 21; IBM, Armonk, NY) and Statistica (version 10;

StatSoft, Tulsa, Oklahoma) were used for all analyses. Because of

non-normal distribution of the data, as assessed by using the Kol-

mogorov–Smirnov method, T2 and CE LVs and lesion numbers

were logarithmically transformed.

Longitudinal linear mixed-effect models were used with ran-

dom intercept for patients and adjusted for age, sex, and treat-

ment status to describe temporal associations between baseline

and follow-up MR imaging measures. Separate longitudinal lin-

ear mixed-effect models with a random intercept for patients,

with interaction with time, were used to describe temporal asso-

ciations between changes in individual MR imaging measures

over the 48 months. The analyses included percent change values

for whole-brain, GM, WM, lateral ventricle, cortical, SDGM, and

thalamic volumes for each time point.

Mixed-effect model analyses investigated the association be-

tween MR imaging lesion outcomes, including the cumulative T2

and CE lesion activity, absolute T2 and CE LV changes, CE posi-

tivity (general occurrence of CE lesions during the study period),

and the evolution of MR imaging brain volumetric percentage

measures of global and tissue-specific volumes over 48 months.

The first mixed-effect model explored the association between

the number of T2 and CE lesions, T2 and CE LVs, and CE posi-

tivity at baseline as the independent predictor variables with re-
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spect to the dependent outcome variables, which were global and

tissue-specific brain-volume percent changes over the 48 months.

To minimize the potential confounding effect of baseline brain

volumes, we performed an additional confirmatory analysis ad-

justed also for baseline brain volumes.

After this analysis, we investigated the relationship between

baseline MR imaging brain volumetric measures (independent

variables) and the evolution of global and tissue-specific brain-

volume percent changes over the 48 months (dependent

variables).

Finally, we analyzed the association between lesion activity

and brain-volume changes over the whole study period by com-

paring the total cumulative T2 and CE lesion activity and absolute

T2 and CE LV changes over the 48 months with global and tissue-

specific brain-volume percent changes over the same time period.

To minimize the potential effect of baseline brain volume and LV,

we performed an additional confirmatory analysis adjusted also

for baseline brain volume and LV.

The results of the mixed-effect model analyses are presented

for the whole study population. The Benjamini–Hochberg cor-

rection was used to minimize the false-discovery rate, and P values

of �.05 are considered significant.23

RESULTS
Demographic, Clinical, and MR Imaging Characteristics
Overall, 210 patients with CIS underwent clinical and MR imag-

ing assessments and were included in the analysis over the 48

months of this study. Demographic, clinical, and MR imaging

global and tissue-specific volumes and lesion characteristics over

the 48 months are shown in Table 1. The mean age at onset was

28.7 years, and the median baseline EDSS score was 1.5. An aver-

age total of 7.7 new T2 lesions were accumulated over 48 months.

Global and tissue-specific brain-volume percent changes showed

average decreases of 2.5% in whole-brain, 2.8% in cortical, and

4.6% in thalamic volumes and an average increase of 16.9% in

lateral ventricle volumes.

Mixed-Effect Model Analysis Using Baseline Lesion
Measures as Independent Outcome Variables and Brain-
Volume Evolution Measures as Dependent Outcome
Variables
Table 2 shows the relationship between baseline lesion measures

and the evolution of brain-volume percent changes over the 48

months. Patients with CIS who showed greater percent changes in

whole-brain, WM, GM, cortical, and lateral ventricle volumes

over the 48 months had a greater lesion activity at baseline (all P �

.007). The percent change in thalamic volume over the 48 months

was associated with greater baseline T2 LV and lesion number

(P � .001) and baseline CE lesion number (P � .018), whereas the

percent change in SDGM volume was associated only with greater

baseline CE lesion number (P � .029).

Patients with CIS with the highest number of CE lesions at base-

line progressed the most in whole-brain, cortical, and lateral ventricle

volume changes over the 48 months (all P � .0001) (Fig 1). The

association was somewhat less pronounced for thalamic volume

(P � .018).

Similarly, patients with CIS with the highest number of T2

lesions at baseline progressed the most in cortical, thalamic,

and lateral ventricle volume changes (all P � .0001), and there

was also an association with the whole-brain volume progres-

sion (P � .01) (Fig 2).

The effects of baseline T2 and CE lesion numbers and T2 LV

on whole-brain, WM, GM, cortical, and lateral ventricle volume

changes persisted (all P � .008) even when adjusting the analyses

for baseline brain volumes. In this confirmatory analysis, the per-

cent change in thalamic volume over the 48 months was associ-

ated with greater baseline T2 LV and lesion number (P � .001)

and baseline CE lesion number (P � .004), whereas the percent

Table 1: Demographic, clinical, and MRI lesion and brain
volumetric measures in patients with CIS over a 48-month period
(n � 210)a

Measure Patient Data
No. (%) female 139 (66)
Age at onset, y 28.7 � 7.9
Time to baseline, days 81.9 � 23.7
EDSS at baselineb 1.7 � 0.7; 1.5 (0.0–3.5)
EDSS at 48 mob 1.8 � 0.9; 1.5 (0.0–6.5)
Cumulative no. of

Total new T2 lesions 7.7 � 14.4; 3.0
New T2 lesions 5.8 � 10.7; 2.0
Newly enlarging T2 lesions 1.9 � 4.6; 0.0

Cumulative no. of new CE lesions 1.5 � 6.1; 0.0
T2 lesion volume absolute change, mL �0.08 � 3.6; �0.1
CE lesion volume absolute change, mL �0.07 � 0.3; 0.0
WB volume, % change �2.5 � 2.1; �2.0
GM volume, % change �2.3 � 2.3; �2.0
WM volume, % change �1.7 � 2.1; �1.4
Cortical volume, % change �2.8 � 2.2; �2.6
Lateral ventricle volume, % change 16.9 � 14.2; 14.3
Total normalized SDGM volume,

% change
�3.6 � 3.6; �3.1

Thalamic volume, % change �4.6 � 4.2; �4.0

Note:—WB indicates whole brain.
a Unless otherwise indicated, all data are reported as mean � standard deviation;
median.
b Data in parentheses are ranges.

Table 2: Relationship between MRI lesions at baseline and evolution of MRI brain volumetric measures in patients with CIS over a
48-month perioda

MRI Lesions at Baseline

MRI Brain Volume % Changes Over 48 mo

WB WM GM Cortical Lateral Ventricle SDGM Thalamus
T2 LV 0.001b .001b �.001b .004b �.001b .133 �.001b

T2 LN .010b .001b �.001b �.001b �.001b .243 �.001b

CE positivity �.001b .007b .004b .002b �.001b .292 .517
CE LN �.001b �.001b �.001b �.001b �.001b .029b .018b

CE LV �.001b .001b �.001b �.001b �.001b .101 .234

Note:—WB indicates whole brain; LN, lesion number.
a All data are reported as P values corrected by the Benjamini–Hochberg procedure. Associations between MRI measures were tested by using mixed-model analysis.
b P � .05.
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change in SDGM volume was associated with greater baseline T2

LV (P � .01) and baseline CE lesion number (P � .013).

Mixed-Effect Model Analysis Using Baseline Brain
Volumetric Measures as Independent Outcome Variables
and Brain-Volume Evolution Measures as Dependent
Outcome Variables
Table 3 shows the relationship between normalized baseline

brain-volume measures and associations with their percent

changes over 48 months. There were significant associations be-

tween decreased individual brain-volume measures at baseline

and their greater percent changes over the follow-up period (P �

.05). Of all the explored brain-volume measures, only greater en-

largement of lateral ventricles showed a consistent association

with a decrease in most of the brain-volume measures at baseline

(P � .013).

Mixed-Effect Model Analysis Using Evolution of Lesion
Measures as Independent Outcome Variables and Brain-
Volume Measures as Dependent Outcome Variables
We performed a mixed-effect model analysis to evaluate the asso-

ciations between longitudinal changes of lesion variables with re-

spect to brain-volume percent changes over 48 months. The re-

sults revealed a significant association between the total

cumulative number of new/enlarging T2 lesions and the evolu-

tion of whole-brain (P � .001), lateral ventricle (P � .007), GM

and thalamic (P � .013), SDGM (P � .015), and cortical (P �

.036) volumes (Table 4 and On-line Fig 1). No significant differ-

ences were found between absolute changes in T2 LV (On-line Fig

2), cumulative CE lesion number, or absolute CE LV changes and

the evolution of global and tissue-specific brain-volume measures

over the 48 months.

The relationship between total cumulative number of new/

enlarging T2 lesions and whole-brain, GM, cortical, lateral

ventricle, subcortical deep GM, and thalamic volume changes

persisted (all P � .016), even when adjusting analyses for the

baseline brain volume and LV. In this confirmatory analysis,

no significant differences were found between absolute

changes in T2 LV and the evolution of global and tissue-spe-

cific brain-volume measures over the 48 months.

DISCUSSION
In this prospective, longitudinal, observational study of high-

risk patients with CIS for development of clinically definite MS

treated with interferon �-1a,5,14-17 we investigated the associ-

ation of brain-volume changes in relation to the formation of

new T2 and CE lesions and their volumes over the 48-month

study period.

Using mixed-effect model analysis in which global and tis-

sue-specific volumes changes were used as dependent outcome

variables and MR imaging lesions at baseline as independent

predictors, the progression of brain-volume measures was sig-

nificantly associated with higher CE and T2 lesion numbers,

FIG 1. Mixed-effect model analysis of global and tissue-specific brain-volume percent changes over 48 months (dependent variables) and
number of CE lesions at baseline (independent variable). For better visualization, the CE lesions were categorized into different baseline number
groups, including 0, 1, 2–3, and �3 lesions. The Benjamini–Hochberg method was used to minimize the false-discovery rate, and P values of �.05
were considered significant.23
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CE and T2 LVs, and CE positivity. The impact of baseline

lesion number and LV on global and tissue-specific brain-vol-

ume changes persisted, even when adjusting the analyses for

baseline brain volumes. These findings suggest that more se-

vere lesion outcomes at baseline are associated with greater

development of brain atrophy over the follow-up period in

patients with CIS. A possible explanation for these findings is

that diffuse inflammation in the WM and GM is responsible

FIG 2. Mixed-effect model analysis of global and tissue-specific brain-volume percent changes over 48 months (dependent variables) and
number of T2 lesions at baseline. For better visualization, the T2 lesions were categorized into different baseline number groups, including 1–5,
6 –9, 10 –15, and �15 lesions. The Benjamini–Hochberg method was used to minimize the false-discovery rate, and P values of �.05 are
considered significant.23

Table 3: Relationship between MRI brain volumetric measures at baseline and evolution of changes over a 48-month period in patients
with CISa

MRI Brain Volumetric
Measures at Baseline

MRI Brain Volume % Changes Over 48 mo

WB WM GM Cortical Lateral Ventricle SDGM Thalamus
Normalized WB volume .712 .004b .426 .299 �.001b .182 .174
Normalized WM volume .591 �.001b .711 .904 .001b .588 .254
Normalized GM volume .881 .794 .049b .075 .004b .069 .248
Normalized cortical volume .847 .774 .075 .040b .007b .192 .343
Normalized lateral ventricle volume .066 .156 .935 .587 .013b .342 .769
Total normalized SDGM volume .032b .710 .177 .291 .394 .042b .457
Normalized thalamic volume .115 .578 .243 .291 .343 .038b �.001b

Note:—WB indicates whole brain.
a All data are reported as P values corrected by the Benjamini-Hochberg procedure. Associations between MRI measures were tested by using mixed-model analysis.
b P � .05.

Table 4: Relationship between evolution of MRI lesion and brain volumetric measures over a 48-month perioda

Longitudinal MRI
Lesion Measures

MRI Brain Volume % Changes Over 48 mo

WB WM GM Cortical Lateral Ventricle SDGM Thalamus
Total cumulative T2 LN �.001b .517 .013b .036b .007b .015b .013b

T2 LV absolute change .115 .444 .234 .456 .861 .717 .659
Total cumulative CE LN .394 .182 .489 .795 .341 .193 .489
CE LV absolute change .360 .936 .399 .802 .160 .769 .843

Note:—WB indicates whole brain; LN, lesion number.
a All data are reported as P values corrected by the Benjamini-Hochberg procedure. Associations between MRI measures were tested by using mixed-model analysis with
interaction with time.
b P � .05.
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for accelerated tissue loss that occurs from the earliest disease

stages.9,11,13,24

Exploring the relationship between accumulation of new/en-

larging CE and T2 lesions and global and tissue-specific volumet-

ric changes over 48 months, we found a significant association

between the total cumulative number of new/enlarging T2 lesions

and the evolution of whole-brain, lateral ventricle, GM, thalamic,

SDGM, and cortical volumes. The relationship between lesion

accumulation and brain-volume changes over 48 months per-

sisted, even when adjusting the analyses for baseline brain volume

and LV. These results suggest that lesion accumulation and brain-

volume changes occur simultaneously in the early phase of the

disease. Other studies showed an additional correlation between

T2 LV and brain-volume changes during early treatment

phases.25 In our study, however, absolute change of T2 LV was not

associated with the progression of brain atrophy measures over

the follow-up period, but this finding has to be interpreted with

caution, given that over the 48 months of our study, the T2 LV

remained stable. Overall, these results suggest that measurement

of cumulative accumulation of new/enlarging T2 lesions may be a

more sensitive marker of disease activity in patients with CIS than

the accumulation of T2 LV.

While the CE lesion number and LV at baseline showed sig-

nificant associations with the evolution of brain-volume changes

over the 48 months, no significant associations between cumula-

tive CE lesions or CE LV absolute changes and the evolution of

brain-volume measures over the follow-up period were found in

this study. The impact of acute inflammation on the evolution of

brain-volume changes remains unclear at this time.26-30 The tran-

sient nature of CE lesions can be better captured by using frequent

serial scanning, which may not be feasible in long-term stud-

ies.26,27 The findings from this study support the notion that brain

atrophy and active inflammation may occur simultaneously, and

that monitoring the accumulation of new/enlarging T2 lesions

can better reflect this relationship than monitoring CE lesions.

Patients with CIS who presented with lower individual brain-

volume measures at baseline showed greater percent changes over

the follow-up period. This is an interesting result, because it suggests

that, along with the predictive value of baseline lesion burden, the

baseline brain volume is also a reliable predictor of future brain-

volume changes and therefore of disease progression.31 Lower base-

line brain volumes found in this study can reflect more aggressive

disease ongoing even before the first clinical manifestation.32

The results from this study indicate that the association between

accumulation of new/enlarging T2 lesions and development of

whole-brain atrophy and enlargement of lateral ventricles was stron-

ger than the association with the GM volume measures. The close

association between lateral ventricular enlargement and accumula-

tion of T2 lesions in patients with CIS was previously reported.33

Other mechanisms at work, including an effect of altered CSF flow

pulsatility, may be considered when interpreting these findings.34

There is evidence that approximately 40% of patients with CIS

have cortical lesions according to histopathologic examination.35

They occur early in patients with CIS and increase in number and

size over time.36 These lesions are characterized pathologically by

demyelination and microglial activation.37,38 Therefore, com-

pared with WM lesions, inflammation is not as prominent and

breakdown of the blood-brain barrier occurs less frequently with

GM lesions.38 Assessment of cortical atrophy was proposed as an

indirect marker of cortical pathologic assessment over time.4 The

use of advanced MR imaging sequences, such as double inversion

recovery,39 can enhance the detection of the number and volume

of cortical lesions. We did not apply this sequence; therefore, a

somewhat weaker association between accumulation of T2 lesions

and the evolution of cortical volume changes in the current study

should be interpreted in light of the technical limitations of the

MR imaging study protocol.

A strength of this study is the use of a mixed-effect model, which

provides the ability to assess the interaction of 2 variables at multiple

time points while including covariates. However, there are also sev-

eral limitations to the present study. It is well known that high-dose

intravenous corticosteroid,40 interferon �,41 or natalizumab42 treat-

ment leads to a temporary reduction in brain volume, mainly from

WM volume loss,42 a phenomenon described as pseudoatrophy.43

Because all the patients in this study were treated with interferon

�-1a, the rate of brain-volume changes could have been influenced

by the anti-inflammatory effect of the drug over the first 6 months of

the study period. However, it is less likely that these medications

would have impacted significantly on brain-volume changes over the

48 months in the present study. In addition, MR imaging scans were

performed at least 30 days after high-dose intravenous corticosteroid

administration.

Even though this was a longitudinal serial MR imaging study, it is

difficult to establish causality between lesion formation and atrophy

progression without using more sophisticated microstructural imag-

ing methods or histopathology; therefore, only inferences about an

association are presented. Another approach for determining causes

and effects would be to investigate pathologic processes in specific

regions, and experimental animal model studies may be more suited

for investigation of this relationship. More frequent MR imaging

could also provide greater ability to investigate the relationship be-

tween lesion accumulation and brain atrophy progression at the ear-

liest clinical stages of MS.

CONCLUSIONS
We have demonstrated the utility of longitudinal mixed-effect

model analysis approaches in the study of patients with CIS, and

we have shown that lesion accumulation and brain-volume

changes occur simultaneously in the early phase of the disease.

More severe LV and lower brain volume at baseline are associated

with greater development of brain atrophy over the follow-up

period in patients with CIS.
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ORIGINAL RESEARCH
ADULT BRAIN

Improving Multiple Sclerosis Plaque Detection Using a
Semiautomated Assistive Approach

J. van Heerden, D. Rawlinson, A.M. Zhang, X R. Chakravorty, M.A. Tacey, P.M. Desmond, and F. Gaillard

ABSTRACT

BACKGROUND AND PURPOSE: Treating MS with disease-modifying drugs relies on accurate MR imaging follow-up to determine the
treatment effect. We aimed to develop and validate a semiautomated software platform to facilitate detection of new lesions and
improved lesions.

MATERIALS AND METHODS: We developed VisTarsier to assist manual comparison of volumetric FLAIR sequences by using interstudy
registration, resectioning, and color-map overlays that highlight new lesions and improved lesions. Using the software, 2 neuroradiologists
retrospectively assessed MR imaging MS comparison study pairs acquired between 2009 and 2011 (161 comparison study pairs met the study
inclusion criteria). Lesion detection and reading times were recorded. We tested inter- and intraobserver agreement and comparison with
original clinical reports. Feedback was obtained from referring neurologists to assess the potential clinical impact.

RESULTS: More comparison study pairs with new lesions (reader 1, n � 60; reader 2, n � 62) and improved lesions (reader 1, n � 28; reader
2, n � 39) were recorded by using the software compared with original radiology reports (new lesions, n � 20; improved lesions, n � 5); the
difference reached statistical significance (P � .001). Interobserver lesion number agreement was substantial (�1 new lesion: � � 0.87; 95%
CI, 0.79 – 0.95; �1 improved lesion: � � 0.72; 95% CI, 0.59 – 0.85), and overall interobserver lesion number correlation was good (Spearman
�: new lesion � 0.910, improved lesion � 0.774). Intraobserver agreement was very good (new lesion: � � 1.0, improved lesion: � � 0.94;
95% CI, 0.82–1.00). Mean reporting times were �3 minutes. Neurologists indicated retrospective management alterations in 79% of
comparative study pairs with newly detected lesion changes.

CONCLUSIONS: Using software that highlights changes between study pairs can improve lesion detection. Neurologist feedback indi-
cated a likely impact on management.

ABBREVIATIONS: CSP � comparative study pairs; CSSC � conventional side-by-side comparison; IL � improved lesion; NL � new lesion; VTS � VisTarsier
software

Multiple sclerosis affects approximately 2 million people

worldwide, predominantly young adults.1 During the past

decade, a number of novel disease-modifying drugs have emerged

that are effective during the early phases of the disease; reducing

the frequency of relapses, potentially halting disease progression,

and even reversing early neurologic deficits.2 This choice in ther-

apeutic options allows treating neurologists to alter management

strategies when progression is detected.2

Because most demyelinating events are asymptomatic, MR

imaging has been the primary biomarker for disease progression,

and both physical disability and cognitive function have been

shown to have a nonplateauing association with white matter de-

myelinating lesion burden, as seen on FLAIR and T2-weighted

sequences.2-6

Recent advances in imaging, including 3T 3D volumetric T2

FLAIR sequences, allow better resolution of small demyelinating

lesions, resulting in better clinicoradiologic correlation.7,8 De-

spite advances in imaging techniques, conventional side-by-side

comparison (CSSC) is often subject to a reader’s expertise.9 The

sensitivity of detecting new lesions is also likely to be reduced

when the section number is increased and scan planes are un-
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matched; however, to our knowledge, this reduction has not yet

been investigated. In an attempt to facilitate accurate lesion-load

and lesion-volume detection, much research has been devoted to

fully automated computational approaches with unsatisfactory

results. Robust lesion segmentation has been identified as a criti-

cal obstacle to widespread clinical adoption for several reasons:

difficulties specific to MS, problems inherent to segmentation,

and data variability.10

A review of fully automated MS segmentation techniques con-

cluded that basic data-driven methods are inherently inaccurate;

supervised learning methods (such as artificial neural networks)

require costly and extensive training on representative data; de-

formable models are better; and statistical models are most prom-

ising, though these also require training on representative data.3

An alternative to total automation is to assist manual report-

ing with partial automation. A few semiautomated lesion-sub-

traction strategies have been used in the research setting on small

patient populations with good lesion detection and interreader

correlation.11,12

Semiautomation without segmentation is inherently easier,

more robust, and less affected by data variability because the le-

sion count is judged manually. The software can present a number

of false-positives without a negative impact on accuracy.

Our aim was to design a nonsegmentation semiautomated assis-

tive software platform that can be integrated into vendor-agnostic

PACS and validated by application to a large number of existing

routine clinical scans in patients with an established diagnosis of mul-

tiples sclerosis. The approach is to merely draw the attention of the

radiologist to potentially new or improved lesions rather than auto-

mate the entire process, thus preserving the expertise of neuroradi-

ologists in determining whether a finding is real.

Our hypothesis was that CSSCs of volumetric FLAIR studies in

patients with MS were prone to false-negative errors in the per-

ception of both new and improved lesions and that more lesions

would be identified by using the assistive software with improved

inter- and intrareader reliability. Secondly, we hypothesized that

presenting this information to clinicians would likely have

changed patient management.

MATERIALS AND METHODS
Software Development
Detecting lesion change in studies obtained at 2 time points, “old”

and “new,” requires numerous steps including the following: 1)

brain-surface extraction and masking (to remove skull and soft

tissues of the head and neck), 2) coregistration and resectioning

(to accurately align the 2 scans in all axes), 3) normalization of the

FLAIR signal intensity (to remove global signal differences), and

4) calculating the difference in signal intensity between the old

and new study at each point (to identify new T2 bright plaques

and previously abnormal areas that have regained normal white

matter signal). Changes between scans were presented as a color

map superimposed on conventional FLAIR sequences (Fig 1).

This was accomplished by bespoke code (given the trademark

VisTarsier, henceforth VTS or “the software”) with the inclusion

of a number of open-source components (Fig 2).

Step 1: Brain surface was identified by conforming a reference

model (by using BrainSuite from the University of Southern Cal-

ifornia, http://brainsuite.org/)13 to the FLAIR images. This brain

surface was then used to mask out the skull and extracranial soft

tissues.

Step 2: The “new” study was coregistered with the “old” study

by performing a 6 df (axis of movement) rigid-body transforma-

tion, recovered by using mutual information as the distance met-

ric.14 Both the resulting transformation and the brain surface

mask were stored in a separate PACS data base (by using

DCM4CHE, http://sourceforge.net/projects/dcm4che/).15 Both

the old and new volumetric FLAIR datasets were resectioned into

orthogonal axial, sagittal, and coronal planes, allowing exact com-

parison of any individual pixel regardless of the orientations at

which the original scans were obtained. Trilinear interpolation

(by using the ImageJ library; National Institutes of Health,

Bethesda, Maryland)16 was used to preserve image quality and

minimize artifacts during these transformations.

Step 3: Image signal intensity was normalized by using histo-

gram equalization to eliminate global differences.

Step 4: Using the now masked, coregistered, and normalized

volumetric new and old FLAIR sequences, we computed a volu-

metric image containing signed pixel differences. We used both

color and transparency to encode the changes between the 2 stud-

ies, transparency to encode the magnitude of change, and color to

indicate the type of change, with red indicating new lesions (NLs)

and green indicating improved lesions (ILs).

The resultant images were then viewed in a bespoke DICOM

viewer, with the reader able to view all 3 planes for both old and new

studies, and each point could be correlated in all view panes (Fig 1).

The total processing time for steps 1–4 is approximately 1 minute on

a typical desktop computer (1.6 GHz), including data retrieval and

storage time. Rendering of the 3D and 2D perspectives requires ap-

proximately 10 ms per viewpoint, allowing rapid scrolling through

the data. Most rendering time consists of trilinear interpolation.

Validation
Institutional ethics approval was obtained for this study. The hos-

pital PACS was queried for MR imaging brain demyelination-

protocol studies performed on a single 3T magnet (Tim Trio,

12-channel head coil; Siemens, Erlangen, German) between 2009

and 2011 inclusive, for patients who had �2 studies during that

period, yielding 367 studies. Eligibility criteria were the following:

consecutive studies in patients with a confirmed diagnosis of mul-

tiple sclerosis (based on information provided on requisition

forms) and availability of a diagnostic-quality MR imaging volu-

metric FLAIR sequence (FOV � 250, 160 sections, section thick-

ness � 0.98 mm, matrix �258 � 258, TR � 5000 ms, TE � 350

ms, TI � 1800 ms, 72 sel inversion recovery magnetic prepara-

tion). One hundred sixty-six comparison pairs (332 studies) met

the above inclusion criteria. Of these, 5 comparative study pairs

(CSP) had to be excluded due to a lack of exact lesion quantifica-

tion in the issued radiology reports. A final total of 161 CSP (me-

dian time between scans, 343 � 174 days) of 153 individual

patients (women � 116, men � 37; median age, 41.5 �10.2 years)

with accompanying reports were thus included in the study.

MR imaging–trained radiologists at our institution reported

all studies. Of the 161 CSP, 43 had initial clinical reports by 1 of

the authors (reader 1).
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To assess interobserver characteris-

tics and validate the detection ability of

the software, 2 fellowship-trained neu-

roradiologists (readers 1 and 2) with 6

and 3 years’ clinical experience, respec-

tively, retrospectively assessed all CSP by

using the software. The readers were

blinded to each other’s findings and to

the existing radiology reports (median

time between clinical report being is-

sued and assessment with the software

was 449 � 159.7 days). The time re-

quired to read a study by using the soft-

ware was assessed in real-time, by using

a digital stopwatch.

The CSP initially clinically read by

reader 1 were reread using the PACS a

second time, 12 months later, to assess

intraobserver characteristics. These

same CSP were also again read by reader

1 three months later, still using the soft-

ware, with all images left-right reversed

to reduce the risk of recalling individual

FIG 1. Annotated capture of the software reporting screen. A, Axial FLAIR with superimposed change map shows the new occipital white
matter lesion in orange. Coregistered and resectioned FLAIR sequences comparing axial of new study (B) with axial of old study (C); and
sagittal of new study (E) with sagittal old study (F)—thus confirming that the lesion is real and consistent with a new demyelinating plaque.
D, Each lesion is marked with 3D coordinates.

FIG 2. Preprocessing for change-detection on receipt of a new study. A pair of old and new
studies are required, each containing a volumetric series used for change detection. In our case,
this series uses the FLAIR protocol. Due to significant deformation in soft tissues outside the
cranium, it is preferable to register the studies by using only the brain tissue. To this end, a
brain-surface extraction tool (BrainSuite from the University of Southern California)13 is fitted (1)
and then used to mask the brain in the new study (2). Next, the equivalent series in the old study
is retrieved and coregistered to the new study (3) by using the Mutual Information algorithm. The
recovered transformation is stored in the PACS data base. Note that it is only necessary to mask
the new study during registration and that rigid registration yielded sufficient accuracy after
exclusion of the masked areas. DOF indicates degrees of freedom.
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lesions. The time taken to reread the studies by reader 1 was also

recorded in real-time by using a digital stopwatch.

Lesion Assessment
NLs were defined as those with new focal regions of increased T2

FLAIR signal in previously normal white matter. Due to the time

interval between studies, no concentrically enlarging (worsening)

plaques were identified.

ILs were defined as those with either concentric reduction in

lesion size or global reduction in abnormal T2 FLAIR signal.

When using the software to assess NLs, the reader scrolled

through axial colored change maps, with areas of increased FLAIR

signal highlighted in red. Each time a candidate lesion was iden-

tified, the area was correlated to coregistered resectioned but oth-

erwise conventional source FLAIR images in all 3 orthogonal

planes of both new and old studies. The reader assessed the lesion

as one would during conventional reporting (without the aid of

any assistive software), judging whether the lesion represented a

new demyelinating lesion, other pathology, or artifact. When the

reader was satisfied that the lesion was indeed a true finding and

represented a new demyelinating plaque, it was marked with 3D

Cartesian coordinates.

This process was repeated for all lesions and was similarly re-

peated when examining the decreased FLAIR signal maps to iden-

tify ILs (highlighted in green).

When subsequently analyzing these marked lesions, the re-

corded coordinates for each read were automatically compared to

ensure that the same lesions were being identified. Lesions with

coordinates �2 mm apart were considered as 1 lesion. For lesions

with coordinates �2 mm apart, both readers performed manual

review of each lesion to determine whether both coordinates be-

longed to 1 large lesion marked in different locations or to 2 sep-

arately detected but adjacent lesions.

Statistical Analysis
The Cohen � interrater reliability was used to measure and com-

pare the agreement between the 2 readers and between the readers

and the originally issued radiology reports. The Spearman corre-

lation coefficient was also used to assess interreader correlation of

overall lesion load. Three sets of binary subgroups were consid-

ered (�1 lesion, �2 lesions, and �3 lesions) when assessing in-

terreader � agreement. Univariate �2

and 2-group proportion analyses were

conducted to compare the number of

new or improved lesions identified by

the clinical report and by the readers

when using the assistive software. The

time taken to complete the assessment

was recorded for each reader and reported as averages. The

Mann-Whitney rank sum test was used to compare the time

taken to read the scan data when using the side-by-side com-

parison with that when using the software. For all statistical

tests, a 2-sided � value of .05 was used to indicate significance.

Data were analyzed with STATA (Version 12.1; StataCorp,

College Station, Texas).

Potential Clinical Impact
Questionnaires were sent to the referring neurologists concerning

CSP if there was a change in lesion load when comparing the

originally issued radiology report and the report of the readers

using the software. Neurologists were asked to indicate whether

their management strategies would have been changed retrospec-

tively in regard to medication regimens, clinical follow-up inter-

val, or MR imaging follow-up interval.

RESULTS
Using the software, readers were able to detect changes in a greater

proportion of CSP than had been detected with conventional as-

sessment for both NL (reader 1, 37%; reader 2, 39%; CSSC, 12%)

and IL (reader 1, 17%; reader 2, 24%; CSSC, 3%). In both in-

stances, statistical significance was reached (NL, P � .001; IL, P �

.001) (Table 1). Lesions were located widely throughout the brain

(On-line Fig 1).

To substratify the comparison pairs with NL and IL, we con-

sidered 3 sets of dichotomized subgroups (CSP with �1 lesion,

�2 lesions, and �3 lesions). For CSP with detected NL and IL, �

statistics indicating substantial interreader agreement were ob-

served (Table 2). These � values were reduced slightly due to

reader 2 identifying slightly higher numbers of both NLs and ILs

in each subgroup, resulting from an interreader difference in the

interpretation of lobulated lesions as either 2 confluent lesions or

1 irregular lesion. The Spearman correlation coefficient demon-

strated good overall interreader correlation (Spearman �: NL �

0.910, IL � 0.774).

Comparing the subgroups of both NL and IL, readers detected

a higher number of CSP with a changed lesion load compared to

the original radiology reports (Fig 3A, -B), despite a wide varia-

tion of total background lesion load (On-line Fig 2).

Three false-negatives occurred by using the software; 2 NLs

and 1 IL were described in 3 respective radiology reports, not

detected by the readers.

Assessment of lesion location accuracy was calculated by using

the total agreed base lesion load (defined as the lowest number of

NLs or ILs that both readers agreed on per CSP) and showed good

interreader location accuracy (NL location accuracy � 94%, 313/

333; IL location accuracy � 96%, 70/73).

Despite identifying more NLs and ILs in a greater proportion

of CSP when using the software, intraobserver agreement between

Table 1: Demonstrating the number of study pairs showing a change in lesion load as
identified using conventional side-by-side comparison and the software

Change in Lesion Load
Issued Radiology

Report Reader 1 Reader 2
Study pairs with new lesions (No.) 20 60 (P � .001) 62 (P � .001)
Study pairs with improved lesions (No.) 5 28 (P � .001) 39 (P � .001)

Table 2: Interreader agreement demonstrated with binary
groupings of new and improved lesions when using the software

Change in Lesion Load,
Binary Grouping � 95% CI

New lesions (0, 1�) 0.87 0.79–0.95
New lesions (0–1, 2�) 0.81 0.71–0.91
New lesions (0–2, 3�) 0.96 0.90–1.00
Improved lesions (0, 1�) 0.72 0.59–0.85
Improved lesions (0–1, 2�) 0.79 0.64–0.94
Improved lesions (0–2, 3�) 0.70 0.49–0.91
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the first and second read of the “reader 1 subgroup” applying the

software was very good and better than that with CSSC, though

this did not reach statistical significance with the sample size lim-

ited to 43 CSP (Table 3 and On-line Table 1).

Mean reporting times per CSP were �3 minutes (reader 1 � 2

minutes 15 seconds � 1 minute 5 seconds and reader 2 � 2 min-

utes 45 seconds � 1 minute 44 seconds), and there was an overall

reduction in study reading times as the readers became more fa-

miliar with the software (mean read time of the first 25 studies:

reader 1 � 3 minutes 9 seconds, reader 2 � 4 minutes 30 seconds

versus a mean read time of the last 25

studies: reader 1 � 1 minute 36 seconds,

reader 2 � 1 minute 49 seconds).
When we compared VTS with

CSSC, there was a significant differ-
ence in read times (median interquar-
tile range): VTS � 1 minute 58 sec-
onds (range, 1 minute 37 seconds to 2
minutes 52 seconds) compared with
CSSC � 3 minutes 41 seconds (range,
51 seconds to 4 minutes 12 seconds;
P � .001).

Feedback forms were drafted for the
60 CSP that showed interval lesion load
change when comparing the originally
issued radiology reports and the lesion
load detected by using VTS. A total of
47/60 completed feedback forms were
returned (respondent rate of 78%). In
79% (37/47) of cases, neurologists re-
ported that they would have been likely
to change management strategies if the
altered lesion load had been known at
the time, prompting a change in either
MR imaging follow-up interval, clinical
follow-up interval, or therapeutic man-
agement (On-line Table 2).

DISCUSSION
Management strategy considerations for

MS are based on clinical, biochemical,

and imaging findings and are aimed at

treating acute attacks, preventing re-

lapses and progression, managing symp-

toms, and rehabilitation.2,17

In recent years, a number of new

agents have become available, targeting

various multiple sclerosis disease path-

ways.1,2 MR imaging plays an important

role in detecting not only the total de-

myelinating lesion load but also, possi-

bly more important, interval change in

the number of demyelinating lesions, re-

flecting disease activity and potentially

resulting in changes to treatment.2

Conventional comparative image as-

sessment is subjective, dependent on the

skill and consistency of the reviewer.9 To

facilitate time-efficient, reproducible, and accurate lesion-load

detection, many algorithms have been proposed for fully auto-

mated computer-assistive solutions.3,18 These methods use dif-

ferent principles, including intensity-gradient features,19 inten-

sity thresholding,20 intensity-histogram modeling of expected

tissue classes,21-23 fuzzy connectedness,24 identification of nearest

neighbors in a feature space,25,26 or a combination of these. Meth-

ods such as Bayesian inference, expectation maximization, sup-

port-vector machines, k-nearest neighbor majority voting, and

artificial neural networks are algorithmic approaches used to op-

FIG 3. A, Comparative graphic representation of the number of study pairs with new lesions
detected by both readers when using the software compared to the issued radiology report. B,
Comparing the number of study pairs improved with demyelinating lesions detected by both
readers when using the newly developed assistive software to the issued radiology report.

Table 3: Intrareader agreement demonstrated with binary groupings of new and improved
lesions using both conventional side-by-side comparison and the softwarea

New Lesions (�)
(95% CI)

Improved Lesions (�)
(95% CI)

One or more lesions
VTS 1st vs VTS 2nd read 1.000 0.937 (0.815–1.000)
CSSC 1st vs CSSC 2nd read 0.941 (0.826–1.000) 0.462 (0.039–0.886)

Two or more lesions
VTS 1st vs VTS 2nd read 1.000 0.731 (0.448–1.000)
CSSC 1st vs CSSC 2nd read 0.846 (0.640–1.000) 0.482 (�0.118–1.000)

Three or more lesions
VTS 1st vs VTS 2nd read 1.000 0.774 (0.472–1.000)
CSSC 1st vs CSSC 2nd read 0.724 (0.361–1.000) 0.482 (�0.118–1.000)

a Correlations demonstrated substantial intrareader agreement. The software generally outperformed conventional
side-by-side comparison without, however, reaching statistical significance.
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timize segmentation.18 All of these approaches tend to show

promising results; however, the results are usually on small sam-

ples, often nonreproducible and unreliable, and have not entered

into routine clinical use.18

In smaller study populations, semiautomated assistive ap-

proaches have been investigated with promising results by using

both MR imaging subtraction techniques and coregistered com-

parative volumetric FLAIR color-map overlays.11,12

Our semiautomated radiology assistive platform is computa-

tionally fast and robust, successfully processing all 322 included

studies. The software allows color maps superimposed on ana-

tomic FLAIR sequences and direct comparison between old and

new studies in exactly aligned axes as well as accurate localization

of any given point in all 3 planes.

In our study population, the largest reported of its kind

(161 CSP; 322 individual studies), a statistically significant

number of increased CSP with NLs and ILs were detected when

using the assistive software compared with the originally is-

sued MR imaging reports generated with CSSC. On the basis of

responses by referring neurologists, at least 79% of CSP with

changes in detected lesion loads (VTS versus CSSC) were likely

to have undergone a change in management if the altered le-

sion load had been appreciated at the time. This represents

22% (37/161) of the whole cohort; studies reported as “stable”

that actually had sufficient change in disease burden to poten-

tially alter management.

In addition to detecting NLs, our approach demonstrates a

statistically significant improvement in detecting ILs. There is,

however, a larger disparity between readers when assessing ILs.

After we reviewed the discrepant lesions, this does not appear to

stem from software failure but from intrinsic heterogeneity in

lesions that appear to be reducing in size or signal intensity. Some

lesions demonstrated an unequivocal concentric reduction in

size. Many lesions, however, demonstrated diffuse or ill-defined

signal normalization. It was these lesions that resulted in most

interreader discordance. This difficulty in clearly defining the na-

ture of improving demyelinating lesions is echoed in studies cor-

relating the MR imaging appearances of demyelinating lesions

with lesion pathology, highlighting the heterogeneity that also

exists in radiologic-pathologic correlation.27 Although the signif-

icance of new demyelinating lesions on MR imaging has been well

established in the literature,1,2,4-7 the clinical significance of “im-

proved” demyelinating lesions is less clear.

Limitations
Our study has a number of limitations. One is the single-scanner/

single-sequence nature of the dataset. The software platform has

been designed to be vendor-agnostic and should be able to accept

any volumetric FLAIR sequence; however, this has not yet been

tested, and likely, performance will vary depending on the quality

of the source data. Indeed, vascular flow-induced artifacts

through the anterior pons and inferior temporal lobes seen in our

FLAIR sequence resulted in some difficulty in interpreting signal

change in these regions, and improved sequence design may allow

even greater lesion detection. Additionally, there is likely to be

decreased performance if the 2 volumetric FLAIR sequences com-

pared are from different MR imaging scanners or differ in their

specifications, though again transformation, coregistration, and

normalization are not dependent on identical sequences. Al-

though not tested in this study, other volumetric sequences such

as double inversion recovery should fulfill the criteria to be used

with the software.

Other limitations of our study include the inability to com-

ment on interobserver agreement on the original radiology re-

ports because these were single-read by various MR imaging–

trained radiologists in our department and a reread of all CSP by

both readers was beyond the scope of this study.

Although we can also not comment on the time it took to

read the original MR imaging studies in clinical practice (at our

institution, we do not routinely record reporting times), we

tried to address this, in part, by measuring the time taken to

perform conventional interpretation by using CSSC on the

PACS during the second reread by reader 1. Having done so, we

nonetheless acknowledge that applying the software clinically

may result in unforeseen program-related and user-related

time delays. We are hoping to minimize these by incorporating

the platform directly into a PACS workflow and by familiariz-

ing MR imaging readers with the program; these changes will

be explored in future work.

Although intrareader correlation was shown to be very good in

the subset of cases that reader 1 reread (Table 3), the accuracy of

the other radiology reports may have been influenced by factors

related to the daily demands of a busy radiology department, such

as time pressures and interruptions (factors not simulated when

testing the software). All MR imaging readers in our department

are experienced; thus, radiologic expertise is unlikely to present a

limitation. If anything, it is likely that the lesion-detection im-

provement would be larger for radiologists with less neuroradiol-

ogy experience.

We also acknowledge that we did not directly assess the clinical

impact of a second read without the software; however, we believe

we have, in part, explored this by having reader 1 additionally

reread all the studies he originally assessed (n � 43) by using

CSSC. The agreement between the 2 reads was high (Table 3).

More important, in only a single patient did the reads differ in

categorization (On-line Table 1). The reports of a second read by

using CSSC would have been, in all except 1 case, indistinguish-

able from the initial clinical reports; thus, no change in manage-

ment would be expected. As such, retrospective changes to man-

agement reported by treating clinicians are attributable to the

software, rather than to merely a second read.

Future Work
Our current development work is focused on deploying the soft-

ware to the live clinical PACS workflow at our institution, which

will allow us to carry out prospective research and ensure that the

findings of this study are replicated in terms of improved lesion

detection without the burden of false-positives. We are also hop-

ing to make the software available to other institutions for further

validation by introducing additional readers and by using a vari-

ety of FLAIR sequences. The functionality of the software can also

be extended in the future by adding semiautomated segmentation

for quantification of lesion volume.
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CONCLUSIONS
We have developed a semiautomated software platform to assist

the radiologist reading comparative MR imaging MS follow-up

study pairs with accurate and timely reporting. We have shown

that it significantly outperforms CSSC in the identification of NLs

and ILs, while maintaining high intra- and interobserver reliabil-

ity. On the basis of neurologists’ feedback, it is likely that identi-

fying new lesions would result in some management change.

Given the availability and efficacy of numerous disease-modifying

drugs, even a small change in prescribing practices could result in

sizable effects on the long-term patient disability.
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ADULT BRAIN

Mean Diffusional Kurtosis in Patients with Glioma: Initial
Results with a Fast Imaging Method in a Clinical Setting

A. Tietze, M.B. Hansen, L. Østergaard, S.N. Jespersen, R. Sangill, T.E. Lund, M. Geneser, M. Hjelm, and B. Hansen

ABSTRACT

BACKGROUND AND PURPOSE: Diffusional kurtosis imaging is an MR imaging technique that provides microstructural information in
biologic systems. Its application in clinical studies, however, is hampered by long acquisition and postprocessing times. We evaluated a new
and fast (2 minutes 46 seconds) diffusional kurtosis imaging method with regard to glioma grading, compared it with conventional
diffusional kurtosis imaging, and compared the diagnostic accuracy of fast mean kurtosis (MK�) to that of the widely used mean diffusivity.

MATERIALS AND METHODS: MK� and mean diffusivity were measured in the contrast-enhancing tumor core, the perifocal hyperinten-
sity (indicated on T2 FLAIR images), and the contralateral normal-appearing white and gray matter of 34 patients (22 with high-grade and
12 with low-grade gliomas). MK� and mean diffusivity in the different tumor grades were compared by using a Wilcoxon rank sum test.
Receiver operating characteristic curves and the areas under the curve were calculated to determine the diagnostic accuracy of MK� and
mean diffusivity.

RESULTS: MK� in the tumor core, but not mean diffusivity, differentiated high-grade from low-grade gliomas, and MK� differentiated
glioblastomas from the remaining gliomas with high accuracy (area under the curveMK� � 0.842; PMK� � .001). MK� and mean diffusivity
identified glioblastomas in the group of high-grade gliomas with similar significance and accuracy (area under the curveMK� � 0.886; area
under the curvemean diffusivity � 0.876; PMK� � .003; Pmean diffusivity � .004). The mean MK� in all tissue types was comparable to that obtained
by conventional diffusional kurtosis imaging.

CONCLUSIONS: The diffusional kurtosis imaging approach used here is considerably faster than conventional diffusional kurtosis imaging
methods but yields comparable results. It can be accommodated in clinical protocols and enables exploration of the role of MK� as a
biomarker in determining glioma subtypes or response evaluation.

ABBREVIATIONS: AC � astrocytoma; DKI � diffusional kurtosis imaging; GBM � glioblastoma multiforme; HGG � high-grade glioma; LGG � low-grade glioma;
MD � mean diffusivity; MK � mean kurtosis; MK� � fast mean kurtosis; NAGM � normal-appearing gray matter; NAWM � normal-appearing white matter

Diffusion-weighted and diffusion tensor imaging are currently

used in patients with cerebral glioma as presurgical imaging

tools for the World Health Organization grading system, neuro-

navigation, and response evaluation during radiochemotherapy

or antiangiogenic treatment.1 DTI and DWI approximate the dis-

placements of diffusing water molecules by a Gaussian distribution as

if water molecules were moving unrestricted in all directions. How-

ever, it is well established that the diffusion signal from cerebral water

molecules for moderate-to-high values of the magnetic gradient field

is not described accurately by the standard monoexponential decay

as a function of the diffusion weighting (b-value).2

Diffusional kurtosis imaging (DKI) is a recently described MR

imaging technique that aims to provide additional microstruc-

tural information by extending the DTI model to incorporate

fourth-order gradient field terms in the diffusion signal.2 In this

higher-order description of diffusion signal decay, the dimen-

sionless kurtosis term describes the degree of deviation from the

Gaussian distribution of spin displacements along the axis of ob-

servation. When averaged over all directions, the mean kurtosis

(MK) is obtained.2 The deviation from free (Gaussian) diffusion
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is generally assumed to be caused by tissue microstructure, and

MK is therefore interpreted as a general microstructural marker.3

Use of the DKI model may be beneficial in 2 ways: 1) the diffusion

tensor is indirectly corrected through the higher-order terms,4

and 2) the additional microscopic diffusion characteristics

may be used for clinical purposes. Compared with gray matter

or edematous tissue, white matter and malignant tumors are

characterized by higher architectural complexity that results

from cell membranes, organelles, axons, or vascular structures

impeding proton diffusion and leading to higher non-Gaussi-

anity and increased MK.5

Gliomas are a heterogeneous group, categorized as low-grade

glioma (LGG) and a high-grade glioma (HGG) with different his-

topathologic features, such as cellularity or the presence or ab-

sence of necrosis and neoangiogenesis. This heterogeneity is likely

to be reflected in MK alterations, and promising first studies have

reported MK as an imaging-based means of presurgical glioma

grading.6,7 Larger studies and the more widespread use of DKI,

however, have been held back by relatively long acquisition times

that result from a model requirement for data to be obtained

along several directions at each of many b-values.8 Such protocols

are clearly incompatible with the daily routines in busy clinical

imaging departments and are often not tolerable by critically ill

patients.

We recently proposed a kurtosis method9,10 that is much faster

than traditional kurtosis-acquisition schemes,2,4 in terms of both

acquisition and postprocessing times, and on the basis of this

method we present here our first clinical results in 34 patients with

glioma. We correlated MK values with histopathologic grades and

compared them with those from the literature. Moreover, we

compared the diagnostic accuracy of MK with that of the widely

used mean diffusivity (MD), calculated in our case as part of the

fast-MK method.

MATERIALS AND METHODS
Patients
Thirty-five patients with cerebral gliomas were included in this

retrospective study. A waiver from the local ethics committee

was granted, because DKI was acquired without increasing the

scan time by modification of the diffusion-weighted sequence

that is a part of our routine clinical protocol. Apart from ste-

roids in some patients with glioblastoma multiforme (GBM),

these patients did not receive any treatment at the time of

imaging. One patient had to be excluded because of motion

artifacts on conventional sequences so severe that reliable tu-

mor outlining could not be performed. The diagnosis of gli-

oma (22 HGGs, 12 LGGs) was determined by biopsy or resec-

tion in 30 cases. Three of the remaining 4 cases without

histopathology results were considered to be LGG and 1 was

considered to be GBM; these diagnoses were based on the clin-

ical behavior and imaging characteristics on conventional MR

imaging. Two of 34 patients, both with LGG, had undergone

surgery many years before being included in this study and

were re-imaged because of disease recurrence. Included were

15 patients with GBM, 5 with a grade III astrocytoma (AC), 2

with a grade III oligodendroglioma, and 12 with an LGG (3

with a proven grade II oligodendroglioma). One tumor was

classified as a grade II oligodendroglioma with a minor astro-

cytic component and was subsequently included in the group

of those with a grade II oligodendroglioma.

Imaging
MR imaging was performed on a Skyra 3T system (Siemens, Er-

langen, Germany) with a standard 20-element head coil. The MR

imaging protocol consisted of 3D T1-weighted images before and

after intravenous contrast (0.1 mmol/kg gadoterate meglumine;

TR, 2300 ms; TE, 3.8 ms; voxel size, 1 � 1 � 1 mm3; FOV, 256 �

256 mm2; acquisition time, 349 s) and axial precontrast T2 FLAIR

images (TR, 9000 ms; TE, 117 ms; TI, 2500 ms; voxel size, 0.7 �

0.7 � 3 mm3; FOV, 230 � 220 mm2; acquisition time, 326 s).

Axial DKI was performed before intravenous contrast (TR, 10,300

ms; TE, 100 ms; voxel size, 2 � 2 � 2 mm3; FOV, 196 � 196 mm2;

number of excitations, 1; sections, 60; acquisitions, 3 [one along

each of the x-, y-, and z-directions] with b�1000 s/mm2, 9

different directions [as specified in Hansen et al9] with b�2500

s/mm2, and 1 acquisition with b�0 s/mm2; 13 diffusion-

weighted images in total). The acquisition time for DKI was

166 seconds.

MR Imaging Data Analysis
In the framework of the fast kurtosis sequence,9 W� , the mean of

the kurtosis tensor W, is computed, and it was shown to be very

similar numerically to the traditional MK. Here, we refer to it as

MK� for convenience. MK� is calculated from 13 diffusion-

weighted images: 1 b�0 scan for normalization, 3 images at

b�1000 s/mm2 along each of the x-, y-, and z-directions, and 9

images at b�2500 s/mm2 along the 9 directions defined in Hansen

et al.9 From these data, a robust estimate of MD can also be

achieved with the kurtosis term taken into account in its calcula-

tion, which was shown to improve MD estimates4 and imple-

mented as proposed in Jensen et al.11

Postprocessing of the DKI data, including the reslicing and

co-registration steps, were performed by running modules de-

veloped in-house in SPM8 (http://www.fil.ion.ucl.ac.uk/spm/

software/spm8) and Matlab (MathWorks, Natick, Massachusetts).

Contrast-enhanced T1-weighted images were resliced to T2

FLAIR. A neuroradiologist, blinded for the histopathologic diag-

nosis (A.T., 5 years of experience), outlined the tumor core (con-

trast-enhancing part), the perifocal hyperintensity on T2 FLAIR

(hereafter termed FLAIR mask), and regions of normal-appearing

white and gray matter (NAWM and NAGM, respectively) in the

contralateral centrum semiovale and thalamus (Fig 1). In cases of

a nonenhancing lesion, only T2 FLAIR was used to define the

tumor. Normal vessel structures, necrotic areas, and potential

blood products were avoided, guided by conventional se-

quences. Tumor core, FLAIR masks, contralateral NAWM

masks, contrast-enhanced T1, and T2 FLAIR images were sub-

sequently co-registered and resliced to the localization of the

DKI data. The co-registration step was checked visually by

using SPM8.

The duration of the DKI sequence is quite short (166 seconds);

hence, it was deemed unnecessary to perform motion correction

of the individual volumes. The validity of this strategy was verified
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in all cases by visual inspection of all diffusion images. To remove

possible spurious voxels, the DKI data were up-sampled by a fac-

tor of 2 in all directions by using linear interpolation and subse-

quently smoothed by a 2 � 2 � 2–mm3 kernel. The spatial dis-

tortions introduced in the images by eddy currents were

compensated to some extent by using a double spin-echo se-

quence, which is currently the best clinically viable solution (it

does not add additional time to the scan sequence). The postpro-

cessing of a single DKI dataset took 3–5 seconds.

Statistical Analysis
Statistical analysis was performed by using R Studio (http://rstudio.

org/download/desktop) and Matlab. Voxelwise values of MD

and MK� values were extracted from the 4 regions. The MK� and

MD values were normalized by calculating the ratio of tumor core

values and the individual mean values obtained in the contralat-

eral NAWM (termed nMK� and nMD, respectively). The same

was done for values in the FLAIR masks. The mean values in all the

regions were computed. To evaluate data variations of MK� and

MD, we calculated the coefficient of variation in pathologic tissue

in contralateral normal-appearing tissue (NAWM and NAGM).

A paired t test was performed to assess whether variations of MK�

and MD were significantly different. A Wilcoxon rank sum test

was used to compare mean MK� and MD values between tumor

types and grades. The statistical threshold for significant discrim-

ination was set to a P value of � .05. Receiver operating charac-

teristic curves were constructed to determine the diagnostic per-

formance of MK�, MD, nMK�, and nMD. The area under the

receiver operating characteristic curve was used to measure the

accuracy, and P values were used to measure strength. Moreover,

logistic regression was performed to investigate whether the com-

bination of MK� and MD increased the area under the curve and

thereby the diagnostic performance. Finally, the sensitivity and

specificity for discriminating HGG, LGG, and specific tumor

grades were determined.

RESULTS
Typical examples of an LGG (grade II AC, upper panel A) and an

HGG (GBM, lower panel B) are shown in Fig 2. Note the areas

with increased MK� and decreased MD in the GBM, whereas MK�

is low and MD is high in the grade II AC case.

Nonnormalized and normalized mean values of MK� and MD

in the contrast-enhancing tumor core (or the hyperintense area

on T2 FLAIR, for nonenhancing tumors) for the different tumor

types and grades are shown in Fig 3. Median values for tumor

types and grades along with measurements in the contralateral

NAWM and NAGM are given in the On-line Table. The data

variation in NAWM was significantly larger (P � .001) for MD

(coefficient of variation � 0.122 � 0.019) than for MK� (coeffi-

cient of variation � 0.093 � 0.013), and MD values varied slightly

less (coefficient of variation � 0.163 � 0.058) than the MK� values

(coefficient of variation � 0.189 � 0.043) in NAGM (P � .036).

The mean value of MK� in the tumor core was significantly

higher in HGGs than in LGGs. nMK� was increased in HGGs, but

it was with a P value of .058, which is above the threshold for

statistical significance. MD and nMD were not significantly dif-

ferent between the HGGs and LGGs. MK� and nMK� were in-

creased, and MD and nMD were decreased in GBMs when com-

paring them with the remaining HGGs or with the entire study

group consisting of HGGs and LGGs (all P � .05). In the group of

HGGs, grade III AC cases were identified by MK�, MD, nMK�,

and nMD. It was not possible to discriminate groups by values in

the FLAIR masks. All P values are reported in Table 1.

The receiver operating characteristic curves for the discrimi-

nation between HGGs and LGGs showed higher areas under the

curve for MK� and nMK� than for MD and nMD in the tumor

core. The areas under the curve for the differentiation between

FIG 1. The tumor core was defined as the contrast-enhancing part on
postcontrast T1-weighted images, and the FLAIR masks were defined
as hyperintense regions on T2 FLAIR images (minus the tumor core
and necrosis, if present). In cases of nonenhancing tumors, hyperin-
tensity areas on T2 FLAIR images were defined as the tumor core (the
tumor core and edema were identical regions). The NAWM was out-
lined in the centrum semiovale of the contralateral hemisphere (on
�4 consecutive sections). The NAGM was defined in the contralateral
thalamus (on �3 sections).
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GBMs and the remaining gliomas were higher for MK� and nMK�

than for the corresponding MD values. When identifying grade III

AC cases, MK� and MD performed similarly. Areas under the

curve calculated from values in the FLAIR masks were either low

or not statistically significant. Combining MK� and MD or nMK�

and nMD could increase accuracy, but only MK� and nMK� con-

tributed to the logistic regression model differentiating HGGs

from LGGs or identifying GBMs in the entire glioma group. Area

under the curve values are given in Table 2. GBMs were diagnosed

with 87% sensitivity and 74% specificity with a cutoff MK� value

of 0.58 (87% sensitivity and 74% specificity for an nMK� value of

FIG 2. A, Contrast-enhanced T1-weighted and T2 FLAIR images of a grade II astrocytoma grade in the left hemisphere. The map of MK�
demonstrates low MK�, whereas the trace image and the MD map show high diffusivity (high signal changes on MD). B, Typical example of a
glioblastoma, with contrast enhancement on postcontrast T1-weighted and complex signal changes on T2 FLAIR images. Increased MK� is noted
in most of the tumor. The trace image and MD show restricted diffusion, primarily in the periphery of the lesion.

FIG 3. Boxplots of average MK� and normalized MK� (in yellow) (A) and MD and normalized MD (in blue) (B) in the contrast-enhancing
tumor core of all patients, grouped according to tumor types and grades, are shown. The horizontal lines in the boxes are the median
values, the upper and lower box edges are the 25th and 75th percentiles, respectively, and the upper and lower whiskers represent the
minimums and maximums, respectively. AC indicates grade III astrocytoma; ODG3, grade III oligodendroglioma; AC2, grade II astrocy-
toma; ODG2, grade II oligodendroglioma.

Table 1: Significance of mean MK�, nMK�, MD, and nMD values in
different tumor gradesa

Tumor Type MK= nMK= MD nMD
HGG/LGG .028b .058 .383 .511
GBM/all �.001b .002b .006b .006b

GBM/HGG .003b .011b .004b .004b

AC3/all .135 .135 .063 .033b

AC3/HGG .011b .031b .024b .019b

Note:—AC3 indicates grade III astrocytoma.
a Mean MK�, nMK�, MD, and nMD values in the tumor core were compared between
different tumor grades, and the resulting P values are listed.
b A P value of �.05 indicates a significant difference between groups.
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0.60), whereas the corresponding sensitivity and specificity for an

MD value of 1.460 were 80% and 63%, respectively (80% sensi-

tivity and 63% specificity for an nMD value of 1.683).

DISCUSSION
In this study, we investigated MK� in the tumor core and the

perifocal hyperintensity on T2 FLAIR images in different glioma

grades. Our data were acquired with a new and rapid DKI

method9 that is easily implemented and provides fast acquisition

and postprocessing times, which make it potentially useful in clin-

ical departments and for larger studies. The discrimination be-

tween HGGs and LGGs was possible only by means of MK�, and

the MK� and MD values allowed us to identify cases of GBM in the

HGG group and in the entire study population. Our receiver op-

erating characteristic analyses revealed high accuracy for MK� and

nMK�, represented by high areas under the curve. Although we

chose to correct MD for the non-Gaussian phenomena (described

in “Materials and Methods”) to obtain more accurate measure-

ments, we found that MK� was still superior to MD in diagnosing

GBMs when evaluating a group of mixed glioma types, whereas

MD and MK� perform similarly when analyzing only HGGs.

Moreover, we showed that MK� data variation was significantly

smaller in NAWM and larger in NAGM. The high b-values, used

for DKI, dampen the signal considerably, and with noise being

constant, the signal-to-noise ratio decreases. Because MD is

higher in NAGM than in NAWM, the decrease in signal-to-noise

ratio is expected to be more distinct in NAGM, negatively impact-

ing parameter estimates and causing larger variation.

Currently, few studies in which DKI parameters in patients

with glioma were investigated have been published. Van Cauter et

al7 examined 28 patients (17 with an HGG and 11 with an LGG,

both oligodendroglial and astrocytic types) with a conventional

DKI sequence taking 17 minutes 29 seconds and showed a signif-

icant difference in MK, nMK, and nMD values between HGGs

and LGGs, with areas under the curve of �0.8 for all 3 values.

Median values in the tumor core, the perifocal hyperintensity on

T2 FLAIR images, and the contralateral NAGM were similar to

ours, but the median value for the contralateral NAWM was con-

siderably lower than ours.7 The higher MK values for NAWM

measured in our study corresponds better, however, to values

reported earlier.2,9 Values for single tumor grades (eg, GBM or

grade III AC) were not reported by these studies. Raab et al6 eval-

uated 33 patients with an astrocytoma only (AC grade 2, AC grade

3, or GBM) by using a DKI sequence that took 11 minutes 57

seconds. Mean MK values in the core of grade II ACs, grade III

ACs, and GBMs were somewhat higher in their study (between

0.09 higher for nMK in grade III ACs and 0.14 for MK in GBMs),

and their ability to separate tumor grades was slightly better than

ours. Several possible causes for these discrepancies are conceiv-

able, including unconfirmed histopathology in 4 of our cases,

previous surgery,3 the risk of misdiagnosis caused by imprecise

sampling in cases of biopsy, the inclusion of gliomas with both

oligodendroglial and astrocytic histology results, differences be-

tween the MR imaging systems used for data acquisition (partic-

ularly gradient performance and its influence on diffusion times

and achievable echo times), different technical and postprocess-

ing approaches, and the distinct physical nature of MK and MK�.

We were able to differentiate HGGs from LGGs by means of

MK�, but our separation of GBMs and AC3s from the remaining

gliomas might be clinically even more critical than the rough clas-

sification of HGGs and LGGs that in most cases is accomplished

by conventional or perfusion-weighted MR imaging.12 Even

more detailed subtyping of gliomas in those with a relatively fa-

vorable outcome and those with a poor outcome are becoming

increasingly relevant, because different therapeutic approaches

can be considered. The prediction of patient outcome by means of

imaging biomarkers correlating them with genomic subtypes is an

expanding field, and MK should be included in the future.13 We

also suggest that DKI might be an important diagnostic tool for

assessing tumor progression and treatment response. It is well

known that LGGs progress to higher grades with time, a process

that is essential to monitor for accurately timed treatment adjust-

ment, and gradually increasing MK might be a valuable tool for

detecting these subtle changes in dedifferentiation. Therefore, vi-

sualization of aggressive regions within a lesion by detailed MK

mapping could have important implications on the neurosurgical

approach or radiation treatment planning. A promising addi-

tional application area for DKI is response evaluation of patients

during antiangiogenic treatment, which is currently a diagnostic

challenge.14 Our fast DKI protocol with very short postprocessing

times enables real-time image reconstruction on the scanner and

is therefore a promising tool for integrating multimodal evalua-

tion of patients with glioma.

Only a small number of patients were included in this study,

which might limit its power but can also be regarded as a strength,

Table 2: Results of regression analysisa

Tumor Type MK= P nMK= P MD P nMD P MK= + MD Pb nMK= + nMD Pb

HGG/LGG 0.731 .045c 0.701 .056 0.595 .512 0.572 .456 0.754 .032c 0.746 .041c

.220 .213
GBM/all 0.842 .004c 0.811 .004c 0.775 .017c 0.772 .014c 0.842 .045c 0.807 .047c

.796 .835
GBM/HGG 0.886 .027c 0.838 .022c 0.876 .018c 0.876 .019c 0.895 .127 0.905 .181

.204 .184
AC3/all 0.717 .146 0.717 .170 0.766 .052 0.800 .060 0.793 .744 0.779 .885

.165 .155
AC3/HGG 0.871 .039c 0.824 .055 0.835 .038c 0.847 .042c 0.882 .127 0.871 .301

.328 .265

Note:—AC3 indicates grade III astrocytoma.
a The areas under the receiver operating characteristic curves as a measure for diagnostic accuracy are reported.
b Two P values occur when two values (MK� and MD) are tested at the same time.
c The variable contributes significantly to the regression model if the corresponding P value is �.05.

1476 Tietze Aug 2015 www.ajnr.org



because we still showed a significant difference between tumor

grades. We aimed to compare our new method with that of 2

previously published studies in which a data volume of approxi-

mately the same scale was investigated, and we could reproduce

most of their results with a fast sequence that maps MK� on the

basis of only 13 images (2 minutes 46 seconds in our case) and a

DKI postprocessing time of just a few seconds. Other metrics that

evaluate directional non-Gaussianity, such as axial or radial kur-

tosis, have been described and may be of interest, because they are

likely to reveal different and supplemental information about mi-

crostructure.15 These kurtosis metrics cannot be estimated from

the data, because they are derived from the full kurtosis tensor,

and reliable estimation of the tensor would require the measure-

ment of additional diffusion directions and the nonlinear fitting

of the results to a diffusion model. These requirements would add

considerably to the scanning and postprocessing times, which

would be particularly inexpedient in clinical applications. As a

result, the significance of these measures for tumor grading was

not evaluated in this study. Axial and radial kurtosis were assessed

by Van Cauter et al,7 but the diagnostic impact of these parame-

ters did not differ considerably from the MK in their study. A

limitation of our study is that some of the patients with GBM

received steroid treatment at the time of imaging. Steroids might

have an influence on MK, MK�, and MD values by reducing the

amount of edema. We are not able to correct for this effect. Fi-

nally, potential partial volume effects caused by co-registration

steps might have influenced the results. We inspected our data for

co-registration errors closely and adjusted them thoroughly to

avoid the inclusion of CSF and necrosis, but inexactness was still

possible.

The increasing MK in GBM is interesting with regard to the

underlying microstructural characteristics of these tumors. Little

is known about what might cause MK alterations, but it has been

postulated that changes in the quantity of cell membranes and the

amount of intracellular and extracellular protein are likely to in-

fluence the degree of non-Gaussianity.16 The chaotic vascular ar-

chitecture of and micronecrosis in GBMs might contribute fur-

ther to the microstructural complexity causing an increase in MK.

The association between increased cellularity and restricted water

diffusion, estimated by MD, was investigated in several previous

studies,17-19 but the utility of this parameter was not always re-

confirmed.20,21 A weak correlation can be a result of concomitant

MD increases caused by edema and micronecrosis in HGGs, and

it remains to be shown if MK can add important diagnostic infor-

mation. MK calculated from a conventional DKI sequence and

MK� obtained by our fast method are distinct quantities, because

they are estimated in a different way. However, it was shown that

they are highly correlated both in normal brain9 and in acute

stroke tissue.22 We are not able to compare both approaches, be-

cause only the rapid version was acquired, but we expect this

correlation to be the same in our patients and avail ourselves of

the comparison with literature values.

CONCLUSIONS
We have shown that MK� is a valuable tool for glioma grading and

that our fast DKI method provides robust measurements compa-

rable to those from the literature. These results enable larger-scale

implementation of DKI in clinical studies and allow for the inves-

tigation of its significance in treatment evaluation, diagnosis of

LGG dedifferentiation, and detection of recurrent disease. More-

over, imaging with a rapid DKI technique in clinically unstable

patients, such as those after a stroke or trauma, has the potential to

provide new insights into the pathophysiology and longitudinal

progression of these diseases.22-25
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ORIGINAL RESEARCH
FUNCTIONAL

Influence of Resting-State Network on Lateralization of
Functional Connectivity in Mesial Temporal Lobe Epilepsy

L. Su, J. An, Q. Ma, S. Qiu, and D. Hu
EBM
2

ABSTRACT

BACKGROUND AND PURPOSE: Although most studies on epilepsy have focused on the epileptogenic zone, epilepsy is a system-level
disease characterized by aberrant neuronal synchronization among groups of neurons. Increasingly, studies have indicated that mesial
temporal lobe epilepsy may be a network-level disease; however, few investigations have examined resting-state functional connectivity
of the entire brain, particularly in patients with mesial temporal lobe epilepsy and hippocampal sclerosis. This study primarily investigated
whole-brain resting-state functional connectivity abnormality in patients with mesial temporal lobe epilepsy and right hippocampal
sclerosis during the interictal period.

MATERIALS AND METHODS: We investigated resting-state functional connectivity of 21 patients with mesial temporal lobe epilepsy with
right hippocampal sclerosis and 21 neurologically healthy controls. A multivariate pattern analysis was used to identify the functional
connections that most clearly differentiated patients with mesial temporal lobe epilepsy with right hippocampal sclerosis from controls.

RESULTS: Discriminative analysis of functional connections indicated that the patients with mesial temporal lobe epilepsy with right
hippocampal sclerosis exhibited decreased resting-state functional connectivity within the right hemisphere and increased resting-state
functional connectivity within the left hemisphere. Resting-state network analysis suggested that the internetwork connections typically
obey the hemispheric lateralization trend and most of the functional connections that disturb the lateralization trend are the intranetwork
ones.

CONCLUSIONS: The current findings suggest that weakening of the resting-state functional connectivity associated with the right
hemisphere appears to strengthen resting-state functional connectivity on the contralateral side, which may be related to the seizure-
induced damage and underlying compensatory mechanisms. Resting-state network– based analysis indicated that the compensatory
mechanism among different resting-state networks may disturb the hemispheric lateralization.

ABBREVIATIONS: DMN � default-mode network; FC � functional connectivity or connection; HS � hippocampal sclerosis; mTLE � mesial temporal lobe epilepsy;
R-mTLE � mesial temporal lobe epilepsy with right hippocampal sclerosis; RS � resting-state; RSN � resting-state network; TLE � temporal lobe epilepsy

Up to 0.1% of the human population worldwide has temporal

lobe epilepsy (TLE), and 60%–70% of these cases are clas-

sified as mesial temporal lobe epilepsy (mTLE).1 mTLE is a

drug-refractory form of human epilepsy that is typically char-

acterized by hippocampal sclerosis (HS). Surgical intervention

can prevent temporal lobe seizure recurrence in patients with

mTLE.2 Aberrant neuronal synchronization is believed to be as

important as abnormal excitability with respect to epileptic

seizure occurrences,3,4 and resting-state functional connectiv-

ity (RS-FC) analysis is an effective approach for examining

neural synchronization.

Debilitating mTLE seizures are believed to originate pri-

marily from specific anatomic divisions of the temporal lobe.2
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However, investigations involving large-scale network analysis

have challenged this traditional conceptualization.3,5-7 Fur-

thermore, several studies have reported an mTLE-related de-

crease in basal RS-FC in the epileptogenic hemisphere in brains

of patients with mTLE, accompanied by contralateral compen-

satory mechanisms.8,9

Many mTLE studies have focused on the epileptogenic zone,

and most analyses that have investigated regions outside the hip-

pocampus have focused on structural imaging technology.1,10,11

In contrast, few whole-brain functional network analyses of

mTLE have been conducted. Structural MRI or electroencepha-

lography or both incompletely measure temporal changes during

the disease process,5 while resting-state fMRI takes serial images

during a time period that can capture the dynamic and evolving

changes related to epilepsy.12 The RS-FC derived from the fMRI

images reflects functional aberrations and offers a network per-

spective on the psychiatric and cognitive complications of

mTLE.7,13 We hypothesized that mesial temporal lobe epilepsy

with right hippocampal sclerosis (R-mTLE) is a functional disease

involving disturbances of RS-FC over the entire brain rather than

a local disease that is confined to the temporal lobe. To test this

hypothesis, we applied the multivariate pattern analysis method

in this study.14

MATERIALS AND METHODS
Participants
We studied 21 consecutive right-handed patients with R-mTLE

who underwent presurgical evaluation at Guangdong 999 Brain

Hospital. Diagnoses of R-mTLE and the lateralization of the sei-

zure foci of this disease were determined via comprehensive eval-

uations that included examinations of the patients’ detailed

medical histories, video-electroencephalography telemetry, and

neuroimaging. The presence of abnormally elevated T2 fluid-at-

tenuated inversion recovery signals in the hippocampus was used

as the diagnostic criterion for HS. In all patients, the HS site cor-

responded to the epileptogenic site. None of the patients with

R-mTLE had mass lesions (tumor, vascular malformation, or

malformations of cortical development) or traumatic brain in-

jury. HS was detected in all patients following qualitative histo-

pathologic analysis.15 Twenty-one healthy right-handed subjects

were recruited as controls; these controls were matched to the

examined patients with R-mTLE with respect to age, sex, and

years of education (Table). All controls were medically healthy

and free of any neurologic or psychiatric disorders at the time of

the study.

Standard Protocol Approvals, Registrations, and Patient
Consents
This study was approved by the Research Ethics Review Board of

the Institute of Mental Health of Southern Medical University.

Informed consent was obtained from each subject.

Imaging Protocol
During the experiments, subjects were instructed to keep their

eyes closed, relax, and remain awake. Subjects were asked not to

perform any specific cognitive exercises. After each session, the

subjects were asked whether they had fallen asleep during the

preceding session, and all subjects confirmed that they had re-

mained awake throughout the experiment. Functional MR im-

ages were acquired by using an Intera 1.5T MR scanner (Philips

Healthcare, Best, the Netherlands) with a gradient-echo EPI se-

quence. We used the following imaging parameters: TR/TE �

3000/50 ms; thickness/gap � 4.5/0 mm; FOV � 230 � 230 cm;

flip angle � 90°; matrix � 128 � 128; sections � 31. The duration

of each functional resting-state session was approximately 8 min-

utes, and 160 volumes were obtained for each patient.

Data Preprocessing
Data preprocessing was performed by using the Statistical Para-

metric Mapping software package (SPM8; http://www.fil.ion.

ucl.ac.uk/spm/software/spm12). For each subject, the first 10 vol-

umes of scanning data were discarded to reduce magnetic satura-

tion effects. The remaining 150 volumes of data were corrected by

registering and reslicing for head motion. Subsequently, these

volumes were normalized to standard echo-planar imaging tem-

plates in Montreal Neurological Institute space. The resulting im-

ages were spatially smoothed with a Gaussian filter with an 8-mm

full width at half maximum kernel, detrended to remove linear

trends, and temporally filtered with a Chebyshev bandpass filter

(0.01– 0.08 Hz) to reduce artifacts caused by respiration or cardiac

action. All fMRI volumes were registered to a Montreal Neuro-

logical Institute template before further time-series extraction for

ROIs. The Montreal Neurological Institute coordinates for the

ROIs in this template are shown in the On-line Table. Each re-

gional mean time-series was further corrected for the effects of

WM, CSF, and head movement by regression on the time-series of

WM, CSF signal and translations, and rotations of the head esti-

mated in the course of initial movement correction by image re-

alignment. The residuals of these regressions constituted the set of

regional mean time-series used for functional connectivity

analysis.16

The center coordinates were defined as the areas of peak activ-

ity identified in 5 meta-analyses that focused on error processing,

default-mode network (DMN), memory, language, and sensori-

motor functions. Although these functional networks were iden-

tified in task-related studies, they have been confirmed by many

previous resting-state fMRI studies and were further used as rest-

ing-state networks (RSNs).17-20 Inevitably, using this pre-existing

localization of ROIs can introduce bias; however, using a priori

ROIs also offers a substantial increase in power.4

We used the Pearson correlation coefficient to evaluate the

functional connectivity between each pair of ROIs. This approach

allowed us to obtain symmetric 160 � 160 matrices that captured

Demographic and clinical data
Mean (Range)

P ValueR-mTLE Control
Sample size 21 21 –
Sex (M/F) 9:12 9:12 1.000a

Age (yr) 28.5 � 7.9 (18–43) 25.1 � 5.7 (17–37) .187b

Education (yr) 11.6 � 2.3 (9–16) 11.5 � 2.7 (6–16) .891b

Onset (yr) 15.7 � 9.8 (2–34) – –
Duration (yr) 12.9 � 7.4 (3–33) – –

a Pearson �2 test.
b Two-sample t test.
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the resting-state functional network activity of each subject. After

removing the 160 diagonal elements of each functional connec-

tivity matrix, we extracted the upper triangle elements of these

connection matrices as classification features; therefore, the fea-

ture space for classification was spanned by the remaining (160 �

159) / 2 � 12,720 dimensional feature vectors. In this article, the

functional connections (FCs) for classification are referred to as

“features.”

Alternatively, an unsampled version of the automatic ana-

tomic labeling template was introduced for ROI definition, which

segmented the cerebrum into 600 ROIs. Further analysis by using

this template and selection of ROI radii are displayed in “ROI

Definition for the Entire Brain” in the On-Line Appendix.

Identification of Features with High Discriminative Power
The support vector machine recursive feature elimination algo-

rithm was originally proposed for gene selection21 and has been

applied in fMRI studies for the identification of multiple active

voxels.22 The support vector machine recursive feature elimina-

tion algorithm combines the support vector machine and

recursive feature elimination approaches to produce a multivari-

ate feature-selection algorithm. In the support vector machine

classification procedure, all samples are categorized into 2 parts.

One portion of the samples with class labels was used to train the

classifier, called “training samples.” The training samples can be

used to identify the parameters of the classifier. All training sam-

ples constructed the training set. The other portion of the samples

without class labels was used to test the effectiveness of the classi-

fier called “testing samples.” The classifier can predict the class

labels of the testing samples. The support vector machine classi-

fication was applied to the training set, and the discriminative

weight w� fi� of feature fi was obtained for each training sample.

The scoring function was defined as follows:

Score � f i� �

�
k � 1

n

�wk� f i��

n

In the equation above, fi represents the ith feature, wk� fi� repre-

sents the discriminative weight of feature fi in the kth sample, and

n is the number of training samples. The features fi,i � 1,2, · · ·, n

were then ranked by Score � fi�,i � 1,2, · · ·, n, and the feature

with the smallest score was eliminated. This procedure was re-

peated on the retained features until all features were eliminated.

To accelerate the computational process, we eliminated the half of

the remaining features with the smallest scores in each iteration of

the algorithm.

The details of identification of discriminative FCs are dis-

played in “Cross-Validation and Consensus Functional Connec-

tions” in the On-line Appendix.

Support Vector Classification and Performance
Evaluation

Support Vector Classification. After the dataset of features had

been prepared, linear support vector machines were used to solve

the classification problem.23 All pattern analyses were

implemented by using the LIBSVM software package

(http://www.csie.ntu.edu.tw/�cjlin/libsvm/).

Performance Evaluation. Based on the cross-validation results,

the performance of a classifier was quantified in terms of the gen-

eralization rate, sensitivity, and specificity.24 Notably, “sensitiv-

ity” represents the proportion of patients who were correctly clas-

sified, and “specificity” represents the proportion of controls who

were correctly classified. The overall proportion of correctly clas-

sified samples was evaluated by using the generalization rate.

RESULTS
Classification Results
The network analysis was based on the classification results. The

classification accuracy rates relative to the number of selected FCs

are indicated in Fig 1. Classification accuracies (expressed in

terms of the generalization rate) of �90% were achieved in clas-

sification approaches that used relatively few (approximately 10 –

50) FCs.

In particular, when the first 8 FCs were used, a sensitivity of

95.2% and a specificity of 95.2% were obtained (only 1 patient

and 1 control participant were not successfully identified). Fur-

thermore, if the support vector machine classification boundary

was replaced with the optimal classification boundary, a sensitiv-

ity of 95.2% and a specificity of 100% were obtained (only 1 pa-

tient was not successfully identified), which are reflected in Fig 2B.

When the first 23 connections were used, a sensitivity of 90.5%

and a specificity of 100% were obtained (only 2 patients were not

successfully classified). Furthermore, if the optimal classification

boundary was used, a sensitivity of 100% and a specificity of 100%

were obtained (all subjects were correctly classified), which were

also reflected by the receiver operating characteristic in Fig 2D.

Using the generalization rate as the applicable statistic, we de-

termined the permutation distribution of estimates, which are

shown in Fig 2A, -C; the results indicated that the classifier learned

the relationship between the data and the labels with a 	.0001

probability of being incorrect.

Because a leave-one-out cross-validation approach was used,

the results represent estimations of the classification accuracy for

the scanning results for a new subject; thus, these findings have a

direct diagnostic relevance. The receiver operating characteristic

curves of the classifiers, which were determined by using a leave-

one-out cross-validation approach, are depicted in Fig 2B, -D.

The area under the receiver operating characteristic curve for the

classification method was 99.6% when 8 FCs were used and 100%

when 23 FCs were used.

In the present study, each ROI was defined as a sphere with a

given center coordinate and a radius of 5 mm. Radii of 4 and 7.5

mm were also used for ROI definitions, but the classification re-

sults were not better than those of the radius of 5 mm, which are

displayed in On-line Fig 1.

Functional Connectivity Changes
The RS-FC analysis in this study primarily focused on R-mTLE-

related alterations in the strengths of FCs. The first finding of this

study was the hemispheric lateralization of the changes in RS-FC.

In summary, weaker connections in patients with R-mTLE rela-

tive to healthy controls were mainly located in the right hemi-
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sphere (Fig 3A), and stronger connections in patients with R-

mTLE relative to healthy controls were mainly distributed in the

left hemisphere (Fig 3B).

These altered FCs may be categorized as either intranetwork

connections, connecting nodes within the same functional net-

work; or internetwork connections, connecting nodes from 2 dif-

ferent functional networks. The second finding of this study was

that compared with healthy controls, patients with R-mTLE

showed a different internetwork pattern compared with the intra-

network connectivity changes.

Most intranetwork FCs were weaker, while more internetwork

FCs were stronger in the patients with R-mTLE compared with

controls (Fig 4A, -B).

DISCUSSION
In this study, we sought to validate the hypothesis that R-mTLE is

a disease with RSN disturbances. Multivariate pattern analysis

results indicated that R-mTLE-related changes in functional con-

nectivity predominantly follow this pattern: Weaker connections

were primarily distributed in the right hemisphere, while most of

the stronger connections were in the left hemisphere. Additional

RSN analysis demonstrated that most of the altered FCs—not

strictly associated with hemispheric lateralization—were intra-

network FCs; most of the FCs—which primarily obeyed the hemi-

spheric lateralization—were internetwork FCs. Specifically,

weaker connections were localized within the DMN, cingulo-

opercular network, and frontoparietal network, whereas stronger

connections were localized within the sensorimotor network.

RSN Analysis of Brain Regions beyond the Hippocampus
To validate the hypothesis that mTLE is a network disease, some

studies have investigated abnormalities in brain regions other

than the hippocampus.1,6,10,11,25,26 In addition, the support vec-

tor classification accuracy of structural MRI and DTI datasets that

exclude the hippocampus can reach approximately 90%.10 Given

that resting-state fMRI can capture dynamic and evolving changes

related to epilepsy,12 we applied RS-FC on the basis of fMRI data.

Although the hippocampus is particularly important for the iden-

tification of R-mTLE, this study sought to demonstrate that R-

mTLE is a disease affecting the RSN of the entire brain rather than

a local disease that is limited to hippocampal aberrations. The

ROI template used in this investigation, which facilitated the RSN

analysis and excluded the hippocampus, achieved classification

accuracies up to 95%. This result provides important evidence

that R-mTLE is a network disease characterized by functional

aberrations distributed across the entire brain. In addition, we

defined the epileptogenic zone through the use of a 2-sample t

test, which compared patients with R-mTLE with healthy con-

FIG 1. Classification results for patients with R-mTLE and healthy controls via leave-one-out cross-validation. The x-axis indicates the number
of connections involved in the classification; the y-axis indicates classification accuracy (as represented by the generalization rate). The subplot
illustrates the prediction results of all subjects with the highest accuracy, which used the first 8 and the first 23 most discriminative connections.
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trols, and this zone was added to the ROI template. Whole-brain

functional connectivity was determined on the basis of the 160 


1 ROIs mentioned above. The resulting classification accuracy

was not improved, and the identified discriminative connections

were identical to the results presented in this article.

Identification of FCs
From a functional integration perspective, RS-FC analysis exhib-

its advantages relative to other modalities,27 particularly when

multivariate pattern analysis methods are used.28 The support

vector machine recursive feature elimination method can predict

group membership at an individual subject level, and the results

obtained by using this method may be clinically useful29 because

the results can include unique information that may be over-

looked by univariate voxel-based morphometry approaches.30,31

As indicated in Fig 1, maximal classification accuracy (generaliza-

tion rate � 95.2%, area under the receiver operating characteristic

curve � 100%) was obtained by using only 23 features. We as-

signed connection strengths on the basis of the occurrence of

these connections in the leave-one-out cross-validation results

(Fig 3). As the number of features increased beyond 23, the clas-

sification accuracy generally decreased. This result suggests that

only a few of the 12,720 examined connections were highly

discriminative.

Different R-mTLE-Related RS-FC Changes in the
Epileptogenic and Contralateral Sides of the Brain
An initial finding of this study was that changes in RS-FC in pa-

tients with R-mTLE demonstrate hemispheric lateralization.

Weaker FCs in patients with R-mTLE were primarily distributed

in the right hemisphere (Fig 3A). However, most of the stronger

FCs in the patients with R-mTLE were located in the left hemi-

FIG 2. Classification evaluation. A, The permutation distribution of estimates produced by the linear support vector machine classifier (with
10,000 repetitions) if the first 8 most discriminating features are used. The x- and y-axes indicate the generalization rate and occurrence number;
GR0, is the generalization rate obtained by the classifier trained on the actual class labels. Using the generalization rate as the test statistic, this
figure demonstrates that the classifier learned the relationship between the data and the labels with a probability of being incorrect of 	.0001.
B, Receiver operating characteristic curves indicate the overall classification performance of the functional connectivity– based classification of
patients with R-mTLE and healthy controls. The area under the receiver operating characteristic curve (AUC) was 99.6% when the first 8
connections were used for classification. C, The permutation distribution of estimates produced by the linear support vector machine classifier
(with 10,000 repetitions) if the first 23 most discriminating features are used. D, Receiver operating characteristic curves indicate the overall
classification performance of the functional connectivity– based classification of patients with R-mTLE and healthy controls. The area under the
receiver operating characteristic curve was 100% when the first 23 connections were involved in the classification.
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FIG 3. Region weights and connection strengths categorized by hemisphere. The connections are displayed in a surface rendering of a human
brain. The thicknesses of the consensus connections in the leave-one-out cross-validation are scaled by their strengths (which were the
normalized occurrences of the first 23 connections during all iterations of the leave-one-out cross-validation). A, Connections with lower
strengths in patients with R-mTLE than in controls are depicted in light blue. B, Connections with greater strengths in patients with R-mTLE than
in controls are displayed in orange. The ROIs related to the selected consensus connections are also scaled by their weights (calculated as the
sum of the weights of all connections to and from the ROI) and are displayed. The ROIs are color-coded by functional network (cerebellum, red;
cingulo-opercular network, green; DMN, blue; frontoparietal network, cyan; visual network, rose; and sensorimotor network, yellow). The
numeric labels for the ROIs in this figure are provided in the On-line Table.
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FIG 4. Region weights and connection strengths viewed from inter- and intranetwork perspectives. The connections are displayed in a surface
rendering of a human brain. The thicknesses of the consensus connections in the leave-one-out cross-validation are scaled by their strengths
(which were the normalized occurrences of the first 23 connections during all iterations of the leave-one-out cross-validation). A, Internetwork
connections. B, Intranetwork connections. Connections with greater strengths in patients with R-mTLE than in controls are displayed in orange.
Connections with lower strengths in patients with R-mTLE than in controls are depicted in light blue. The ROIs related to the selected consensus
connections are also scaled by their weights (calculated as the sum of the weights of all connections to and from the ROI of interest) and are
displayed. The ROIs are color-coded as in Fig 3.
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sphere (Fig 3B). Previous studies have attributed the lateralization

of RS-FC in mTLE to compensatory mechanisms in the human

brain.8,9 However, this conclusion was derived from RS-FC anal-

yses that were restricted to the hippocampus and several other

brain regions that are closely related to mTLE. Furthermore, only

a small sample of patients with mTLE and even fewer patients

with R-mTLE were examined in the prior studies. Our study pro-

vides further support for the hypothesis that patients with mTLE

demonstrate decreased functional connectivity in the epilepto-

genic sides of their brains but exhibit contralateral compensatory

mechanisms. First, our study focused on brain regions outside the

hippocampus, thereby suggesting that the pathophysiology may

be more widely distributed than previously recognized,. The

weaker RS-FC in the contralateral hemisphere suggests a compen-

satory mechanism that involves the entire brain. Second, previous

studies have examined only a small number of patients with R-

mTLE. Relative to these prior studies, our investigation included a

larger number of participants with R-mTLE.

Further evidence is needed to validate the hemispheric later-

alization of the RS-FC in mTLE. To validate this hemispheric

lateralization, we also investigated GM and WM concentrations

and the GM and WM presenting with similar hemispheric later-

alizations, which are detailed in “Voxel-Based Morphometric

Analysis” in the Appendix and On-line Fig 2.

RSN Analysis of R-mTLE
The second finding of the current study is that the intranetwork

FCs were weakened, while the internetwork RS-FC was increased.

It is generally believed that the decrease in RS-FC reflects an im-

pairment in the functional network related to the corresponding

RSN, while an increased RS-FC may indicate enhanced function

due to the compensatory mechanism.32,33 Furthermore, most of

the FCs that did not conform to the observed pattern of hemi-

spheric lateralization were intranetwork FCs. In contrast, most

internetwork FCs followed the observed laterality patterns. This

result may indicate that as functional units, the RSN and the

hemisphere influence each other.

Intranetwork FCs that were weakened in patients with

R-mTLE relative to control subjects were mainly localized to the

DMN cingulo-opercular network and frontoparietal network. In

contrast, intranetwork FCs that were strengthened in patients

with R-mTLE relative to control subjects were localized to the

sensorimotor network. The DMN is characterized by task-in-

duced deactivation, which is essential for maintaining baseline

levels of brain activities related to self-awareness, episodic mem-

ory, and environmental monitoring.34 In recent years, the DMN

has been reported to be decreased in RS-FC and has attracted

considerable attention in mTLE research.35-37 Previous studies

also found that the RS-FC in the frontoparietal network was de-

creased in mTLE.37,38 The strength of most intranetwork connec-

tions in the DMN, cingulo-opercular network, and frontoparietal

network was reduced in patients with R-mTLE relative to healthy

controls in this study, consistent with a previous independent

component analysis– based study.38 This result may indicate that

R-mTLE produces disturbances in executive control functions for

the DMN, cingulo-opercular network, and fronto-parietal net-

work, which are believed to be closely related to executive control

tasks.39-41 Patients with mTLE demonstrate apparent executive

deficits.42-44 In previous studies, the sensorimotor network had

abnormal RS-FC and the patients with mTLE displayed cogni-

tive impairments.38,43,45 The increased RS-FC in the sensori-

motor network in the current study may be a compensatory

mechanism between the left and the right sensorimotor cortex

as shown in Fig 3B.

In contrast, internetwork connections between the aforemen-

tioned RSNs were generally stronger in patients with R-mTLE

than in control subjects. This phenomenon may have been pro-

duced by compensatory mechanisms. The increased RS-FC

strength reflects increased spontaneous synchronization among

brain regions, and previous studies have attributed increased

RS-FC in mTLE to underlying compensatory mechanisms.35 Sev-

eral age-related studies have reported that the weakening of short-

range connectivity and the strengthening of long-range connec-

tivity during aging are driven by functional segregation and

integration, respectively.14,46,47 In addition, a published article

reported that patients with mTLE demonstrated decreased local

functional connectivity and increased intrahemispheric func-

tional connectivity.33 However, the results obtained in our study

suggest that R-mTLE induces impairments in specific functional

networks and that the functional networks become more inte-

grated to compensate for deficits caused by these impairments.

We propose that the compensatory mechanism involves interac-

tions between distinct functional units and cannot simply be as-

sessed in terms of anatomic distance.

Finally, comparing Figs 3 and 4, we found that most intranet-

work FCs were interhemispheric FCs, which indicates that the

compensatory mechanism among different RSNs may disturb the

hemispheric lateralization.

Limitations and Future Work
There were several limitations in our study. First, it examined a

small sample. Our findings must be replicated with larger datasets

before the findings of this investigation can be broadly generalized

to patient populations with R-mTLE. Second, mesial temporal

lobe epilepsy with left HS was not considered in our study. In

future studies, we plan to address these limitations by conducting

multimodal network analyses to investigate patients with mesial

temporal lobe epilepsy with left HS and R-mTLE.

CONCLUSIONS
Based on the classification results, we found that compared with

connections of the healthy controls, weakened connections of the

patients with R-mTLE were primarily distributed in the right

hemisphere, whereas the majority of strengthened connections

were located in the left hemisphere. Additional RSN analyses

demonstrated that most of the altered FCs—not strictly associ-

ated with hemispheric laterality—were intranetwork FCs; most of

the FCs—which tended to obey the hemispheric laterality—were

internetwork FCs.
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ORIGINAL RESEARCH
FUNCTIONAL

Challenges in Identifying the Foot Motor Region in Patients
with Brain Tumor on Routine MRI: Advantages of fMRI

R.A. Fisicaro, R.X. Jiao, C. Stathopoulos, N.M. Petrovich Brennan, K.K. Peck, and A.I. Holodny

ABSTRACT

BACKGROUND AND PURPOSE: Accurate localization of the foot/leg motor homunculus is essential because iatrogenic damage can
render a patient wheelchair- or bed-bound. We hypothesized the following: 1) Readers would identify the foot motor homunculus �100%
of the time on routine MR imaging, 2) neuroradiologists would perform better than nonradiologists, and 3) those with fMRI experience
would perform better than those without it.

MATERIALS AND METHODS: Thirty-five attending-level raters (24 neuroradiologists, 11 nonradiologists) evaluated 14 brain tumors involv-
ing the frontoparietal convexity. Raters were asked to identify the location of the foot motor homunculus and determine whether the
tumor involved the foot motor area and/or motor cortex by using anatomic MR imaging. Results were compared on the basis of prior fMRI
experience and medical specialty by using Mann-Whitney U test statistics.

RESULTS: No rater was 100% correct. Raters correctly identified whether the tumor was in the foot motor cortex 77% of the time. Raters
with fMRI experience were significantly better than raters without experience at foot motor fMRI centroid predictions (13 � 6 mm versus
20 � 13 mm from the foot motor cortex center, P � 2 � 10�6) and arrow placement in the motor gyrus (67% versus 47%, P � 7 � 10�5).
Neuroradiologists were significantly better than nonradiologists at foot motor fMRI centroid predictions (15 � 8 mm versus 20 � 14 mm,
P � .005) and arrow placement in the motor gyrus (61% versus 46%, P � .008).

CONCLUSIONS: The inability of experienced readers to consistently identify the location of the foot motor homunculus on routine MR
imaging argues for using fMRI in the preoperative setting. Experience with fMRI leads to improved accuracy in identifying anatomic
structures, even on routine MR imaging.

Localization of the precentral (motor) gyrus by using functional

MR imaging before neurosurgical resection of brain tumors

has gained acceptance clinically and is a routine procedure.1-3

Two motor areas commonly mapped by using fMRI are the hand

and face.4 The localization of these areas by fMRI is often vali-

dated intraoperatively by using direct cortical stimulation.2,3,5

However, localization of the foot motor homunculus in the pre-

operative setting in patients with brain tumor is uniquely impor-

tant. First, iatrogenic damage to the foot motor homunculus and

the resultant paresis of the leg can render a patient wheelchair- or

bed-bound, conditions that may be more debilitating than paresis

of the nondominant hand or arm. By contrast, iatrogenic com-

promise of the face and tongue homunculus is often compensated

for by corticobulbar fibers from the contralateral hemisphere.

Second, the localization of the foot motor homunculus lacks a

discernible anatomic landmark such as the “reverse � sign” for

the hand motor area.6 Anatomic localization is also rendered

more difficult because the central sulcus often does not reach the

hemispheric fissure.4,7 Third, the foot motor homunculus is

tucked under the sagittal sinus along the interhemispheric fissure,

making its localization difficult to confirm by intraoperative di-

rect cortical stimulation.8,9 Last, there is no sulcus between the

foot motor homunculus and the supplementary motor area, mak-

ing distinction of the foot motor area from the supplementary

motor area more difficult on routine MR imaging.4,10

Due to the importance of foot motor function preservation

and the difficulties with identifying the foot motor homunculus

on routine MR images, we aimed to assess the utility of fMRI of

the foot in the preoperative setting. To test the utility of obtaining

fMRI in cases in which the brain tumor involved the medial aspect

of the high frontoparietal convexity, we asked a group of clinicians

to identify the foot motor homunculus on preoperative anatomic
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(non-fMRI) MR images. These results were compared with those

of the fMRI study performed simultaneously, to which the re-

spondents were blinded. We hypothesized the following: 1) The

respondents would identify the foot motor homunculus �100%

of the time, 2) neuroradiologists would perform better than non-

radiologists, and 3) those with fMRI experience would perform

better than those without fMRI experience.

MATERIALS AND METHODS
This study was approved by the institutional review board. The

raters reviewed MR imaging data acquired previously; therefore,

obtaining informed consent was waived by the institutional re-

view board.

Rater Groups
Thirty-five raters, all at the attending level, were recruited for this

study and included 24 neuroradiologists (attending-level experi-

ence, 1–27 years; mean, 9 years) and 11 nonradiologists (attend-

ing-level experience, 1–26 years; mean, 10 years). Each nonradi-

ologist was board-certified, with most of their practices devoted to

patients with brain tumors. All radiologists were board-certified.

Each rater was given a PowerPoint file (Microsoft, Bothell, Wash-

ington) with a questionnaire asking the rater to identify their spe-

cialty, length of practice at the attending level, and number of

fMRI cases viewed per month (never, �1, 2–5, or �6). The file

consisted of 14 consecutive patients with brain tumors involving

the high frontoparietal convexity. Each case was represented by 6

contiguous axial MR imaging sections from the most relevant

diagnostic series. The patients included 5 men and 9 women

(26 – 66 years of age; mean age, 53 years) (Table 1). The pathology

of the tumors was determined through histologic evaluation of

surgical biopsies. For each case, the raters were to perform or

respond to the following:

1) Please move the “arrow” sign to indicate your estimate of the

foot motor region location on the side of pathology. (The tip

of the arrow sign should be in the center of the foot motor

area.)

2) Does the tumor involve the foot motor area? (Yes/No)

3) Does the tumor involve the motor cortex? (Yes/No)

Additional instructions were provided regarding the defini-

tion of the anatomic borders of the tumor:

● On gadolinium-enhanced images, tumor is defined as enhanc-

ing lesions; the surrounding T1 hypointensity representing

edema is not considered tumor for the purpose of this study.

● On the FLAIR sequence, tumor is defined as FLAIR signal

abnormality.

● For case 4 (T2), tumor is defined as the discrete lesion with rim

hypointensity; the surrounding T2 hyperintensity representing

edema is not considered tumor for the purpose of this study.

Returned responses were anonymized so that each rater was

identified by his or her specialty and a number only.

MR Imaging Data Acquisition
All images were acquired with either a 3T or 1.5T Signa LX scan-

ner (GE Healthcare, Milwaukee, Wisconsin) with an 8-channel

head coil. For fMRI data acquisition, we used the following imag-

ing sequence: gradient-echo echo-planar (TR, 4000 ms; TE, 30 ms

[for 3T] and 40 ms [for 1.5T]; matrix, 128 � 128; flip angle, 90°;

4.5-mm section thickness with no gap; FOV, 240-mm; 32–36 axial

sections covering whole brain). T1-weighted spin-echo (TR/TE,

600/8 ms; matrix, 256 � 256; flip angle, 90°; 4.5-mm section

thickness with no gap; FOV, 240 mm up to 36 sections) and axial

FLAIR images (TR/TE/TI, 9000/125/2250 ms; matrix, 512 � 512;

flip angle, 90°; 4.5-mm section thickness with no gap; FOV, 240

mm; up to 36 axial sections) were obtained in the same axial

orientation as the fMRI data. 3D T1-weighted anatomic images

were also acquired with a spoiled gradient-recalled sequence (TR/

TE, 22/4 ms; matrix, 256 � 256 matrix; flip angle, 30°; 1.5-mm

thickness; FOV, 240 mm). Head motion was minimized in a stan-

dard head coil by using straps and foam padding. Gadopentetate

dimeglumine (Magnevist; Bayer HealthCare Pharmaceuticals,

Wayne, New Jersey) was injected through a peripheral angiocath-

eter (18 –21 ga) at a standard dose (0.2 mL/kg body weight; max-

imum, 20 mL).

fMRI Paradigm and Task
We used a block motor paradigm (20 seconds for the task period

and 40 seconds for rest) in which each patient performed self-

paced toe movement on both feet while avoiding ankle and leg

motion in response to an aural cue. The task consisted of 90 im-

ages for 6 cycles. The patient’s compliance with fMRI paradigms,

functional brain activity, and head motion were monitored in

real-time by using available software (Brainwave; Medical Nu-

merics, Germantown, Maryland).

fMRI Data Analysis
Image processing and analysis were performed by using Analysis

of Functional Neuro Images (http://afni.nimh.nih.gov). Head-

motion correction was performed by using 3D rigid-body regis-

tration. Spatial smoothing (Gaussian filter with 4-mm full width

at half maximum) was applied to improve the signal-to-noise

ratio. Functional activity was generated by using cross-correlation

analysis. Signal changes with time were correlated with a math-

ematic model of the hemodynamic response to neural activation.

To reduce false-positive activity from large venous structures or

Table 1: Summary of patient characteristics

Patient Sex
Age
(yr)

Tumor
Location Pathology

Previous
Surgery

1 M 64 L Grade IV GBM No
2 F 56 R Grade IV GBM No
3 M 36 R Low-grade astrocytoma No
4 M 38 L High-grade glioma No
5 M 66 R Grade II meningioma Yes
6 F 48 L Glioma with astrocytic and

oligodendroglial features
No

7 F 26 R Glioma with astrocytic and
oligodendroglial features

No

8 F 59 L Metastatic adenocarcinoma No
9 F 64 R Grade IV GBM Yes
10 F 65 R Metastatic breast carcinoma Yes
11 F 58 R Metastatic adenocarcinoma No
12 M 58 L Grade IV GBM Yes
13 F 51 R Meningioma No
14 F 53 L Grade IV GBM No

Note:—GBM indicates glioblastoma multiforme; R, right; L, left.
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head motion, we set to zero the voxels in which the SD of the

acquired time-series exceeded 8% of the mean signal intensity. A

board-certified neuroradiologist read each case for foot motor

area and tumor localization.

Scoring Method and Statistical Analysis
For question 1, we measured the distance from the arrow place-

ment to the centroid of fMRI activation in the foot motor area

(defined as the 10 most statistically activated pixels) and recorded

whether the arrow was in the motor gyrus binarily (on the basis of

the fMRI data). Distance measurements were made by using the

PACS Web system. Rater responses and patient fMRI reports for

arrow and foot activation centers were made for placement on

corresponding images in the PACS Web system. Intrinsic rulers

were used for the measurements. For questions 2 and 3, responses

were scored as correct/incorrect on the basis of the fMRI data. The

ground truth locations of the foot motor homunculi were defined

as the centroid of fMRI foot motor activation. Scores and dis-

tances were recorded for each rater and case, and summary statis-

tics were calculated and compared by using the Mann-Whitney U

test. Statistical significance was defined as P � .05. Comparisons

were made across rater groups according to fMRI usage and

specialty.

RESULTS
All Rater Results
No single rater scored 100% correct for the criteria used in this study.

The average arrow placement was 17 � 11 mm from the centroid of

foot motor fMRI activation; 57% of the raters correctly placed the

arrow in the motor gyrus. Raters correctly identified whether the

tumor was in the foot motor cortex 77% of the time and whether

the tumor was in the motor gyrus 71% of the time.

Distance Measurements

fMRI Experience. Raters were split into 2 groups: those without

fMRI experience (18 raters; 11 neuroradiologists, 7 nonradiolo-

gists) and those with fMRI experience (17 raters; 13 neuroradi-

ologists, 4 nonradiologists) (Table 2). If we considered all cases,

the group with fMRI experience was significantly closer to the foot

motor cortex center with their arrow placements than the group

without fMRI experience (13 � 6 mm versus 20 � 13 mm, P �

2 � 10�6).

Experience Gradient. Raters were categorized on the basis of

fMRI experience along a gradient into 3 groups: no experience

(18 raters), �1 per month (14 raters; 10 neuroradiologists,

4 nonradiologists), and 2–5 per month (3 raters; 3 neuroradi-

ologists) (Table 3). Both the �1 per month (13 � 6 mm from

the foot motor cortex center) and 2–5 per month (12 � 7 mm)

rater groups scored significantly better than those without

experience (P � 2 � 10�6 and P � 2 � 10�5, respectively). The

groups with experience did not differ significantly (P �

.204).

Specialties. As a whole, neuroradiologists scored significantly

better than nonradiologists (15 � 8 mm versus 20 � 14 mm

from the foot motor cortex center, P � .005) (Table 4). We

then compared within and across specialties on the basis of

fMRI experience (no experience versus any experience). In the

raters without experience, neuroradiologists were significantly

closer than nonradiologists (18 � 10 mm versus 23 � 16 mm,

P � .036). In raters with experience, there was no significant

difference between neuroradiologists (13 � 6 mm) and non-

radiologists (14 � 6 mm, P � .565). Within specialties, both

neuroradiologists and nonradiologists with experience were

significantly closer than those without experience (P � 2 �

10�6 and P � 2 � 10�4, respectively). When we crossed both

experience and specialties, neuroradiologists with experience

were significantly closer than nonradiologists without experi-

ence (P � 1.4 � 10�5) and nonradiologists with experience

were significantly closer than neuroradiologists without expe-

rience (P � .01).

Arrow Placement in the Motor Gyrus
Raters with fMRI experience correctly placed the arrow in the

motor gyrus significantly more often than raters without fMRI

experience (67% versus 47%, P � 7 � 10�5). On a gradient, raters

in the �1 per month group (68%) were correct significantly more

often than those without experience (P � 1.1 � 10�4). There were

no significant differences between the 2–5 per month (64%) and

no experience groups (P � .067) or the 2–5 per month and the �1

per month groups (P � .717).

Neuroradiologists were correct significantly more often than

nonradiologists (61% versus 46%, P � .008). In raters without

fMRI experience, neuroradiologists were correct significantly

more often than nonradiologists (54%

versus 35%, P � .012). In raters with ex-

perience, there was no significant differ-

ence between the specialties (neuroradi-

ologists � 68%, nonradiologists � 66%,

P � .87). Within specialties, both neuro-

radiologists and nonradiologists with

experience were correct significantly

more often (P � .031 and P � .001, re-

spectively). When we crossed both expe-

Table 2: Rater comparisons: no versus any fMRI experiencea

No fMRI
Experience

Any fMRI
Experience P Value

Distance from foot motor
centroid

20 � 13 mm 13 � 6 mm 2 � 10�6b

Arrow in motor gyrus 47% (118/252) 67% (160/238) 7 � 10�5b

Tumor in foot motor
cortex

73% (183/252) 81% (192/238) .121

Tumor in motor gyrus 66% (167/252) 76% (181/238) .06
a Numbers in parentheses indicate the number of correct responses over the total
number of responses (eg, in the no fMRI group, there were 18 raters for each of the 14
cases, making 252 total responses).
b Significant (P � .05).

Table 3: Rater comparisons by fMRI experiencea

0 Per Month ≤1 Per Month 2–5 Per Month
Significant

Comparisons
Distance from foot motor

centroid
20 � 13 mm 13 � 6 mm 12 � 7 mm 0 vs �1, 0 vs 2–5

Arrow in motor gyrus 47% (118/252) 68% (133/196) 64% (27/42) 0 vs �1
Tumor in foot motor cortex 73% (183/252) 80% (156/196) 86% (36/42)
Tumor in motor gyrus 66% (167/252) 74% (146/196) 83% (35/42)

a Numbers in the parentheses indicate the number of correct responses over the total number of responses (eg, in the
no fMRI group, there were 18 raters for each of the 14 cases, making 252 total responses).
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rience and specialties, neuroradiologists with experience were

correct significantly more often than nonradiologists without ex-

perience (P � 7.68 � 10�6). Nonradiologists with experience did

not differ significantly from neuroradiologists without experience

(P � .176).

Tumor in the Foot Motor Cortex
In determining whether the tumor was located in the foot mo-

tor cortex, there was no significant difference in correct re-

sponses based on fMRI experience (no experience � 73%,

fMRI experience � 81%, P � .121). Likewise, there was no

significant difference among any of the groups along a gradient

(0 per month � 73%, �1 per month � 80%, 2–5 per month �

86%, P � .174). As a whole, there was no significant difference

between the specialties (neuroradiologists � 78%, nonradiolo-

gists � 74%, P � .515). Additionally, there was no significant

difference between the specialties in those without experience

(neuroradiologists � 72%, nonradiologists � 73%, P � .852)

or with experience (neuroradiologists � 82%, nonradiolo-

gists � 75%, P � .401) or within specialties (neuroradiologists,

P � .102; nonradiologists, P � .876). There were no significant

differences between neuroradiologists with experience and

nonradiologists without experience (P � .217) or nonradiolo-

gists with experience and neuroradiologists without experi-

ence (P � .746).

Tumor in the Motor Gyrus
In determining whether the tumor was located in the motor gyrus

generally, while trending toward significance, there was no signif-

icant difference in correct responses based on fMRI experience

(no experience � 66%, fMRI experience � 76%, P � .06). Like-

wise, there was no significant difference among any group along a

gradient (0 per month � 66%, �1 per month � 74%, 2–5 per

month � 83%, P � .076). As a whole, there was no significant

difference between the specialties (neuroradiologists � 72%,

nonradiologists � 69%, P � .569). Additionally, there was no

significant difference between the specialties in those without ex-

perience (neuroradiologists � 68%, nonradiologists � 64%, P �

.664) or with experience (neuroradiologists � 76%, nonradiolo-

gists � 77%, P � .913) or within specialties (neuroradiologists:

P � .190, nonradiologists: P � .197). There were no significant

differences between neuroradiologists with experience and non-

radiologists without experience (P � .111) or nonradiologists

with experience and neuroradiologists without experience (P �

.304).

Case Example
One of the more difficult cases for the raters was patient 13 (Fig-

ure). The average distance from the foot motor center in arrow

placement was 16 mm in those with fMRI experience and 23 mm

in those without experience. Sixty-five percent of raters with fMRI

experience and 50% of raters without fMRI experience placed the

arrow in the correct gyrus. Eighteen percent and 33% of raters

with and without fMRI experience respectively, correctly identi-

fied the tumor as not being located in the foot motor cortex. Last,

35% and 39% of raters with and without fMRI experience, respec-

tively, correctly identified the tumor as not being located in the

motor gyrus.

DISCUSSION
Accurate preoperative identification of eloquent cortices adjacent

to brain tumors is essential and has been demonstrated to im-

prove outcomes.8,11 Localization of the foot motor homunculus

presents a number of unique challenges because this structure

lacks a discernible anatomic landmark on MR imaging such as the

“reverse � sign” for the hand motor area6 and is difficult to ap-

proach and confirm intraoperatively by direct cortical stimula-

tion.8,9 However, accurate localization of the foot motor homun-

culus is essential because iatrogenic damage and the resultant

paresis of the leg can render a patient wheelchair- or bed-bound.

In this study, we assessed the ability of physicians from different

specialties and with varying fMRI experience to accurately iden-

tify the foot motor homunculus on routine MR images.

In this cohort of specialists, we found that experience with

fMRI confers a positive effect on reading routine MR imaging

examinations in terms of locating the relationship of a tumor to

the foot motor homunculus. This effect was seen in those with

fMRI experience performing significantly better in foot motor

cortex center predictions and arrow placement in the motor gyrus

than raters without fMRI experience. This advantage may be lin-

early related to the degree of fMRI experience, but we did not have

the statistical power to show this relationship. There was no sig-

nificant difference between the 2–5 cases per month group (64%

correct) and the �1 case per month group (68%). The probable

reason that there was no statistically significant difference be-

tween the 2–5 cases per month group (64% correct) and the no

fMRI experience group (47% correct) was that the 2–5 cases per

month group was underpowered: There were 3 raters in the 2–5

cases per month group versus 18 raters in the no experience group

and 14 raters in the �1 case per month group. Additionally, at the

specialist level, neuroradiologists performed significantly better

than nonradiologists in foot motor cortex predictions and arrow

placement in the motor gyrus. In our study, only 4 nonradiolo-

gists had fMRI experience, so how their results would compare

with neuroradiologists without fMRI experience in a larger sam-

ple size is not known.

In our study, none of the raters, including highly experienced

individuals, were 100% correct in identifying the foot motor ho-

munculus on the anatomic MR imaging. Even in healthy volun-

teers, interobserver agreement on the location of the central sul-

cus by using MR imaging has been reported to be as low as 76%.12

Therefore, the inability of even expert readers to correctly identify

the location of the foot motor homunculus by anatomy alone

Table 4: Rater comparisons by specialtya

Neuroradiologist Nonradiologist
P

Value
Distance from foot motor

centroid
15 � 8 mm 20 � 14 mm .005b

Arrow in motor gyrus 61% (206/336) 46% (71/154) .008b

Tumor in foot motor
cortex

78% (261/336) 74% (114/154) .515

Tumor in motor gyrus 72% (242/336) 69% (106/154) .569
a Numbers in the parentheses indicate the number of correct responses over the
total number of responses (eg, in the neuroradiologist group, there were 24 raters for
each of the 14 cases, making 336 total responses).
b Significant (P � .05).
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appears to encourage the use of fMRI in such cases. Localization

of the foot motor cortex is of particular importance in preoperative

planning in the medial frontoparietal region of the brain.13 If we took

the results of previous studies showing comparable motor mapping

between fMRI and intraoperative corticography and direct cortical

stimulation, fMRI appears to have both validity and utility.11,14

One finding is that the raters did not perform as well in placing

the arrow in the motor gyrus as they did in nominally determining

whether the tumor was in the motor cortex or in the foot motor

area. One reason may be that tumors can span �1 gyrus, thus

making it easier to determine whether

the motor cortex or foot motor area is

affected rather than placing an arrow in

the correct gyrus. Another reason for the

discrepancy may be that the edema

accompanying the tumors increased the

difficulty by blurring sulcal boundaries.

The current study has limitations

and provides for future directions. One

limitation is the sample size of special-

ists. Future studies might look at a larger

number of specialists, include more spe-

cialties, and have a wider range of fMRI

usage among the cohort to elucidate

these comparisons further and inform

training programs as to the extent of

necessary fMRI training in anatomic de-

terminations such as the foot motor re-

gion. Additionally, with the raters given

1 series of axial images for each case,

whether additional imaging series might

have facilitated foot motor localization

is not known. Another consideration

would be to see whether the addition of

fMRI data actually influenced the surgi-

cal decision-making process as in Pe-

trella et al.11 A possible additional limi-

tation is that some of the patients

underwent previous surgery. Posttreat-

ment changes, especially involving infil-

trative tumors, may limit the determina-

tion of the tumor margin, which could

affect the results. In addition, a study

limitation may be that different tumor

types were included, which could have

affected the results. However, the cur-

rent study supports the utility of fMRI

for foot motor localization in preopera-

tive planning.

CONCLUSIONS
In the current study, we evaluated the

ability of neuroradiologists and nonra-

diologists to identify the foot motor ho-

munculus on MR imaging in patients

with brain tumors. None of the 35 raters

scored 100% correct. Notwithstanding

the expertise of the raters, they were only

able to correctly identify whether the tumor was in the foot motor

cortex 77% of the time. The inability of experienced readers to

consistently identify the location of the foot motor homunculus

on routine MR images argues for the use of fMRI in the preoper-

ative setting. In addition, raters with prior fMRI experience were

significantly better than raters without experience at foot motor

fMRI centroid predictions and arrow placement in the motor

gyrus. Therefore, experience in fMRI leads to improved accuracy

in identifying anatomic structures even on routine MR imaging.

Neuroradiologists were significantly better than nonradiologists

FIGURE. Axial T1-weighted without (A) or with (B) coregistered functional MR images obtained
during a bilateral finger-tapping and foot motor paradigm. The raters were asked to identify the
foot motor homunculus solely on the basis of the anatomic images (A) without the benefit of
fMRI (B). fMRI places the extra-axial lesion just posterior to the primary motor gyrus, including the
foot motor portion of the motor homunculus. Edema extends to involve both the precentral and
postcentral gyri. The average arrow placement from the foot motor center was 16 mm in those
with fMRI experience and 23 mm in those without it. A higher percentage of raters with fMRI
experience than those without it placed the arrow in the motor gyrus (65% versus 50%). Eighteen
percent of raters with fMRI experience correctly identified the tumor as not being located in the
foot motor cortex, while 33% of raters without fMRI experience did so. Last, 35% and 39% of
raters with and without fMRI experience, respectively, correctly identified the tumor as not being
located in the motor gyrus. Most of the incorrect arrow placements were due to the arrow being
placed in a gyrus posterior to the motor gyrus.
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at foot motor fMRI centroid predictions and arrow placement in

the motor gyrus.

Disclosures: Andrei Holodny—UNRELATED: Other: fMRI Consultants, LLC (a purely
educational enterprise).
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ORIGINAL RESEARCH
FUNCTIONAL

Identifying Corticothalamic Network Epicenters in Patients
with Idiopathic Generalized Epilepsy

G.-J. Ji, Z. Zhang, Q. Xu, Z. Wang, J. Wang, Q. Jiao, F. Yang, Q. Tan, G. Chen, Y.-F. Zang, W. Liao, and G. Lu

ABSTRACT

BACKGROUND AND PURPOSE: Corticothalamic networks are considered core pathologic substrates for idiopathic generalized epilepsy;
however, the predominant epileptogenic epicenters within these networks are still largely unknown. The current study aims to identify
these epicenters by resting-state functional connectivity.

MATERIALS AND METHODS: To identify epicenters within the corticothalamic networks in idiopathic generalized epilepsy, we
retrospectively studied a large cohort of patients with this condition (n � 97) along with healthy controls (n � 123) by resting-state
functional MR imaging. The thalamus was functionally divided into subregions corresponding to distinct cortical lobes for 5 parallel
corticothalamic networks. The functional connectivity between each voxel in the cortical lobe and the corresponding thalamic
subregion was calculated, and functional connectivity strength was used to evaluate the interconnectivity of voxels in the cortex
and thalamus.

RESULTS: The projection of 5 cortical lobes to the thalamus is consistent with previous histologic findings in humans. Compared with
controls, patients with idiopathic generalized epilepsy showed increased functional connectivity strength in 4 corticothalamic networks:
1) the supplementary motor area, pulvinar, and ventral anterior nucleus in the prefrontal-thalamic network; 2) the premotor cortex and
ventrolateral nucleus in motor/premotor-thalamic networks; 3) the visual cortex, posterior default mode regions, and pulvinar in parietal/
occipital-thalamic networks; and 4) the middle temporal gyrus in the temporal-thalamic network.

CONCLUSIONS: Several key nodes were distinguished in 4 corticothalamic networks. The identification of these epicenters refines the
corticothalamic network theory and provides insight into the pathophysiology of idiopathic generalized epilepsy.

ABBREVIATIONS: FCS � functional connectivity strength; GSWD � generalized spike-wave discharge; IGE � idiopathic generalized epilepsy; SMA � supplemen-
tary motor area

Idiopathic generalized epilepsy (IGE) is a common subtype of

epilepsy involving abnormally synchronized generalized spike-

wave discharges (GSWDs) rapidly propagating to distributed net-

works.1 Various theories have been proposed to explain the origin

and mechanism of generalized seizures2; the corticothalamic net-

work has been suggested as a preferred target for the modification

or elimination of seizure discharges.3,4

There is substantial evidence that dysfunction in the cortico-

thalamic circuitry contributes to the pathogenesis of generalized

seizures.3,4 Hemodynamic changes associated with GSWDs have

been consistently observed in the thalamus and default mode ar-

eas.5 Recently, corticothalamic interactions in generalized epi-

lepsy have been characterized by morphometric covariance,6

functional and anatomic connectivity,7,8 and causal influence.9 In

particular, corticothalamic connections (parcellated through

probabilistic tractography) showed abnormal functional connec-

tivity in juvenile myoclonic epilepsy.7 However, little attention
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has been paid to the functional topographic pathways linking dis-

tinct cortical areas and specific thalamic nuclei.10,11 These projec-

tions likely have distinct roles in the mechanism of GSWDs,12 so it

is essential to investigate corticothalamic functional networks in

generalized epilepsy. More precisely, characterizing epicenters

within each network may facilitate the development of targeted

surgical interventions (eg, deep brain stimulation) that selectively

disrupt seizures and ultimately improve the clinical treatment of

IGE.4

It was recently demonstrated that resting-state functional con-

nectivity can reveal distinct corticothalamic networks13 analogous to

classic histologic parcellation.10 As in previous investigations,14-16 a

similar approach was adopted here to identify corticothalamic net-

works. We hypothesized that the functional synchronization of cor-

ticothalamic networks is altered in patients with IGE. To localize

epicenters within these networks, we conducted a voxelwise compar-

ison of network functional connectivity between patients and

controls.

MATERIALS AND METHODS
Participants
Patients were consecutively enrolled at Jinling Hospital, Nanjing,

China. Patients were diagnosed according to International League

Against Epilepsy criteria (2001). The inclusion criteria for patients

were as follows: 1) manifestation of typical clinical symptoms of

idiopathic generalized tonic-clonic seizures, including tonic ex-

tension of the limbs, followed by a clonic phase of rhythmic jerk-

ing of the extremities, loss of consciousness during seizures with-

out precursory symptoms of partial epilepsy and aura; 2) no

evidence of secondary generalized seizures, such as trauma, tu-

mor, intracranial infection; 3) no abnormality on structural MR

imaging; 4) presence of GSWDs on the video-electroencephalo-

gram; and 5) right-handedness. Ninety-seven patients fulfilled

these inclusion criteria. The exclusion criteria were as follows: 1)

history of addictions or neurologic diseases other than epilepsy; 2)

history of partial seizures; 3) self-reported falling asleep during

resting-state fMRI scanning; and 4) head translation or rotation

parameters exceeding �1.5 mm or �1.5°. After excluding 11 pa-

tients due to excessive head motion, we included 86 patients in the

final dataset (Table 1). All 86 patients had generalized tonic-clonic

seizures, and 17 had additional myoclonic jerks and absences. All

86 patients were taking antiepileptic drugs, including valproic

acid, topiramate, lamotrigine, phenobarbitone, or some combi-

nation, and 34 had taken other medications, including carbamaz-

epine, phenytoin, traditional Chinese herbal medicines, oxcarba-

zepine, or clonazepam.

Healthy controls (n � 123) were re-

cruited from the staff of Jinling Hospital.

They had no history of neurologic disor-

ders or psychiatric illnesses and no gross

abnormalities in brain MRI.

Written informed consent was ob-

tained from all participants. The study

was approved by the local medical ethics

committee at Jinling Hospital.

Data Acquisition
Data were acquired by using a Magne-

tom Trio (Siemens, Erlangen, Germany) MR imaging scanner at

Jinling Hospital. Functional images were acquired during the in-

terictal period. Scalp electroencephalograms were not recorded

during scanning. All patients were assumed to be in the interictal

state during scanning because there were no apparent seizure

symptoms observed by video monitoring. Foam padding was

used to minimize subject head motion. Functional images were

acquired by using a single-shot, gradient-recalled echo-planar im-

aging sequence (TR � 2000 ms, TE � 30 ms, flip angle � 90°).

Thirty transverse sections (FOV � 240 � 240 mm2, section thick-

ness/intersection gap � 4 /0.4 mm) were acquired. A total of 250

volumes were acquired for each subject. Subjects were instructed

to rest with their eyes closed, without thinking of anything in

particular or falling asleep. After scanning, subjects were asked

whether they had fallen asleep during the scan.

Data Processing

Preprocessing. Functional images were preprocessed by using

the Data Processing Assistant for Resting-State fMRI (http://

rfmri.org/DPARSF) and SPM8 software (http://www.fil.ion.

ucl.ac.uk/spm/software/spm8) toolkits. Functional images

were section-timing-corrected, then registered to correct for

head motion during the scan. On the basis of the known impact

of head motion, the frame-wise displacement was calculated

for each time point.17 If the frame-wise displacement exceeded

0.5 mm, the value of the signal at that point was interpolated by

using piecewise cubic Hermite. Functional images were nor-

malized to the EPI template in Montreal Neurological Institute

space and resampled to an isotropic 2-mm3 voxel. Next, linear

trends were removed and temporal bandpass filtering (0.01–

0.08 Hz) was performed. Finally, several sources of spurious

variance were removed by regression of the following variables:

6 head-motion parameters, signals averaged over CSF, and

white matter.13,14 As previously proposed,13 data were neither

smoothed nor regressed out of the averaged global mean

signal.

Identification of Functional Corticothalamic Networks. To iden-

tify functional corticothalamic networks, we divided bilateral

hemispheres into 5 nonoverlapping cortical lobes based on ana-

tomic templates13: 1) prefrontal cortex, 2) motor/premotor cor-

tex, 3) somatosensory cortex, 4) parietal/occipital cortex, and

5) temporal cortex. We calculated the functional connectivity be-

tween the averaged signal within each lobe and each voxel of the

thalamus by using partial correlation for each subject.13 The thal-

amus mask was acquired from an automated anatomic labeling

Table 1: Characteristics of patients and normal controls
Characteristic IGE (n = 86) NC (n = 123) �2/t Value P Value

Sex (male/female) 31/55 56/67 1.87 .17a

Age (yr) 25.77 � 6.31b 25.49 � 7.15b 1.22 .22c

Handedness (right/left) 86/0 123/0 – –
Duration (yr) 8.93 � 8.41b – – –
Onset age (yr) 16.84 � 7.93b – – –
Frequency (times/yr) 19.02 � 58.11b – – –

Note:—NC, normal controls; –, not applicable.
a �2 test.
b Data represent mean � SD.
c Two-sample t test.
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template. On the basis of previous studies,14 positive correlations

were included in further analyses and transformed to z scores by

using the Fisher r-to-z transformation. Z score maps were com-

bined across subjects in each group by using a 1-sample t test.

Finally, each thalamic voxel was labeled according to the cortical

lobe with the highest t value (ie, “winner take all”).13-16 Thus, the

thalamus was separately divided into 5 subregions in each group.

To compute the functional connectivity strength (FCS) and com-

pare this value between groups, we applied the winner-take-all

approach to all participants (n � 209) to limit group bias during

thalamic subregion creation.18

Voxelwise Functional Connectivity in Corticothalamic Net-
works. Because generalized epileptic seizures may originate at

specific regions or epicenters rather than throughout the brain

simultaneously,1 we sought to identify these epicenters in corti-

cothalamic networks by using a voxelwise functional connectivity

approach (Fig 1).19 Specifically, given N voxels in a cortical lobe

and M voxels in the corresponding thalamic subregion, Pearson

correlation analysis generated an N � M matrix for each partici-

pant—that is, for a given voxel in the cortical lobe, there were M

correlation values representing its functional synchronization

with each voxel in the thalamic subregion. Only values above a

predefined threshold (corresponding to P � .05/M) were trans-

formed to z values and summed as the FCS value of cortical or

thalamic subregion voxels. The FCS value is referred to as the

“degree centrality” of weighted networks20; voxels with higher

FCS values indicate a greater role in the heterogeneity of the

capacity and intensity of connections.19

Statistical Analysis
FCS maps of 5 parallel corticothalamic networks were sepa-

rately compared between groups by using the 2-sample t test.

The corrected statistical threshold (P � .05) was accomplished

by 2 steps: First, the comparison result was corrected (P � .01) by

the AlphaSim program (http://afni.nimh.nih.gov/pub/dist/doc/

program_help/AlphaSim.html) within each network (with a

height threshold of P � .001 for all cortical and thalamic subre-

gions, and extent thresholds for each cortical region and the cor-

responding thalamic subregion of �480 and 24 mm3 [prefrontal

cortex and thalamus], 160 and 32 mm3 [motor/premotor and

thalamus], 720 and 24 mm3 [parietal/occipital cortex and thala-

mus], and 480 and 24 mm3 [temporal cortex and thalamus]). This

step was followed by a Bonferroni correction for the 5 corticotha-

lamic network comparisons. The clinical variables (disease dura-

tion, seizure frequency, and onset age) were correlated with

regions showing abnormal FCS. Spearman correlation analysis

was used because none of the clinical variables showed a Gaussian

distribution.

FIG 1. Schematic of data analysis. From the left to right planes, 5 corticothalamic networks were first identified; FCS was then calculated for each
voxel within the corresponding corticothalamic network. For example, 1 voxel in the cortical lobe was correlated with all voxels in the
corresponding thalamic subregion. All superthreshold coefficient values were averaged to obtain the FCS of the cortical voxel.
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RESULTS
Identification of Functional Corticothalamic Networks
In control subjects, each cortical lobe was connected to distinct,

largely nonoverlapping parts of the thalamus (Fig 2), consistent

with previous findings.13 Specifically, the prefrontal lobe showed

maximal correlation with the mediodorsal and anterior nuclear

areas; the motor/premotor cortex corresponded most strongly to

the ventral anterior, lateral dorsal, and part of the medial nucleus;

the somatosensory cortex corresponded to the ventral posterior

nucleus; and the parietal/occipital and temporal cortices corre-

sponded to the lateral and medial part of the pulvinar. Similar

patterns were observed in patients. However, qualitative differ-

ences were observed between the groups. Compared with con-

trols, the thalamic subregions connected to the prefrontal and

motor/premotor cortices were expanded and shrunken, respec-

tively, in patients. The changes may simply relate to the different

sample sizes of each group, rather than pathologic alteration.

Differences in Functional Connectivity Strength
A between-group comparison indicated that FCS was increased in

patients (Fig 3 and Table 2). In the prefrontal-thalamic network,

the regions of increase were located in the left middle frontal

gyrus, left supplementary motor area (SMA), left pulvinar, and

left ventral anterior nucleus. The motor/premotor-thalamic net-

work showed increased FCS in the right premotor cortex and

right ventrolateral nucleus. The parietal/occipital-thalamic net-

work showed increased FCS in the bilateral inferior parietal lob-

ule, left precuneus, right middle occipital gyrus, and left pulvinar.

The FCS in the sensory-thalamic network did not differ between

groups. The temporal-thalamic network showed increased FCS in

the bilateral middle temporal gyrus and left pulvinar.

No significant correlation was found between the FCS in any

abnormal region and disease duration, onset age, or seizure fre-

quency, even when the age at time of the scan was controlled by

regression.

FIG 2. Highly specific connections between the cortical lobe and thalamus. The 5 columns on the left show the cortical lobe and highly
correlated thalamic regions in patients with IGE and healthy controls. In the winner-take-all map, each thalamic voxel is labeled according to the
cortical lobe with the highest t value. The z plane coordinates indicate the Montreal Neurological Institute space.

FIG 3. Comparison of voxelwise functional connectivity between groups. The left column shows cortical lobes and corresponding thalamic
subregions obtained by using the winner-take-all approach. The right column shows the between-group difference in FCS. Abnormal voxels are
labeled by warm colors and rendered on cortical lobe and thalamic subregions (green). The color scale represents t values by using 2-sample t
tests (P � .05, corrected). The z plane coordinates indicate the Montreal Neurological Institute space.
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DISCUSSION
By measuring brain synchronization by using resting-state fMRI,

we characterized corticothalamic networks in patients with IGE.

We replicated the 5 corticothalamic networks described previ-

ously in both patients and controls, indicating highly organized

patterns of coherent activity in the thalamus and cerebral cortex.

Most important, voxelwise functional connectivity analysis re-

vealed epicenters within corticothalamic networks in patients.

The results suggest that components of the corticothalamic net-

work are not uniformly involved in IGE but that specific epicen-

ters may be crucial to understanding the pathophysiology of this

disorder.

IGE is regarded as a network disorder1 involving abnormal

corticothalamic connectivity.4 Wang et al8 identified abnormal

thalamic nuclei in a group of patients with IGE by morphologic

analysis, which provided the foundation for seed-based func-

tional connectivity analysis. This revealed decreased connectivity

between the medial dorsal nucleus and bilateral orbital frontal

cortices, caudate nucleus, putamen, and amygdala. However, an-

other study found a different pattern of connectivity by using a

similar analytic strategy.21 This inconsistency is at least partly due

to the different locations of seed regions in these studies. To avoid

the bias of a predefined seed region in the present study, we per-

formed a voxelwise functional connectivity analysis (expressed as

FCS) between the thalamus and cortex.19 More important, the

analysis was not restricted to any single corticothalamic network

but considered each one independently. Brain regions with high

FCS are network hubs that facilitate the integration and propaga-

tion of neural processing.19 Increased FCS in patients with IGE is

consistent with a high excitatory state or neuronal synchroniza-

tion22 and suggests that certain brain regions may be responsible

for rapidly spreading the generalized spike-waves to all areas.

The original corticothalamic theory of seizure generalization

was largely based on evidence from animal studies on absence

seizures.2-4 Recent neuroimaging studies have implicated pre-

frontal areas such as the SMA, medial prefrontal cortex, and or-

bital frontal cortex in the generation of generalized seizures.22-24

The present findings also identified
the SMA in a cohort of patients with
IGE. In an fMRI study using an execu-
tive frontal lobe paradigm, patients
with juvenile myoclonic epilepsy
showed increased functional connec-
tivity between the motor system and
the frontoparietal cognitive networks,
providing an explanation for how cog-
nitive effects can cause myoclonic
jerks in juvenile myoclonic epilepsy.24

It was suggested that the SMA, as a
connector linking prefrontal cognitive
areas and the motor system, may facili-
tate the occurrence of generalized sei-
zures, a notion supported by alterations
in anatomic connectivity of the SMA in
juvenile myoclonic epilepsy.25 To esti-
mate the corticothalamic connectivity in
juvenile myoclonic epilepsy, we parcel-
lated the thalamus into several nuclei

connected to different cortices by using probabilistic tractogra-
phy.7 A decreased probability of a connection between the
anterior thalamus and SMA was found in patients. A psychophys-
iologic interaction analysis of fMRI data found greater task-de-
pendent functional connectivity between these anterior nuclei
and the superior frontal cortex. Accordingly, we observed in-
creased FCS in the anterior nuclei. Similar altered prefrontal-tha-
lamic connectivity in different IGE subtypes suggests that these
network changes may be a common feature of IGE. The identifi-
cation of these key regions— especially the SMA—provides puta-
tive epicenters that can be targeted by clinical treatment strategies.
Research across disciplines on these epicenters can advance our
understanding of the pathophysiology of IGE. Because specific
changes in functional connectivity may respond best to particular
clinical treatments,26 our identification of aberrant corticotha-
lamic epicenters may help in the development of improved ther-
apies with fewer side effects.4

Because most patients experience sustained muscle rigidity
and rapid muscle contractions/relaxations during seizures, it is
reasonable to expect abnormalities in the motor-/sensory-
thalamic system. The premotor cortex and specific nuclei
(pulvinar and ventrolateral nucleus) showed increased FCS
within the motor-thalamic but not the sensory-thalamic net-
work. This is analogous to the disruption of functional integ-
rity in the sensorimotor network of the neocortex27 and may
reflect the higher excitability of the motor system of patients
with IGE compared with controls.28 Thus, the motor system of
these patients may be more susceptible to behavioral symp-
toms driven by the SMA during cognitive tasks.24 Brain regions
showing increased FCS in the parietal cortex (precuneus and
inferior parietal lobule) belong to the posterior part of the
default mode network.29 Structural and functional abnormal-
ities have been reported by diffusion-weighted imaging,30 cor-
tical thickness,6 and resting-state fMRI studies.27 The poste-
rior default mode network and related subcortical structures
have been associated with the loss of consciousness during
seizures.31 The increased default mode network–pulvinar FCS

Table 2: Regions in corticothalamic networks with abnormal FCS in patients with IGE

Brain Regions MNI (X, Y, Z)
Brodmann

Area
Volume
(mm3)

Peak
t Value

Prefrontal-thalamic network
SMA/middle frontal gyrus (L) �30, 20, 60 8/6 2136 4.25
Pulvinar (L) �8, �24, 8 – 48 3.54
Ventral anterior nucleus (L) �8, �4, 10 – 24 3.47

Motor/premotor-thalamic network
Premotor cortex (R) 46, 14, 34 6 184 4.26
Ventrolateral nucleus (R) 20, �14, 10 – 48 3.76

Parieto/occipital-thalamic network
Middle occipital gyrus (R) 18, �102, �10 18 880 4.38
Precuneus (R) 6, �52, 24 31 888 4.88
Inferior parietal lobule (R) 42, �66, 46 40/7 2712 4.87
Inferior parietal lobule (L) �36, �62, 50 40/7 2424 4.95
Pulvinar (L) �14, �28, 6 – 48 4.08

Temporal-thalamic network
Middle temporal gyrus (R) 62, �48, 4 22/21 560 4.88
Middle temporal gyrus (L) �66, �50, �2 21 432 4.76
Pulvinar (L) �8, �24, 2 – 48 3.41

Note:—L, left hemisphere; MNI, Montreal Neurological Institute; R, right hemisphere; –, not applicable.
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in the current study is in accord with findings that default
mode network activity increases several seconds before seizure
onset.32 Given that the default mode network–pulvinar net-
work is associated with the default state of the human brain,31

increased synchrony with thalamic nuclei in the interictal or
preictal state may facilitate seizures.33 In the temporal-tha-
lamic network, the morphometric features of the posterior
part of the middle temporal gyrus showed stronger correlation
with those of the thalamus in patients with IGE than in
controls.6

Our results provide additional evidence for abnormalities in
this network at the functional level. Because the posterior part of
the middle temporal gyrus has been suggested as a semantic
hub,34 our findings help explain abnormal semantic processing
observed in many patients with IGE. In addition to corticotha-
lamic involvement in the pathophysiology of IGE, increasing ev-
idence underscores the importance of the striatal system.7,8,30 The
striatum exerts an inhibitory effect on motor systems,35 and its
interaction with the motor and premotor cortices enables the
smooth execution of voluntary movements.36 Decreased control
over the highly excitable network may also underlie the behavioral
symptoms of seizures such as myoclonic jerks.

There were several limitations to this study. First, simulta-
neous electroencephalograms were not acquired to exclude
fMRI data with GSWDs; thus, we did not know whether the
abnormalities in corticothalamic networks were caused by ep-
ileptic discharges. In addition, the mono-/polytherapy under-
taken by some patients may have confounded the results. Fur-
thermore, epileptic activity is dynamic, and it is therefore
difficult to determine its origin by using a static method. Fi-
nally, cognitive data and the socioeconomic status of patients
and controls were not taken into account; however, it is un-
likely that these factors contributed to the between-group dif-
ferences because most of the participants were from middle-
class families.

CONCLUSIONS
Key regions within corticothalamic networks were identified with

abnormal FCS in patients with IGE through a resting-state func-

tional connectivity analysis. The identification of these epicenters

(the SMA, premotor cortex, pulvinar, ventrolateral nucleus, and

default mode network–pulvinar network) provides support for

the corticothalamic network theory of IGE pathophysiology.

Disclosures: Gong-Jun Ji, Zhiqiang Zhang, Qing Jiao, Yu-Feng Zang, Wei Liao—
RELATED: Grants: National Natural Science Foundation of China.
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ORIGINAL RESEARCH
INTERVENTIONAL

Woven EndoBridge Intrasaccular Flow Disrupter for the
Treatment of Ruptured and Unruptured Wide-Neck Cerebral

Aneurysms: Report of 55 Cases
D. Behme, A. Berlis, and W. Weber

ABSTRACT

BACKGROUND AND PURPOSE: The safety and efficacy of the Woven EndoBridge (WEB) device for the treatment of cerebral aneurysms
have been investigated in several studies. Most of these studies focused on specific aneurysms or a certain WEB device. Our objective was
to report the experience of 2 German centers with the WEB device, including technical feasibility, safety, and short-term angiographic
outcome.

MATERIALS AND METHODS: We performed a retrospective study of all ruptured and unruptured aneurysms that were treated with a
WEB device (WEB Double-Layer, Single-Layer, and Single-Layer Sphere) between April 2012 and August 2014. Primary outcome measures
included the feasibility of the implantation and the angiographic outcome at 3-month follow-up. Secondary outcome measures included
the clinical outcome at discharge and procedural complications.

RESULTS: Fifty-five aneurysms in 52 patients, including 14 ruptured aneurysms, underwent treatment with the WEB device. The median
age of patients was 55 years (range, 30 –75 years); 19/55 (37%) were men. The device could be deployed in all patients and was implanted
in 51/55 (93%) cases. Procedural complications occurred in 6/51 (12%), comprising 2 thromboembolic events, 2 thrombus formations, 1
high-grade posterior cerebral artery stenosis, and 1 aneurysm rupture. None of these had clinical sequelae. Angiographic follow-up at 3
months was available for 44/51 (86%) aneurysms. A favorable angiographic result at 3 months was achieved in 29/44 (66%) cases, whereas
the percentage of good anatomic results increased from 40% in 2012 to 75% in 2014.

CONCLUSIONS: The WEB device proved to be safe. Acceptable occlusion rates can be achieved but seem to require wide experience
with the device.

ABBREVIATIONS: ASA � acetylsalicylic acid; DL � Double-Layer; SL � Single-Layer; SLS � Single-Layer Sphere; WEB � Woven EndoBridge

Endovascular treatment has become a widely accepted thera-

peutic option for ruptured and unruptured cerebral aneu-

rysms.1-4 Wide-neck or large aneurysms are difficult to treat by

coil embolization without the use of intraluminal support devices

such as balloons or stents. When these devices are used for the

treatment of complex cerebral aneurysms, promising results have

been reported.5,6 Nevertheless, there are several limitations in the

use of intraluminal support devices, such as the risk of interven-

tional complications or the need for dual anitplatelet therapy in

the case of stent-assisted coil embolization.7,8 The Woven Endo-

Bridge (WEB; Sequent Medical, Aliso Viejo, California) is an in-

trasaccular flow-disruption device that modifies blood flow at the

aneurysm neck.9 Today the WEB is available in 3 different shapes:

the WEB Double-Layer (DL), Single-Layer (SL) and Single-Layer

Sphere (SLS).10 So far, initial clinical results have mostly been

published for the WEB-DL, comprising the results of a prospec-

tive, multicenter study and several case series. Additionally, there

are only very limited data about the feasibility of the WEB

device for the treatment of ruptured aneurysms.10 Occlusion rates

of 81%–92% have been reported when the WEB-DL was im-

planted.11-13 In ruptured aneurysms, occlusion rates of 67% have

been reported.10 All studies reported high rates of neck remnants,

Received October 25, 2014; accepted after revision February 6, 2015.

From the Department of Neuroradiology (D.B.), Georg-August-University Göttin-
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which have been shown to represent an inflow into the recess of

the WEB-DL in many cases.11-13 To our knowledge, none of these

studies reflect experience with ruptured and unruptured aneu-

rysms that have been treated with all 3 types of WEB devices.

MATERIALS AND METHODS
We conducted a retrospective study of all patients who underwent

endovascular therapy for the treatment of ruptured or unrup-

tured cerebral aneurysms using the WEB device between April

2012 and August 2014 at 2 German centers. The indication for

treatment and the technique chosen were decided for all aneu-

rysms by a multidisciplinary team, consisting of neurosurgeons

and interventional neuroradiologists in each center. All 3 types of

the WEB device (DL, SL, and SLS) were used for treatment of the

aneurysms. Each of the devices received a European Confirma-

tory Mark for the treatment of unruptured and ruptured aneu-

rysms. According to the guidelines of the local ethics committee,

no approval was necessary. The WEB device is a self-expanding,

braided nitinol mesh. The Dual-Layer device is constructed with 2

compartments formed by inner and outer braids held together by

proximal, middle, and distal radiopaque markers. The WEB-DL is

braided with 216 or 288 nitinol wires, depending on the device

size. The WEB-SL and the WEB-SLS devices were launched in

2013; these devices are braided like the dual-layer, but they form

only a single-layer device that is oblate and either of globular or

spheric geometry, facilitating a lower profile of the device. The

WEB is fully retrievable before implantation, and it can be

delivered through a 0.027-inch microcatheter. The device uses an

electrothermal detachment system. Anitplatelet and anticoagula-

tion regimens were the following: After the first patient had a

thromboembolic complication at Center A, all patients with un-

ruptured aneurysms received 100 mg acetylsalicylic acid (ASA)

and 75 mg clopidogrel 5 days before treatment. ASA was contin-

ued for 6 weeks if no additional stent placement was performed.

Clopidogrel was stopped after implantation of the WEB. If addi-

tional stent placement was performed, clopidogrel was continued

for 6 weeks, and ASA, for 6 months. During the procedure, a bolus

of 5000 IU heparin was administered, and systemic hepariniza-

tion was continued for 48 hours. Heparin administration was

then adjusted with activated clotting time, aiming for 2–3 times.

At Center B, all patients with unruptured aneurysms received 100

mg ASA for 1 month of treatment; additionally, a bolus of 5000 IU

heparin was administered during the endovascular procedure in

general, before the detachment of the device. In cases of ruptured

aneurysms, patients received 100 mg ASA for 6 weeks at Center A

and no anitplatelet drugs at Center B if not required for other

medical conditions.

All clinical data were taken from the electronic patient records.

Clinical assessment at admission and discharge was performed by

a consultant neurosurgeon. The angiographic and all other imag-

ing data were re-evaluated by 2 senior neuroradiologists (W.W.

and A.B.). Occlusion results were categorized into the following:

complete, neck remnants with real inflow into the neck, neck

remnants with inflow into the marker recess of the device, and

aneurysm remnants. A favorable result was defined as complete

occlusion or a neck remnant. Only DSA images were used for the

evaluation of the occlusion results. Primary outcome measures

were the technical feasibility of the WEB implantation and angio-

graphic outcome at 3 months or at first angiographic control if the

control was before 90 days of treatment. Secondary outcome mea-

sures were clinical outcome at discharge and procedural compli-

cations of the WEB implantation. Subgroups of interest were

identified a priori, and statistical comparisons among these co-

horts were performed by using contingency tables and the

Fisher exact test. Statistical analyses were performed with Graph-

Pad Prism Software, Version 6.01 (GraphPad Software, San

Diego, California). A P value � .05 was considered statistically

significant.

RESULTS
We identified 52 patients with 55 aneurysms who underwent an

endovascular treatment using the WEB device between April 2012

and August 2014. Fourteen of 55 (25%) aneurysms were rup-

tured. Four of 52 (8%) patients in this series also participated in

the Woven Endoluminal Bridge Clinical Assessment of intra-

Saccular aneurysmal Therapy study.14 The median age of patients

was 50 years (range, 30 –75 years); 19/55 (35%) were men. The

WEB could be implanted in 51 aneurysms. In an additional 4

cases, the WEB was deployed but not implanted. The aneurysm

locations in these were the following: the MCA in 2 cases, anterior

communicating artery in 1 case, and the carotid-T in 1 case. The

device was not implanted because of inappropriate sizing in all 4

cases. In 2 cases, the deployment led to a stenosis of an adjacent

vessel, which was completely reversed after the WEB was re-

moved. Neither vessel stenosis led to persistent impairment. An-

eurysm location was the middle cerebral artery in 19/51(37%)

(Fig 1); the anterior communicating in 9/51 (18%); the basilar

artery in 10/51 (20%) (Fig 2); the posterior communicating artery

in 4/51 (8%); the carotid-T in 4/51 (8%); and 4/51 (6%) internal

carotid artery, anterior cerebral artery, and superior cerebellar

artery in 1/51 each (2%). Aneurysm size was the following (me-

dian, range): neck, 5 mm (2– 8 mm); dome, 7 mm (3.2–12 mm);

and aneurysm height, 7 mm (4 –15 mm). Forty-one of 51 (80%)

aneurysms had a neck of �4 mm. In those patients with ruptured

aneurysms, the location was the MCA in 6/14 (43%); the anterior

communicating artery in 3/14 (21%); the posterior communicat-

ing artery in 2/14 (14%); the superior cerebellar artery in 1/14

(7%); the anterior cerebral artery, carotid-T 1/14 (7%) each, and

posterior inferior cerebellar artery in 1/14 each (7%). The sizes of

the ruptured aneurysms were the following: neck, 4.5 mm (range,

3.2–7.8 mm); dome, 6.7 mm (range, 3.4 –9 mm); and height, 6.6

mm (range, 4 –14 mm).

Clinical presentation of those patients with ruptured aneu-

rysms was Hunt and Hess grades 1 and 2 in 4 cases each, Hunt and

Hess 3 in 5 cases, and Hunt and Hess 4 in 1 case. Clinical outcome

at discharge was favorable (mRS 0 � 1) in 11/14 (79%) ruptured

aneurysms. Three of 14 (21%) patients died within the acute

phase of the acute subarachnoid hemorrhage. In the cohort with

unruptured aneurysms, 37/37 (100%) had a favorable outcome

(mRS 0 � 1) at discharge. Of those patients with mRS 1 (5/37), 3

had been mRS 1 before treatment, 1 had a stroke caused by a

thromboembolic complication, and the other had acute SAH af-

ter an accidental aneurysm rupture (Table).

Short-term angiographic results were available for 44/51
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(86%) at 99 days (range, 8 – 471 days) after treatment. In 15/44

(34%) cases, a total occlusion was observed. In another 14/44

(32%) cases, a neck remnant was present, where 11/14 (79%)

showed real inflow into the aneurysm neck and 3/14 (21%) were

classified as inflow into the marker recess.

In the remaining 15 cases, an aneurysm remnant was ob-

served. All of these 15 patients underwent endovascular retreat-

ment. Y-stent placement with additional coil embolization was

performed in 8/15 (53%) (Fig 2); additional stent placement with-

out coil embolization, in 1; and coil embolization without the use

of an intraluminal support device was used in the remaining 6

cases.

A favorable angiographic result (complete occlusion or neck

remnant) was achieved in 23/35 (66%) unruptured aneurysms

and in 6/9 (67%) ruptured aneurysms (P � 1.0). When the

WEB-SL or -SLS was used, favorable results were achieved in 65%

(15/23) compared with 14/21 (67%) when the WEB-DL was de-

ployed (P � 1.0). Most interesting, we found a rate of 83% (5/6)

favorable angiographic results when the WEB-SL was used in rup-

tured aneurysms. When analyzing the occlusion results according

to the site of the aneurysms, we found favorable results to be the

lowest in anterior communicating artery aneurysms, with 38%

compared with 71% in the MCA and 71% in basilar artery aneu-

rysms. Comparing the anatomic results at 3 months according to

the year of treatment, we found that the percentage of favorable

angiographic results increased from only 40% in 2012 to 68% in

2013 and reached 75% in 2014 (Fig 3). The number of treatments

with follow-up available was 5 in 2012, 31 in 2013, and 8 in 2014.

For all patients (15/29) who had a second follow-up and who

did not undergo retreatment after the initial implantation of the

WEB, we could prove stable results compared with the first an-

giographic control at 360 days (range, 84 – 470 days) after treat-

ment. Notably, all neck remnants (real and inflow into the marker

recess) were stable at the time of the second control.

For those who received retreatment of an aneurysm remnant,

we found aneurysms to be totally occluded or showing a neck

remnant in only 5/10 (50%) cases.

In general, complications occurred in 6/51 (12%) cases (Ta-

ble). In 4 cases, thrombus formation occurred in distal vessel

branches; 2 resolved completely after therapy with abciximab

(ReoPro); another resolved incompletely after administration of

intra-arterial tissue plasminogen activator, leading to an incom-

plete infarction of the left posterior cerebral artery territory; and

the remaining case resolved incompletely after treatment with

tirofiban (Aggrastat), leading to a partial infarction of the right

MCA territory. One of the patients who had a thromboembolic

infarction did not develop any symptoms after the intervention.

The other developed a weakness of the left arm after treatment

that was completely resolved at discharge. In 1 case, the implan-

tation of the WEB device into a basilar artery tip aneurysm led to

a stenosis of the right posterior cerebral artery P1 segment, which

had to be stented (Fig 2). In this case, eptifibatide (Integrilin) was

administered for 24 hours and the patient was subsequently

treated with ASA and clopidogrel. The patient did not develop any

clinical symptoms. Additionally, 1 aneurysm rupture caused by

the microcatheter occurred; the patient received additional treat-

ment with a stent and coils. This patient developed a paresis of his

left leg (mRS 1 at discharge).

The retreatment procedures were performed without compli-

cations. One patient had an in-stent thrombosis after Y-stent

placement 10 days after the retreatment procedure because he had

stopped the dual antiplatelet medication on his own.

FIG 1. Unruptured MCA aneurysm of the right side, treated with a
WEB-DL 9 � 6 mm. A, Initial angiogram of the aneurysm. B, Unsub-
tracted image after deployment of the WEB-DL 9 � 6 mm. C, Initial
result after implantation of the WEB. D, Angiographic follow-up after
10 months, confirming stable occlusion of the aneurysm.
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DISCUSSION
Our findings confirm the results of the previously published case

series and the preliminary results of the Woven Endoluminal

Bridge Clinical Assessment of intraSaccular aneurysmal Therapy

study regarding safety, technical feasibility, and high rates of fa-

vorable outcome of the device. The results do not confirm the very

high rates of favorable occlusion results that have been reported

previously.11-15

The deployment of the WEB device was feasible in all 55 an-

eurysms, and it was finally implanted in 51/55 (93%) cases, which

is a rate of technical success comparable with that reported in the

literature.11,13 Complications occurred in 6/51 (12%) cases in our

FIG 2. Unruptured basilar artery tip aneurysm and posterior cerebral artery stenosis after migration of the WEB and retreatment with stent and
coils. A, Initial angiogram of the aneurysm. B, Deployment of the WEB-DL 7 � 4 mm. C, Migration of the device toward the left side of the
aneurysm. D, High-grade stenosis of the left posterior cerebral artery P1 segment (arrow), which was stented subsequently with a Neuroform
stent (Stryker Neurovascular, Fremont, California). E, Control angiogram at 3 months shows an aneurysm remnant. F, Aneurysm occlusion after
Y-stent placement (Low-Profile Visualized Intraluminal Support Device; MicroVention, Tustin, California) and additional coil embolization.
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series, which is similar to those found by Papagiannaki et al13 and

Pierot et al 12 when the WEB was used for aneurysm embolization.

In this study, thrombus formation occurred in 2 cases and was

resolved completely after medical treatment; in 2 other cases,

thromboembolic complications occurred that caused cerebral in-

farction. A rate of 2/51 (4%) thromboembolic complications,

therefore, is very low compared with that published so far when

the WEB was used.11,13 When competing techniques such as

stents or balloons have been deployed for the treatment of wide-

neck cerebral aneurysms, much higher rates of thromboembolic

complications were found.16 A special concern of the treatment is

the comparatively large microcatheter necessary for the delivery

of the device, which might lead to higher rates of aneurysm rup-

ture because of its rigidity. Nevertheless, this study found aneu-

rysm rupture to be a rare event (2%), which was not more fre-

quent than that reported in the Clinical and Anatomical Results in

the Treatment of Ruptured Intracranial Aneurysms series or the

Analysis of Treatment by Endovascular Approach of Nonrup-

tured Aneurysms trial.17,18 The overall complication rate in our

series remains comparatively low when adding the complications

of the 15 retreatment procedures, with only 1 thrombotic occlu-

sion of a stent, which happened after the patient stopped his med-

ication with ASA and clopidogrel autonomously.

Taking into account that one-third of the aneurysms in our

series are MCA aneurysms that also could have been treated sur-

gically, we compared the complication rates with those in large

trials that investigated complications in the clipping of unrup-

tured aneurysms. Barker et al19 in 2004 reported about 7.8% neu-

rologic complications and 6.4% occluded arteries after surgical

clipping, whereas only 2/51 (4%) of the patients in our series had

a neurologic complication or a thrombotic event that led to an

infarction. Others found the rate of neurologic complications to

be 7.4% and the occlusion of cerebral arteries to be 4.2%, also

slightly higher rates compared with those in our series.20

The treatment with the WEB led to high rates of favorable

clinical outcome at discharge in unruptured (100%, mRS 0 � 1)

and ruptured (79%, mRS 0 � 1) aneurysms. Compared with what

is known from the Analysis of Treatment by Endovascular Ap-

proach of Nonruptured Aneurysms trial (transient and perma-

nent neurologic deficits in 5.4%) and the International Subarach-

noid Aneurysm Trial (23.7% mortality and morbidity), these

results are very promising and confirm what has been known

about clinical outcome after treatment with the WEB.1,18

The rate of favorable angiographic results at 3 months was

comparatively low, with 66% in this series. Others reported favor-

able occlusion results of 81%–92% when the WEB was used for

aneurysm occlusion.11-13 Caroff et al10 found occlusion rates as

low as 67% in ruptured wide-neck aneurysms when treated with

the WEB device, which is comparable our findings.

In this series, the occlusion rate did not depend on the aneu-

rysm location or the device used (SL versus DL) or on the aneu-

rysm status (ruptured versus unruptured). Most interesting, we

found that the rate of favorable angiographic results at 3 months

was the highest in 2014 compared with 2012 and 2013, with 75%

in 2014 versus only 40% in 2012, strongly indicating that experi-

ence is a prerequisite for successful use of the device, especially in

terms of sizing, because feasibility was high and complication

rates were low in all years. Furthermore, there was no rerupture

when the WEB was used to treat patients with acute SAH. In

addition, occlusion results were stable in those patients who un-

derwent a midterm follow-up after treatment with a WEB alone

but not in those with additional endovascular treatment, indicat-

ing that the WEB might lead to more stable anatomic results in

wide-neck aneurysms compared with stent placement or balloon

remodeling if the device was initially occluding the aneurysm.

Why occlusion rates are lower in this series remains uncertain;

most likely the results are biased by the high rate of unfavorable

occlusions in 2012 and the beginning of 2013, which were basi-

cally caused by undersizing the device.

The basic limitations of this study are the retrospective design

and the low number of cases. Additionally, the adjudication of the

Overview of complications

No.
Aneurysm
Location

Neck
Size (mm)

Device,
Size

Status
(Ruptured/Unruptured) Complication

Outcome at
Discharge (mRS)

1 BA tip 5.5 DL, 7 � 4 Unruptured P1 stenosis 0
2 BA tip 8.0 DL, 10 � 7 Unruptured Thromboembolic infarction

left PCA territory
0

3 BA tip 4.5 DL, 5 � 3 Unruptured Thrombus formation,
no infarction

0

4 MCA 5.0 DL, 6 � 3 Unruptured Thromboembolic with
MCA infarction

0

5 MCA 5.5 DL, 7 � 6 Unruptured Thromboembolic with
MCA infarction

1

6 AcomA 4.1 SL, 6 � 4 Unruptured Aneurysm rupture 1

Note:—BA indicates basilar artery; AcomA, anterior communicating artery; PCA, posterior cerebral artery.

FIG 3. “Learning curve” showing the percentage of successful treat-
ments from 2012 to 2014.
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end points (eg, angiographic results, complications, and clinical

outcome) was performed at the reporting site, without a core

laboratory or requirement of an independent adjudicator. All sta-

tistical analyses might be underpowered due to the limited num-

ber of cases, and long-term controls are necessary to prove the

efficacy of the device.

CONCLUSIONS
The deployment and implantation of the WEB device proved fea-

sible and safe. Nevertheless, wide experience seems to be a prereq-

uisite to achieve acceptable occlusion rates with the device. Larger

studies are necessary to investigate the feasibility and results, es-

pecially with the recently introduced WEB-SL and WEB-SLS.
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ORIGINAL RESEARCH
INTERVENTIONAL

Vascular Wall Imaging of Unruptured Cerebral Aneurysms with
a Hybrid of Opposite-Contrast MR Angiography

T. Matsushige, Y. Akiyama, T. Okazaki, K. Shinagawa, N. Ichinose, K. Awai, and K. Kurisu

ABSTRACT

BACKGROUND AND PURPOSE: Inflammation and degeneration of the intracranial saccular aneurysm wall play a major role in aneurysm
formation, development and subsequent rupture. The aim of this study was to characterize the walls of unruptured intracranial aneurysms
by using a hybrid of opposite-contrast MRA at 3T.

MATERIALS AND METHODS: Fourteen consecutive patients with 17 unruptured intracranial aneurysms who initially underwent clipping
surgery were prospectively evaluated. All aneurysms were scanned preoperatively by using a hybrid of opposite-contrast MRA in 3T
high-resolution MR imaging. We classified intraoperative findings of atherosclerotic plaques in the aneurysms into 3 grades: grade A (major
plaques), grade B (minor plaques), and grade C (no plaques). The contrast ratio of the high-intensity area was also measured relative to the
background low-intensity area inside the carotid artery.

RESULTS: Findings from preoperative plaque imaging of the aneurysm corresponded to the intraoperative findings in 15 of 16 aneurysms
(excluding 1 that was impossible to visualize in its entirety due to anatomic reasons). Overall sensitivity and specificity of the hybrid of
opposite-contrast MRA were 88.9% and 100%, respectively. During the operation, 4 aneurysms were classified as grade A; 5, as grade B; and
7, as grade C. The means of the contrast ratio for grades A, B, and C were 0.72 � 0.03, 0.34 � 0.30, and �0.02 � 0.09, respectively.

CONCLUSIONS: The hybrid of opposite-contrast MRA can detect visible atherosclerotic plaques in the unruptured aneurysm wall, and
the contrast ratio in intracranial aneurysms correlated with their presence and extent. A study including a larger series is needed to validate
the diagnostic potential of this imaging technique.

ABBREVIATIONS: AcomA � anterior communicating artery; FSBB � flow-sensitive black-blood; HOP-MRA � hybrid of opposite-contrast MR angiography;
WVCR � wall-vessel lumen contrast ratio

Intracranial aneurysms are common vascular lesions, often con-

sisting of a saccular dilation of a cerebral artery vessel. The prev-

alence of intracranial aneurysms in the general population is esti-

mated between 2.5% and 5%.1,2 Aneurysmal rupture occurs with

a 1% risk per year, depending on the size, location, and mor-

phometry of the aneurysm, and leads to subarachnoid hemor-

rhage with associated high morbidity and mortality rates.1,2 In-

tracranial aneurysms with an estimated high risk of rupture

undergo management via a surgical or endovascular approach,

depending on the specific risks of treatment.3,4 Therefore, it is

important to accurately assess the risk of aneurysmal rupture.

The pathogenesis of intracranial aneurysms and their natural

history are not well-understood. Histopathologic studies have

shown that the infiltration of inflammatory cells and the degenera-

tion of the aneurysm wall with atherosclerosis correlates with the

formation, development, and rupture risk of cerebral aneurysms.5-9

However, characterization of the aneurysm wall is limited by imaging

data quality and the need to harvest surgical specimens.

In this regard, the characteristics of high-field-strength MR

imaging, which has a favorable SNR and changes in relaxation

time and susceptibility, can depict the intracranial vessel walls and

their pathologies, including small vessels with atherosclerosis.10,11

The hybrid of opposite-contrast MR angiography (HOP-

MRA) used in this study is a modern technique that combines the

advantages of 3D TOF MRA and flow-sensitive black-blood

(FSBB) MRA.12 The clinical efficacy of this technique was estab-

lished to improve the visualization of peripheral vessels.13,14 The-
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oretically, tissue with shorter T1 and T2* introduces high signal in

FSBB of HOP-MRA, which demonstrates atherosclerotic plaques,

including fat, as high-signal-intensity areas and demonstrates the

blood space as low-signal-intensity areas in intracranial aneu-

rysms.12 The strength of this technique is the dual-echo 3D gra-

dient-echo sequence, which enables a shorter imaging time and

minimization of misregistration. The present study investigated

the utility of HOP-MRA at 3T for the characterization of visible

atherosclerotic plaques in intracranial aneurysms by using sub-

traction between TOF and FSBB imaging.

MATERIALS AND METHODS
Study Design
This study was approved by an institutional review committee,

and the subjects gave informed consent to participate. It prospec-

tively evaluated the diagnostic feasibility of delineating the aneu-

rysm wall by using HOP-MRA at 3T in comparison with intraop-

erative findings of the aneurysm. Inclusion criteria were the

following: 1) patients undergoing elective clipping surgery, 2)

18 – 80 years of age, and 3) the ability to give informed consent.

Exclusion criteria were the following: 1) presence of cardiac pace-

maker or any other electronic implants, 2) pregnancy or breast

feeding, and 3) claustrophobia.

Preoperative Image Evaluation
Preoperative assessment of aneurysms in our institution includes

routine cerebral DSA, CTA, and MR imaging. Calcification of the

aneurysm was assessed by using CTA with sections of 1-mm

thickness with a 0.5-mm overlap. The morphology, location, and

size of the aneurysm were assessed by 3D rotational DSA by the

operating neurosurgeon with 16 years of experience (T.O.). Ad-

ditionally the presence of high signal intensity in the aneurysm

wall was evaluated on multiplanar reconstruction (transverse,

coronal, and sagittal) of HOP-MRA at 3T by a second neurosur-

geon (T.M.) before the operation.

Intraoperative Assessment
The aneurysm was completely exposed via the trans-Sylvian or

interhemispheric approach by craniotomy. Intraoperative evalu-

ation of the aneurysm wall was performed in consensus by both

neurosurgeons. In addition, a third neurosurgeon with 10 years of

experience (K.S.), who was blinded to preoperative MR imaging

data, evaluated the microscopic findings on all aneurysms by op-

erative video. Microscopic surgical findings of the aneurysm wall

were defined by visible atherosclerotic changes (yellowish) and

classified into 3 grades by the neurosurgeons as grade A (major

plaques), grade B (minor plaques), and grade C (no plaques).

HOP-MRA Sequence
All images were acquired on a commercially available 3T MR

imaging scanner (Vantage Titan 3T; Toshiba Medical Systems,

Tokyo, Japan) equipped with a 6-channel head coil. For HOP-MRA,

we used a 3D gradient-echo, double-echo sequence. TEs were chosen

for TOF-contrast with the first echo and FSBB contrast with the sec-

ond echo. The 2 original images were subtracted and displayed by

maximum intensity projection. The scan parameters were the fol-

lowing: acquisition time, 7:00 min; TR, 21 ms; TE 1, 3.3 ms (TOF);

TE 2, 13.9 ms (FSBB); flow-dephasing gradient (b � 0.3 s/mm2); flip

angle, 20°; field of view, 240 mm; section thickness, 1 mm; number of

partitions, 60; matrix, 192 � 256; and NEX, 2.

Image Evaluation
A radiologic technician (19 years of experience) measured the

mean signal intensity of the highest intensity area in the aneurysm

wall compared with the background low-intensity area inside the

ipsilateral carotid artery. Imaging data were transferred to an Ad-

vantage Workstation (Version 3.1; GE Healthcare, Milwaukee,

Wisconsin) with Virtual Place Office (Azemoto, Tokyo, Japan)

software to perform postprocessing. Diameters for the ROIs in the

aneurysm wall were 2 mm2 without including voxels from adjacent

structures. The ROI in the carotid artery was thought to be suitable

for referring intensity very close to that of most aneurysms and was

placed in the center of the ipsilateral carotid artery amounting to 2

mm2. The wall-vessel lumen contrast ratio (WVCR � Signalwall �

Signalvessel lumen/Signalwall � Signalvessel lumen) was also assessed.

Statistical analyses were performed by using the JMP statistical

package (Version 10; SAS Institute, Cary, North Carolina). To com-

pare differences between 2 groups, we used the Fisher exact test for

categoric factors between 2 groups and the Mann-Whitney U test for

quantitative variables. Statistical significance was indicated by P �

.05.

RESULTS
All patients tolerated the examination well, and this prospective

study included 14 patients (6 men, 8 women; median age, 60

years; age range, 24 –76 years) with 17 aneurysms in total. Patient

demographics including vascular atherosclerotic risk factors such

as sex, age, hypertension, dyslipidemia, diabetes mellitus, and cig-

arette smoking are summarized in the Table. The evaluation by

DSA showed that all aneurysms were located in the anterior cir-

culation (ICA, n � 3; anterior cerebral artery, n � 8; and MCA,

n � 6). The median maximum diameter of the aneurysms was 5.4

mm (range, 2.8 –14.1 mm). There were no aneurysms with calci-

fication on thin-section CTA.

The interobserver assessment between 2 neurosurgeons in con-

sensus during the operation and another neurosurgeon was identi-

cal. Of 17 aneurysms, we delineated 9 aneurysms with thickened

walls corresponding to high signal intensity. During the operation, 4

aneurysms were classified as grade A; 5, as grade B; and 7, as grade C.

One aneurysm could not be completely characterized because it

arose from the ICA terminal with posterior projection (case 5).

If we excluded this aneurysm, which was anatomically impos-

sible to assess, 15 of 16 (93.8%) aneurysms showed excellent cor-

relation between the surgical overview and the presence of high

signal in the aneurysm wall. Overall sensitivity of HOP-MRA was

88.9%, and specificity was 100%. There was no correlation be-

tween the presence of atherosclerosis and vascular atherosclerotic

risk factors: sex (P � .70), age (P � .83), hypertension (P � .62),

dyslipidemia (P � .64), diabetes mellitus (P � 1.00), and cigarette

smoking (P � .64). However, there was a statistically significant

difference between the presence of atherosclerosis and aneurysm

size (P � .03). The mean WVCR of the aneurysm wall with ath-

erosclerotic plaques (grades A and B) was significantly higher

than that in the aneurysm wall without plaques (grade C) (P �
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.0011). The means of the WVCRs for grades A, B, and C were

0.72 � 0.03, 0.34 � 0.30, and �0.02 � 0.09, respectively. Details

are illustrated in Fig 1.

Illustrative Cases

Case 1. A hypertensive 24-year-old man with a familial history of

subarachnoid hemorrhage had an unruptured left ICA-anterior

choroidal artery aneurysm of 4.2-mm maximum diameter (Fig

2A-1). Despite the patient’s age, high signal intensity in the aneu-

rysm wall was delineated by the presur-

gical FSBB. The lesion had a high con-

trast ratio (WVCR � 0.73) (Fig 2A-2).

Atherosclerotic plaques in the aneurysm

wall were evaluated as grade A intraop-

eratively (Fig 2A-3).

Case 8. A 70-year-old woman with an

unruptured left MCA aneurysm of

5.1-mm maximum diameter was re-

ferred to our hospital (Fig 2B-1). Partial

high signal intensity in the aneurysm

wall was delineated by presurgical FSBB

(Fig 2B-2). The lesion presented with

mild elevation of contrast ratio

(WVCR � 0.44). An intraoperative view

via a trans-Sylvian approach showed the

patchy atherosclerotic change on the

wall, which was evaluated as grade B (Fig

2B-3).

Case 3. A 69-year-old man had an un-

ruptured right MCA aneurysm of 6.1

mm maximum (Fig 2C-1). There was no

high signal intensity in the aneurysm

wall in the presurgical FSBB (Fig 2C-2).

An intraoperative view via a trans-Sylvian approach showed no

atherosclerosis in the aneurysm wall. The aneurysm wall was eval-

uated as grade C (Fig 2C-3).

Case 10. A 63-year-old woman with an unruptured anterior com-

municating artery (AcomA) aneurysm presented to our hospital

(Fig 2D-1). FSBB failed to show high signal intensity that would

have otherwise corresponded to atherosclerotic plaque in the an-

eurysm wall (Fig 2D-2). The actual intraoperative view showed

FIG 1. The distribution of WVCR in each plaque in the aneurysm wall. There is a significant
difference in WVCR among A, B, and C (P � .0011). Group A indicates major plaques; group B, minor
plaques; and group C, no plaques.

Patient demographics and findings

Case No.
Aneurysm

No.

Patients Aneurysms
Aneurysm Wall

Findings at HOP-MRA
Atherosclerotic

Risk Factors

Sex
Age
(yr) Location

Maximum
Size (mm)

Intraoperative
Plaque Findingsa

High Signal
Intensity WVCRb HT DL DM CS

1 1 M 24 ICA Ach 4.2 A � 0.73 � � � �
2 2 M 35 ACA (A1) 2.8 C � �0.02 � � � �
3 3 M 69 MCA 6.1 C � �0.22 � � � �
4 4 M 76 MCA 14.1 A � 0.70 � � � �
5 5 F 71 ICA PcomA 5.9 C � 0.01 � � � �

6 F 71 ICA terminal 3.5 NAc � 0.64 � � � �
6 7 F 53 dACA 7.2 A � 0.68 � � � �

8 F 53 dACA 6.7 B � 0.62 � � � �
9 F 53 AcomA 4.2 C � 0.02 � � � �

7 10 F 63 MCA 5.4 B � 0.04 � � � �
8 11 F 70 MCA 5.1 B � 0.44 � � � �
9 12 M 60 AcomA 4.7 C � 0.00 � � � �
10 13 F 63 AcomA 5.0 B � 0.02 � � � �
11 14 M 61 MCA 7.2 B � 0.60 � � � �
12 15 F 73 MCA 9.6 A � 0.75 � � � �
13 16 F 55 AcomA 4.0 C � 0.04 � � � �
14 17 F 69 AcomA 5.6 C � 0.03 � � � �

Note:—Ach indicates anterior choroidal artery; PcomA, posterior communicating artery; ACA (A1), anterior cerebral artery (A1 segment); dACA, distal anterior cerebral artery;
HT, hypertension; DL, dyslipidemia; DM, diabetes mellitus; CS, cigarette smoking; NA, not assessed due to anatomic reasons; �, present; �, absent.
a Intraoperative plaque assessment in the aneurysm was demonstrated as the following: grade A, major plaques; grade B, minor plaques; grade C, no plaques.
b WVCR indicates a high-intensity area in the aneurysm wall to the background low-intensity area inside the aneurysm.
c Impossible to characterize the entire aneurysm due to anatomic reasons.
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small atherosclerotic change on the right body of the aneurysm

(Fig 2D-3).

DISCUSSION
This study showed that HOP-MRA at 3T can detect atheroscle-

rotic plaques in the aneurysm wall preoperatively and that the

WVCR in intracranial aneurysms correlated with the presence

and extent of visible atherosclerotic plaques. This is the first report

to show that high-resolution MR imaging, including the HOP-

MRA technique at 3T, can delineate plaque in the aneurysm wall,

though we found some studies on aneurysm wall imaging.15-20

In recent years, there is much evidence that inflammation and

degeneration of the aneurysm wall play a major role in aneurysm

formation, development, and rupture.5-9 Along with elucidation

of the histopathology of the aneurysm wall, it is expected vessel

wall imaging will reveal biologic behavior of the aneurysm wall.

Some authors reported the possibility of detecting unstable intra-

cranial aneurysms by using contrast media, which in our opinion,

corresponds to increased aneurysm wall permeability.17,18 Aneu-

rysm wall imaging can be performed with ultrasmall superpara-

magnetic particles of iron oxide (ferumoxytol) to reveal inflam-

mation surrounding the aneurysm wall.19 Recently, vessel wall

imaging at 7T was reported to reveal variations of aneurysm wall

thickness.20 Ours is a novel study comparing the atherosclerotic

changes of the aneurysm wall, which are presumably associated

with one of the processes of degeneration, between HOP-MRA

and the operative view.

Atherosclerotic change in the cerebral aneurysm wall is part of

the pathologic degeneration underlying the development of in-

flammation.5-9,21 The progression of the degeneration is consid-

ered to have a positive correlation with aneurysmal growth.21 Al-

though whether the presence of atherosclerosis correlates with the

risk of aneurysm rupture is not yet well-known, we believe that

the delineation of the aneurysm wall yields valuable information

regarding intracranial cerebral aneurysms. As shown in our series,

the signal intensity varied according to the degrees of atheroscle-

rosis. The presence of high signal intensity on HOP-MRA may

reflect the vulnerability of the plaque in the aneurysm wall.

In clinical practice, ischemic surgical complications are more

likely if there is atherosclerotic change around the wall of the

cerebral aneurysm.22,23 It is possible that the fragile plaque mi-

grates distally during the clipping procedure. We had a few pa-

tients who had silent ischemic lesions on diffusion-weighted im-

aging, as retrospectively proved by operative video. Some

aneurysms that were surgically treated could not be completely

observed for anatomic reasons. In such cases, preoperative imag-

ing to determine the presence or absence of active atherosclerotic

plaque around the neck of aneurysm is helpful for surgical plan-

ning and other treatment decisions.

High-resolution MR vessel wall imaging, including high-res-

olution black-blood imaging by presaturation pulse or a double

inversion recovery black-blood sequence, yields information re-

garding the pathology of small cerebrovascular diseases.10,11 Most

vessel wall imaging techniques focus on steno-occlusive cerebro-

vascular disease with well-established atherosclerotic plaque im-

aging, though some imaging strategies can also yield information

regarding the wall of cerebral aneurysms.15-20 The strengths of the

HOP technique include minimization of misregistration, among

others. Because we performed TOF-MRA and FSBB simultane-

ously, we characterized the plaque clearly without the influence of

pulse and flow in the aneurysm. To reduce the time and uncertain

high signal by artifacts during FSBB imaging, we used a dual-echo

3D gradient-echo sequence and a high TE and b factor.

This study had several limitations. First, the comparison be-

tween the plaque imaging and the intraoperative view was subjec-

tive, though it was performed in a blinded manner by experienced

neurosurgeons and radiologic technicians. Furthermore, because

we routinely expose all parts of the aneurysm to mobilize it during

microsurgical clipping, we were able investigate and record all

these parts. Second, it is difficult to harvest a small aneurysm wall

safely to compare the result of HOP-MRA and ex vivo pathologic

FIG 2. TOF-MRA (first column), FSBB (second column), and an intra-
operative photomicrograph (third column) of 4 different patients
with various degrees of atherosclerosis in the aneurysm wall. A, Left
ICA–anterior choroidal artery unruptured aneurysm from case 1. TOF-
MRA depicts the aneurysm (A-1, arrow) and left carotid artery (A-1,
asterisk). FSBB shows high signal intensity in most of aneurysm wall
with ROIs (green circle) in the wall (A-2, arrow) and at the center of
the ipsilateral ICA for measuring the referring intensity (A-2, arrow-
head). Intraoperative view showing abundant atherosclerotic plaques
(grade A) in the aneurysm wall (A-3, arrow). B, Left MCA aneurysm
from case 8. TOF-MRA shows the aneurysm (B-1, arrow). FSBB depicts
focal high signal intensity in the aneurysm wall (B-2, arrow), corre-
sponding to a patchy atherosclerotic plaque (grade B) in the intraop-
erative view (B-3, arrow). C, Right MCA aneurysm from case 3. TOF-
MRA demonstrates the aneurysm (C-1, arrow). FSBB shows no high
signal intensity in the wall (C-2, arrow), and the intraoperative view
also shows no plaques (grade C) in the wall (C-3, arrow). D, Left
AcomA aneurysm from case 10. TOF-MRA depicts the aneurysm (D-1,
arrow), and FSBB shows no high signal intensity in the aneurysm wall
(D-2, arrow). The operative view shows a small patchy atherosclerotic
change on the right body of the aneurysm (D-3, arrow).
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examination. Therefore, we could not determine why false-nega-

tive results on HOP-MRA occurred in the presence of patchy

atherosclerotic plaque (case 10). We speculated that the degree of

plaque containing vulnerable component might account for this

phenomenon. High signal intensity in the aneurysm wall may

include the presence of intraluminal thrombus, which is on the

same degenerative pathway of the aneurysm wall.6,7 Additionally,

this study did not include calcified aneurysms. Vessel wall calcifi-

cation is also a part of degeneration. Further study is needed to

investigate whether HOP-MRA can characterize atherosclerosis

with calcification and to characterize the precise spread, location,

and the activity of atherosclerosis in relation to aneurysms.

Although HOP-MRA is a promising technique to determine

the degree of atherosclerotic change in cerebral aneurysms, its

clinical availability is limited. Although this study involved a

small sample set, we believe that aneurysm wall imaging could

become a standard examination to identify rupture-prone ce-

rebral aneurysms.

CONCLUSIONS
The high signal intensity in intracranial aneurysms on HOP-MRA

imaging correlated with the presence and extent of atherosclerotic

plaques in the intracranial aneurysm wall.
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The Role of Core Needle Biopsy and Its Impact on Surgical
Management in Patients with Medullary Thyroid Cancer:

Clinical Experience at 3 Medical Institutions
E.J. Ha, J.H. Baek, D.G. Na, J.-h. Kim, J.K. Kim, H.S. Min, D.E. Song, K.E. Lee, and Y.K. Shong

ABSTRACT

BACKGROUND AND PURPOSE: Medullary thyroid carcinoma is an uncommon malignancy that is challenging to diagnose. Our aim was to
present our experience using core needle biopsy for the diagnosis of medullary thyroid carcinoma compared with fine-needle aspiration.

MATERIALS AND METHODS: Between January 2000 and March 2012, 202 thyroid nodules in 191 patients were diagnosed as medullary
thyroid cancer by using sonography-guided fine-needle aspiration, core needle biopsy, or surgery. One hundred eighty-three thyroid
nodules in 172 patients were included on the basis of the final diagnosis. We evaluated the sensitivity and positive predictive value of
fine-needle aspiration and core needle biopsy for the diagnosis of medullary thyroid cancer. We compared the rate of a delayed diagnosis,
a diagnostic surgery, and surgery with an incorrect diagnosis for fine-needle aspiration and core needle biopsy and investigated the factors
related to the fine-needle aspiration misdiagnosis of medullary thyroid cancer.

RESULTS: Fine-needle aspiration showed 43.8% sensitivity and 85.1% positive predictive value for the diagnosis of medullary thyroid
cancer; 25.7% (44/171) of patients had a delayed diagnosis, while 18.7% (32/171) underwent an operation for accurate diagnosis, and 20.5%
(35/171) underwent an operation with an incorrect diagnosis. Core needle biopsy achieved 100% sensitivity and positive predictive value
without a delay in diagnosis (0/22), the need for a diagnostic operation (0/22), or an operation for an incorrect diagnosis (0/22). A calcitonin
level of �100 pg/mL was the only significant factor for predicting the fine-needle aspiration misdiagnosis of medullary thyroid cancer (P �

.034).

CONCLUSIONS: Core needle biopsy showed a superior sensitivity and positive predictive value to fine-needle aspiration and could
optimize the surgical management in patients with medullary thyroid cancer. Because the ability of fine-needle aspiration to diagnose
medullary thyroid cancer significantly decreases in patients with serum calcitonin levels of �100 pg/mL, core needle biopsy could be
indicated for these patients to optimize their surgical management.

ABBREVIATIONS: AUS � atypia of undetermined significance or follicular lesion of undetermined significance; CNB � core needle biopsy; FNA� fine-needle
aspiration; MTC � medullary thyroid carcinoma; PTC � papillary thyroid carcinoma; US � ultrasound

Medullary thyroid carcinoma (MTC) is an uncommon ma-

lignancy that is challenging to diagnose. Although it ac-

counts for only 3%–5% of thyroid cancer diagnoses, it causes 15%

of thyroid cancer–related deaths due to its aggressiveness.1 Due to

a lack of good treatment options other than surgery, early diag-

nosis of MTC and complete surgical resection comprising at least

total thyroidectomy with central lymph node dissection offers the

best chance for a cure.2-5 In that respect, accurate and timely

diagnosis of MTC is essential to ensure the appropriate surgical

procedure.6-9

An early presurgical diagnosis of MTC remains a diagnostic

challenge in clinical practice, however. Although fine-needle as-

piration (FNA) cytology is an important diagnostic tool for eval-

uating thyroid nodules, its low sensitivity for diagnosing MTC

limits an optimal preoperative evaluation and an operation in

approximately half of the patients.10,11 Serum calcitonin level

measurement in patients with thyroid nodules is a sensitive and

specific marker with even better diagnostic accuracy than cytol-

ogy in unsuspected MTC, though the routine measurement of
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serum calcitonin levels in nodular thyroid disease and the cutoff

value for a diagnosis of MTC are still debatable.11-13 Due to these

diagnostic difficulties, some MTC is still incidentally discovered

after a diagnostic operation or after an operation with an incorrect

presurgical diagnosis—this situation presents the risk of an in-

complete therapeutic approach and a less favorable progno-

sis.10,14,15 Therefore, early and accurate diagnosis of MTC is of

crucial importance for optimal management.

We studied core needle biopsy (CNB) for the diagnosis of

MTC at 3 medical institutions during a 10-year period. The study

was designed to evaluate the following: 1) the diagnostic perfor-

mance of CNB, 2) its impact on surgical management compared

with FNA, and 3) factors related to the FNA misdiagnosis of MTC.

MATERIALS AND METHODS
The institutional review boards approved this retrospective study

at the 3 participating sites and required neither patient approval

nor informed consent for review of the images and medical re-

cords. However, informed consent for FNA or CNB was obtained

from all patients before biopsy.

Patients
This retrospective analysis was based on patient data collected

from 3 medical institutions (ie, Asan Medical Center, Seoul Na-

tional University Hospital, and the Human Medical Imaging and

Intervention Center). We reviewed the medical records of pa-

tients who were diagnosed with MTC between January 2000 and

March 2012 at the 3 institutions. During this time, 202 thyroid

nodules in 191 patients were initially diagnosed as MTC by using

1 of the following methods: ultrasound (US)-guided FNA, US-

guided CNB, or surgery. Of these 191 patients, 19 were excluded

because they were surgically treated at another hospital (n � 5) or

were without FNA or CNB results before the operation (n � 14).

This study finally included 183 thyroid nodules in 172 patients

(112 women and 60 men; mean age, 49.6 years; range, 17–91

years).

Of the 183 nodules in 172 patients, FNA was initially used in

182 nodules in 171 patients. CNB was used in 22 nodules in 21

patients as the initial approach (n � 1), after the FNA results of

non-MTC (n � 13), or simultaneously with FNA (n � 8). The

final diagnosis was based on the pathology results obtained after

surgery for all nodules except for 2 in 2 inoperable patients with

high calcitonin levels of 1330 and 82,900, respectively.

US-Guided FNA and CNB Procedures
US examinations were performed by using 1 of 4 US systems: an

iU22 U (Philips Healthcare, Best, the Netherlands), an EUB-7500

U (Hitachi Medical Systems, Tokyo, Japan), an Aplio XG

(Toshiba Medical Systems, Tokyo, Japan), or an HDI 5000

(Philips Healthcare), equipped with a linear, high-frequency

probe (5–14 MHz). All US examinations and US-guided FNA or

CNB procedures were performed by 4 clinically experienced thy-

roid radiologists with 12–19 years of thyroid US experience or by

residents and fellows under their supervision.

US-guided FNAs were performed with a combination of 25-,

23-, and 21-ga needles and a combination of capillary and aspira-

tion FNA techniques according to the characteristics of the nod-

ules. Each lesion was aspirated at least twice (range, 2– 4 times).

Materials obtained from the FNA were immediately placed in

95% alcohol for Papanicolaou staining.

US-guided CNBs were performed by using a disposable, 18-ga,

double-action, spring-activated needle (1.1- or 1.6-cm excursion)

(TSK Acecut; Create Medic, Yokohama, Japan) after local anes-

thesia with 1% lidocaine. Before the needle insertion, vessels

along the approach route were carefully evaluated by power

Doppler US to prevent procedure-related hemorrhage. Using a

freehand technique, we advanced the core needle from the isth-

mus of the thyroid toward the target nodule by using the

transisthmic approach. When the needle tip was advanced into

the edge of the nodule, the stylet and cutting cannula of the needle

were sequentially, carefully fired. The number of tissue cores ob-

tained by CNB ranged from 1 to 3. A second or third CNB was

performed when a lesion was considered inaccurately targeted, as

in the case of small nodules or when an adequate tissue core was

not obtained by visual inspection. Each patient was observed after

firm, local compression of the biopsy site for 10 –20 minutes after

FNA or CNB. If a patient had pain or neck swelling, a repeat US

examination was performed to evaluate possible complications.16

Cytologic and Histopathologic Analyses
The FNA, CNB, and surgical specimens were reviewed by experi-

enced cytopathologists with 8 –10 years of clinical experience in

thyroid cytopathology; real-time cytology was not available dur-

ing the biopsy procedure. FNA cytology diagnoses were catego-

rized as nondiagnostic, benign, atypia of undetermined signifi-

cance or follicular lesion of undetermined significance (AUS),

follicular neoplasm/suspicious for follicular neoplasm, suspicious

for malignancy, or malignant according to the Bethesda System

for Reporting Thyroid Cytopathology.17 Because the diagnostic

criteria of CNB have not been standardized for thyroid nodules,

the CNB histologic diagnoses were categorized into the same cat-

egories as those in the Bethesda System.18-20 For evaluating the

specific diagnostic performance for MTC on both the FNA and

CNB, the “suspicious for malignancy” or “malignancy” reading

was further categorized into subtypes suggesting papillary thyroid

carcinoma (PTC), MTC, or other malignancy.

Additional special staining was performed on a case-by-case

basis according to the cytopathologists’ preferences and concerns.

Calcitonin staining on FNA or CNB specimens was not routinely

used for these readings, though it could be used as an additional

requirement of the cytopathologists when the FNA or CNB find-

ings were suspicious for MTC, to obtain a confirming diagnosis.

Statistical Analysis
Statistical analysis was performed by using the SPSS software

package (Version 19.0 for Windows; IBM, Armonk, New York).

Categoric data were summarized by using frequencies and per-

centages. The diagnostic performance of FNA and CNB for MTC

was evaluated by using the sensitivity and positive predictive

value. The �2 test, Student t test, and Mann-Whitney U test were

used to evaluate the factors related to the FNA misdiagnosis of

MTC. FNA misdiagnosis was defined as any FNA cytologic diag-

nosis except MTC. Binary logistic regression was used for multi-

variate analysis. The Spearman rank correlation was used to eval-
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uate the relationship between the size and the calcitonin level. A P

value � .05 was considered statistically significant.

To assess the clinical impact of FNA or CNB on the surgical

management of MTC in current practice, we evaluated the rate of

the delayed diagnosis, diagnostic surgery, and surgery by using an

incorrect presurgical diagnosis as follows: “Delayed diagnosis”

was defined as a nodule initially misdiagnosed as non-MTC but

finally confirmed as MTC on the next FNA or CNB. “Diagnostic

surgery” was defined as a nodule initially misdiagnosed as non-

MTC (ie, nondiagnostic, benign, or AUS) but confirmed as MTC

on subsequent surgery performed for a diagnostic purpose. “Sur-

gery with an incorrect diagnosis” was defined as 1 of the following

2 categories: First, the nodule was initially misdiagnosed as non-

MTC (ie, a follicular neoplasm/suspicious for follicular neoplasm,

suspicious for or a definite diagnosis of PTC, or other types of

malignancy) but was finally confirmed as MTC following the op-

eration. Second, the nodule was initially misdiagnosed as MTC

but was finally confirmed as non-MTC following the operation.

RESULTS
Demographic Data
Among the 183 nodules in 172 patients, 170 nodules in 159 pa-

tients were confirmed as MTCs and 13 nodules in 13 patients were

confirmed as non-MTCs following surgery. The mean nodule size

was 20.3 � 15.7 mm (range, 3.0 – 85.0 mm). Of 170 confirmed

MTCs, 26 nodules in 20 patients were hereditary MTCs and 144

nodules in 139 patients were sporadic MTCs.

The serum calcitonin level was measured before surgery in 148

patients with 159 nodules. The median serum calcitonin level was

389.0 pg/mL (range, 1.5– 82,900.0 pg/mL), with a subclassifica-

tion of �100 pg/mL (n � 92), �10 and �100 pg/mL (n � 41), or

�10 pg/mL (n � 15).

Diagnostic Performance of FNA or CNB
Table 1 shows the comparison of the initial FNA and CNB results

with the final pathology results. The sensitivity and positive pre-

dictive value for a diagnosis of MTC

were 43.8% (74/169) and 85.1% (74/87),

respectively, following the initial FNA,

though they were both 100% (22/22) af-

ter CNB. MTCs were commonly misin-

terpreted as AUS (44/169, 26.0%) or

other types of malignancy (15/169,

8.9%) after FNA. Thirteen false-posi-

tively diagnosed MTCs were actually

PTC (7/13, 53.8%) follicular adenoma

or carcinoma (4/13, 30.8%), hyalinizing

trabecular tumor (1/13, 7.7%), or ana-

plastic carcinoma (1/13, 7.7%).

Table 2 shows the relationship between the serum calcitonin

level and the diagnosis of MTC after FNA or CNB procedures. In

patients with a serum calcitonin level of �10 pg/mL, 10 of 11

nodules with an FNA diagnosis of MTC were confirmed as non-

MTC following the surgery. However, in this range, 5 nodules

were finally confirmed as MTCs after surgery even though 4 were

not diagnosed after FNA. One nodule with a CNB diagnosis of

MTC was correct after surgery in this range.

Clinical Impact of FNA or CNB on Surgical Management

Delayed Diagnosis. Figure 1 shows the diagnostic flowchart for

the patients following FNA. A delayed diagnosis was noted in

25.7% (44/171) of patients after FNA, while there was none

in patients (0/22) after CNB. A delayed diagnosis continued in

22.2% (8/36) of these patients following the second FNA. There-

fore, the delayed diagnosis rate differed significantly between

FNA and CNB (P � .007) (Table 3).

Diagnostic Surgery. Diagnostic surgery was performed in 18.7%

(32/171) of the patients after FNA, though it was not performed in

any patients (0/22) after CNB. Of 32 patients, 24 with 28 nodules

underwent diagnostic surgery after having initial FNA results of

nondiagnostic (n � 2), benign (n � 7), and AUS (n � 19), and 7

patients with 7 nodules underwent diagnostic surgery after having

second FNA results of nondiagnostic (n � 1) and AUS (n � 6).

One patient underwent diagnostic surgery after 3 repetitive FNA

results of AUS. The diagnostic surgery rate was significantly dif-

ferent between FNA and CNB (P � .028) (Table 3).

Surgery with an Incorrect Diagnosis. Surgery with an incorrect

diagnosis was performed in 20.5% (35/171) of the patients

after FNA, though it was not performed in any patients (0/22)

after CNB. There were 2 types of surgery with an incorrect

diagnosis: The first was surgery with a false-negative diagnosis

of MTC; 12.9% (22/171) of the patients underwent surgery

with a cytologic diagnosis of follicular neoplasm/suspicious for

follicular neoplasm (n � 10), PTC (n � 4), or other types of

malignancy (n � 8). The second was surgery with a false-pos-

itive diagnosis of MTC; 7.6% (13/171) of the patients under-

went surgery with a cytologic diagnosis of MTC, which was,

however, finally determined after surgery to be PTC (n � 7),

follicular adenoma (n � 2), follicular carcinoma (n � 2), hya-

linizing trabecular tumor (n � 1), or anaplastic carcinoma

(n � 1). The rate of surgery with an incorrect diagnosis differed

significantly between FNA and CNB (P � .016) (Table 3).

Table 1: Comparison of the initial FNA and CNB results with the final pathology resultsa

Final Diagnosis

Initial FNA Results (n = 182)

CNB (n = 22)
b

MTCND Benign AUS FN PTC
Malignancy,

Others MTC
MTC 6 13 44 12 5 15 74 22
PTC – – – – – – 7 –
Follicular adenoma – – – – – – 2 –
Follicular carcinoma – – – – – – 2 –
Hyalinizing trabecular tumor – – – – – – 1 –
Anaplastic carcinoma – – – – – – 1 –

Note:—ND indicates nondiagnostic; FN, follicular neoplasm or suspicious for follicular neoplasm.
a Data indicate the number of nodules.
b CNB was initially performed (n � 1) after the FNA results of non-MTC (n � 13) or with simultaneous FNA (n � 8).

Table 2: Relationship of the serum calcitonin level and the
diagnosis of MTC after FNA or CNB proceduresa

Calcitonin
Level (pg/mL)

FNA Diagnosis
(n = 158)

CNB Diagnosis
(n = 18)

MTC Non-MTC MTC Non-MTC
�100 54 (54) 46 (46) 10 (10) 0 (0)
10–100 16 (16) 27 (27) 7 (7) 0 (0)
�10 11 (1) 4 (4) 1 (1) 0 (0)

a Data are number of nodules before the operation, with the number of MTCs after
the operation in parentheses.
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Factor Analysis Related to the FNA Misdiagnosis of MTC
Table 4 shows the factors related to the FNA misdiagnosis of

MTC. On bivariate analyses, a serum calcitonin level of �100

pg/mL was the only significant factor for predicting the FNA mis-

diagnosis of MTC (P � .034). Mass size was not a significant

factor (P � .258) despite the positive correlation with the serum

calcitonin level (� � 0.605). A binary logistic regression analysis

was performed to determine the inde-

pendent factors for predicting the FNA

misdiagnosis of MTC. A serum calci-

tonin level of �100 pg/mL showed a sig-

nificant association with the FNA misdi-

agnosis (P � .036) (95% CI, 1.052–

4.355; odds ratio, 2.141).

Complications
There were no complications leading to substantial morbidity or

disability or resulting in a hospitalization after FNA or CNB. One

patient after FNA had neck discomfort due to thyroid parenchy-

mal edema. However, there were no major complications after

FNA or CNB.

DISCUSSION
Our study confirms that FNA cytology has 43.8% sensitivity and

85.1% positive predictive value for the diagnosis of MTC, while

the respective values for CNB were both 100.0%. FNA cytology

caused a delayed diagnosis in 25.7% (44/171), required diagnostic

surgery in 18.7% (32/171), and led to surgery with an incorrect

diagnosis in 20.5% (35/171) of the study patients. Serum calci-

tonin levels of �100 pg/mL were the only significant factor related

to the FNA misdiagnosis of MTC.

FNA cytology for a diagnosis of MTC has been proved to have

a low sensitivity of 43.7% in recent multicenter and international

studies.10 It has been reported with a wide range from 30% to 89%

in smaller series.11,13,21,22 Its low sensitivity leads to the misdiag-

nosis of MTC and negatively impacts patient management in sev-

eral ways. A delayed diagnosis can alter the MTC stage at the time

of surgery and may thus influence both the surgical extent and the

patient prognosis.6-9 Diagnostic surgery or surgery with an incor-

FIG 1. Diagnostic flowchart of patients following the initial FNA. Data indicate the number of patients, with the number of nodules in
parentheses.

Table 3: Comparison of the FNA and CNB results with the factors regarding surgical
decision-making of MTCa

Clinical Impact on Surgical Management FNA (n = 171) CNB (n = 22) P Value
Delayed diagnosis 44 (25.7) 0 (0) .007
Diagnostic operation 32 (18.7) 0 (0) .028
Operation with an incorrect diagnosis 35 (20.5) 0 (0) .016

a Data indicate the number of patients, with the percentages in parentheses.

Table 4: Factor analysis related to the FNA misdiagnosis of MTCa

FNA Diagnosis
(n = 74)

FNA Misdiagnosis
(n = 95)

b
P Value

Age (yr) .914
Mean 49.0 � 14.2 49.2 � 13.4
Range 18–81 17–81

Sex .786
Female 49 (66.2) 61 (64.2)
Male 25 (33.8) 34 (35.8)

Genetics .869
Hereditary 11 15
Sporadic 63 80

Size .258
�10 mm 14 25
�10 mm 60 70

Serum calcitonin .034
�100 pg/mL 17 31
�100 pg/mL 54 46

a Data are the number of nodules, with percentages in parentheses.
b FNA misdiagnosis was defined as any cytologic diagnosis except MTC.
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rect diagnosis can overlook the evaluation for multiple endocrine

neoplasia syndrome before surgery and can also be responsible for

suboptimal surgery, which may require additional surgery for

completion and may carry an increased risk of morbidity.6-9 In

our study, the low sensitivity of FNA for MTC was reconfirmed in

172 patients at 3 medical institutions during a 10-year period;

56.2% of the patients with MTC were initially misdiagnosed;

therefore, proper surgical management was delayed or subopti-

mal after FNA.

Among the available diagnostic tools for MTC, serum calci-

tonin level measurement has been the most commonly used due

to its higher sensitivity for MTC than FNA cytology.11-13 Because

the appropriate use of serum calcitonin level measurement is

helpful for detecting unsuspected MTC, it is commonly used in

patients with thyroid nodules to prevent the risk of a false-nega-

tive cytologic diagnosis. Patients with a serum calcitonin level of

�100 pg/mL are strongly recommended for surgery, even though

the cytologic diagnosis is not fulfilled for MTC under the current

guidelines.2,5,14,15 However, there is a diagnostic gray zone in pa-

tients with a serum calcitonin level between 10 and 100 pg/mL,

and the cutoff value for a diagnosis of MTC is still debatable.14

Our study results also showed 2 diagnostic dilemmas associated

with the serum calcitonin level. First, MTC could not be com-

pletely excluded even in the normal range of serum calcitonin

levels. Although most presurgical diagnoses of MTC after FNA

were false-positive in this range, 5 nodules were proved to be

MTCs following surgery. Second, a serum calcitonin level of

�100 pg/mL, a diagnostic gray zone in the clinical setting, was

also an independent factor related to the FNA misdiagnosis of

MTC. Therefore, in these patients, CNB may have been a useful

diagnostic tool for an accurate diagnosis and proper management

of MTC in our study.

The diagnostic role of CNB for thyroid nodules is currently

being investigated. Because US-guided CNB using a spring-acti-

vated biopsy needle has been reported safe and effective by Quinn

et al,23 several investigators have demonstrated the usefulness of

CNB in diagnosing thyroid nodules with 90.3% (range, 78.5%–

100%) sensitivity and 98.4% (range, 87%–100%) positive predic-

tive value for thyroid malignancy.18-20,24-26 Currently, the role of

CNB has focused on the diagnosis of nodules with previously

nondiagnostic results on FNA and, therefore, on preventing un-

necessary diagnostic surgery.19,24,25,27 For the diagnosis of a spe-

cific type of malignancy, however, CNB has also showed the pos-

sibility of superior diagnostic performance to that of FNA for

thyroid lymphoma, anaplastic carcinoma, and metastasis in a

small series of studies.26,28-31 The complication rate was reported

to be �1% and was considered to be similar to that of FNA if an

experienced clinician performed the procedure.18,19 In our study,

all 22 patients who underwent CNB were correctly diagnosed with

MTC without any major complications. Of these patients, the

serum calcitonin levels were �100 pg/mL in 8 patients (36.4%),

but the CNB diagnoses were consistent for MTC. CNB showed a

precise histologic diagnosis in all cases regardless of the serum

calcitonin levels.

Our study has several limitations. First, its retrospective design

may have introduced a selection bias. Because the low incidence of

MTC limits prospective study design, however, it may be the best

method for retrospectively reviewing the clinical experience dur-

ing long periods at many medical institutions. Second, FNA re-

sults before 2010 were re-interpreted according to the Bethesda

System. Third, because the diagnostic categories of CNB speci-

mens have not yet been standardized, this aspect requires further

research. Fourth, a calcium stimulating test or calcitonin level

measurement of aspiration needle washout fluids or both were

not performed in our study. However, our experience using CNB

provides useful information as a complementary diagnostic tool

for MTC. Further studies are required for deciding a proper indi-

cation of each technique. Fifth, there is significant difference in

size of the FNA and CNB group. Further studies are required.

CONCLUSIONS
A relatively small sample of CNBs showed a superior sensitivity

and positive predictive value to those of FNA and could thus

optimize the surgical management in patients with MTC. Because

the FNA diagnosis of MTC significantly decreases in patients with

serum calcitonin levels of �100 pg/mL, CNB could be a comple-

mentary diagnostic tool for these patients to optimize surgical

management.
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ORIGINAL RESEARCH
HEAD & NECK

Optimal Virtual Monochromatic Images for Evaluation of
Normal Tissues and Head and Neck Cancer Using

Dual-Energy CT
S. Lam, R. Gupta, M. Levental, E. Yu, H.D. Curtin, and R. Forghani

ABSTRACT

BACKGROUND AND PURPOSE: Dual-energy CT is not used routinely for evaluation of the head and neck, and there is no consensus on
the optimal virtual monochromatic image energies for evaluating normal tissues or head and neck cancer. We performed a quantitative
evaluation to determine the optimal virtual monochromatic images for visualization of normal tissues, head and neck squamous cell
carcinoma, and lymphadenopathy.

MATERIALS AND METHODS: Dual-energy CT scans from 10 healthy patients and 30 patients with squamous cell carcinoma were evalu-
ated at different virtual monochromatic energy levels ranging from 40 to 140 keV. The signal-to-noise ratios of muscles at 6 different levels,
glands (parotid, sublingual, submandibular, and thyroid), 30 tumors, and 17 metastatic lymph nodes were determined as measures of
optimal image quality. Lesion attenuation and contrast-to-noise ratios (compared with those of muscle) were evaluated to assess lesion
conspicuity.

RESULTS: The optimal signal-to-noise ratio for all the tissues was at 65 keV (P � .0001). However, tumor attenuation (P � .0001),
attenuation difference between tumor and muscles (P � .03), and lesion contrast-to-noise ratios (P � .0001) were highest at 40 keV.

CONCLUSIONS: The optimal image signal-to-noise ratio is at 65 keV, but tumor conspicuity compared with that of muscle is greatest at
40 keV. Optimal evaluation of the neck may be best achieved by a multiparametric approach, with 65-keV virtual monochromatic images
providing the best overall image quality and targeted use of 40-keV virtual monochromatic images for tumor evaluation.

ABBREVIATIONS: CNR � contrast-to-noise ratio; DECT � dual-energy CT; HNSCC � head and neck squamous cell carcinoma; keV � kiloelectron volt; kVp �
kilovoltage peak; VMI � virtual monochromatic image

There are emerging applications of dual-energy CT (DECT)1 in

all the major subspecialties of radiology.2-8 Studies have in-

creasingly been demonstrating potential advantages of DECT for

the evaluation of head and neck pathologies.8-18 Extrapolating

from abdominal imaging, 70-keV virtual monochromatic image

(VMI) reconstructions are believed to be those that most closely

resemble a standard single-energy CT acquisition19 and are usu-

ally the default setting for CT of the neck. On the other hand,

enhancing tumors have increased attenuation on lower– kiloelec-

tron volt (keV) VMIs, closer to the k edge of iodine,20 albeit at the

expense of other factors such as increased image noise. A recent

study using a dual-source system (Somatom Definition Flash; Sie-

mens, Erlangen, Germany) evaluated extrapolated monoener-

getic datasets at 40, 60, 80, and 100 keV, and the authors con-

cluded that image reconstructions at 60 keV improved lesion

enhancement and the contrast-to-noise ratio (CNR), subjective

overall image quality, and tumor delineation in head and neck

squamous cell carcinoma (HNSCC).10

Most studies that evaluated HNSCC, other than a study that

evaluated DECT for the differentiation of benign and malignant

tumors,14 were performed by using dual-source CT. The other

major system currently in clinical use is a single-source single-

detector DECT system. This system is based on rapid kilovoltage

peak (kVp) switching that enables near-simultaneous acquisition

of high- and low-energy projection data (GE Discovery
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CT750HD; GE Healthcare, Milwaukee, Wisconsin). In this sys-

tem, spectral separation is achieved on the basis of projection-

based material decomposition by using the fast sampling capabil-

ities of a proprietary scintillator detector with low afterglow.5,21

Although the broad principles behind both DECT acquisition sys-

tems are similar, there are significant differences in hardware,

acquisition, and postprocessing. As a result, any cross-platform

application of observations made by using either system requires

validation. Furthermore, there is currently no consensus on the

optimal VMIs for the evaluation of HNSCC or the approach to

incorporate DECT into routine clinical use.

The hypothesis behind our investigation was that VMIs ac-

quired at energies other than 70 keV, either alone or in combina-

tion, can enhance the conspicuity of HNSCC. The objective of this

investigation, therefore, was to determine the optimal VMI that

provides the highest image quality and the VMI that enables op-

timal tumor visualization by using a single-source DECT scan

with rapid kVp switching. This determination was made by ob-

jectively and quantitatively analyzing normal structures at differ-

ent levels in the neck and tumors at different primary sites. Spec-

tral evaluation was performed by using different VMI energy

levels ranging from 40 to 140 keV in 5-keV increments, and mean

attenuation, SNR, and CNR were used as end points for

evaluation.

MATERIALS AND METHODS
Patients
This study was approved by the institutional review board at the

Jewish General Hospital (Montreal, Quebec, Canada). A total of

40 patients who had undergone DECT between June 2013 and

July 2014 were evaluated retrospectively. There were 10 consecu-

tive healthy patients and 30 consecutive patients with histopatho-

logically proven (by biopsy and/or surgery) HNSCC who met the

selection criteria discussed below.18 Normal cases consisted of

normal or near-normal scan results with minor incidental find-

ings (dental periapical lucencies, benign reactive lymph nodes or

tonsillar enlargement, and incidental cutaneous lesions such as

sebaceous cysts) in patients without known malignancy or major

systemic disease. To have a broad and representative sample of

HNSCC, patients with primary untreated or recurrent/metastatic

tumors from different sites were included (Table). Exclusion cri-

teria included suspected HNSCC not confirmed by biopsy or sur-

gery and any tumor that was too small for sampling by the mini-

mum preset ROI size and numbers (see below).

CT Technique
Each patient was scanned with the same 64-section dual-energy

scanner (Discovery CT750HD; GE Healthcare). Examinations

were performed after the administration of 80 mL of iopamidol

(Isovue 300; Bracco Diagnostics, Princeton, New Jersey) injected

at a rate of 2 mL/s and the patients were scanned after a delay of 65

sec. All scans were acquired in dual-energy rapid 80- to 140-kVp

switching mode by using the following gemstone spectral imaging

protocol: gemstone spectral imaging preset at 15, a large-scan

field of view (up to 50 cm), a 40-mm beam collimation, a 0.6-

second rotation time, and a 0.984:1 helical pitch. Images were

reconstructed into 1.25-mm sections in a 25-cm display field of

view and a 512 � 512 matrix. The average CT dose index volume

for the main acquisition (entire neck to carina) was 17.3 mGy.

Postprocessing and Image Analysis

Postprocessing and General Analysis. A 70-keV reconstruction is

generated automatically by the scanner for standard clinical use.

Quantitative image analysis was performed at an Advantage 4.6

workstation (GE Healthcare). Normal structures or lesions were

evaluated with circular ROIs, and CT attenuation (in Hounsfield

units) and standard deviation were measured within the ROIs. In

each case, quantitative spectral analysis was performed in identi-

cal ROIs at different VMI energy levels ranging from 40 to 140

keV, in 5-keV increments, for a total of 21 energy levels per ROI.

Each normal structure or lesion was evaluated with multiple ROIs

(described in greater detail below). For each patient, the mean

attenuation of a given structure or lesion was determined on the

basis of the average Hounsfield units of the respective ROIs in that

structure or lesion. Image noise was based on the SD in an ROI,

and the average noise for each structure or lesion was calculated

by obtaining the average SD in their respective ROIs.5 As de-

scribed in greater detail below, because of different sizes of normal

structures and lesions, different-sized ROIs had to be used. So that

the results would not be biased toward larger structures (eg, larger

tumors), the average ROI for a given normal structure or lesion

for each patient was given equal weight when pooling data from

multiple patients.

Spectral Evaluation of SNR in Normal Tissues. In the first part of

the study, the SNR of muscles and major glands was evaluated.

Because of changes in tissue composition and the shape of the

neck in the craniocaudal plane, muscles were evaluated at 6 dif-

ferent levels in the neck. From cranial to caudal, the lateral ptery-

goid (level of fossa of Rosenmüller), masseter (level of parotid),

genioglossus (oral cavity), sternocleidomastoid muscle at the level

of the submandibular glands, sternocleidomastoid muscle at the

level of true vocal cords, and sternocleidomastoid muscle at the

level of the thyroid gland were evaluated. In addition, the parotid,

submandibular, sublingual, and thyroid glands were evaluated.

For consistency, the right side of the neck was evaluated, except

for the sublingual gland and genioglossus muscle. In these cases,

because of their relatively small sizes, the side with the larger gland

or both sides were evaluated. Normal-structure ROIs were iden-

Summary of primary HNSCC tumor sites evaluated

Tumor Type
No. of

Patients
Untreated (n � 22), primary site

Larynx 7
Hypopharynx 1
Retromolar trigone, anterior tonsillar pillar 3
Oral cavity–other 5
Oropharynx–other 3
Sinuses, nose 3

Recurrent or metastatic (n � 8)
Oral cavity 2
Oropharynx 1
Other 5a

a Head and neck squamous cell carcinoma invading the parotid gland, n � 2; parapha-
ryngeal space metastasis, n � 1; cheek, n � 1; and neopharynx, n � 1.
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tified by S.L. (diagnostic radiology resident with 3 years of train-

ing) and reviewed by R.F (attending physician with fellowship

training and 4 years postfellowship experience in neuroradiology

and head and neck radiology) before recording the data for fur-

ther analysis. For each structure, 3 nonoverlapping ROIs were

placed. When possible, all 3 ROIs were placed on the same section,

except those for small structures (sublingual and genioglossus),

for which the ROIs had to be placed on more than 1 section to

obtain good coverage and avoid overlaps or artifacts. ROI sizes

that enabled good sampling without overlapping or volume aver-

aging with adjacent structures were used. Areas of visible artifacts,

such as from dental amalgam, were avoided. For this part of the

study, 30 ROIs per patient were evaluated. Depending on the size

of the structure being evaluated, the minimum individual ROI

diameter used was 3.3 mm (corresponding to a sampled area per

ROI of 8.6 mm2), and the maximum diameter used was 5.8 mm

(corresponding to a sampled area per ROI of 26.4 mm2). The SNR

was calculated for each structure, in each patient, by dividing the

mean CT attenuation for the 3 ROIs by the mean noise (SD) for

the ROIs.

Spectral Evaluation of Tumors and Pathologic Lymph Nodes. For

tumors, the mean attenuation and tumor–muscle CNR were cal-

culated. In each patient, the tumor and a nearby normal muscle

(completely separate from tumor without contact or invasion of

any part of that muscle) were evaluated. Each tumor or normal

muscle was evaluated with a total of 9

ROIs, placed on at least 3 separate sec-

tions (Fig 1). In addition, 17 pathologic

lymph nodes in 9 of the patients were

evaluated, and each node was evaluated

with 9 ROIs. Only grossly pathologic

nodes were evaluated on the basis of ei-

ther 1) biopsy or neck dissection, when

such results were available, or 2) an ab-

normal-appearing node in the primary

or secondary drainage area of the pri-

mary tumor by at least 2 criteria among

the following: abnormal short-axis di-

ameter, internal necrosis/heterogeneity,

rounded contour, or irregular con-

tour.22 For tumors and lymph nodes,

the ROIs were placed in the homoge-

neous-appearing enhancing part of the

lesion, avoiding areas of cystic change/

necrosis or visible artifacts. For muscles,

the ROIs were placed in areas without

visible artifacts. For each normal-ap-

pearing structure or lesion, the mean at-

tenuation was determined on the basis

of the average Hounsfield units of the

respective ROIs in that structure or le-

sion. Image noise was calculated as the

SD in the ROI, and the average noise for

each structure or lesion was calculated

by obtaining the average SD in their re-

spective ROIs.5 For tumors, the mini-

mum individual ROI diameter used was

1.7 mm (sampled area per ROI, 2.3 mm2), and the maximum

diameter used was 5.5 mm (sampled area per ROI, 23.8 mm2).

For lymph nodes, the ROI size range was 2.3– 4.7 mm (area,

4.2–17.3 mm2), and for muscles it was 2.3– 4.8 mm (area,

4.2–18.1 mm2). To select an ROI size that provided good sam-

pling and could be applied to different structures in each pa-

tient, the size of the ROIs varied because of differences in lesion

or muscle size, tumor or lymph node homogeneity, and pres-

ence of artifacts. All ROIs in this section were placed by the

attending head and neck radiologist (R.F.). The CNR was cal-

culated individually for tumor or lymph node in each patient

by using the formula CNR � (average lesion attenuation �

average muscle attenuation)/�(variance [lesion] � variance

[muscle]).5

Statistical Analysis
The results are reported as mean � SD. All comparisons between

patients were performed by using the mean attenuation and/or

noise from the structure or lesion of interest from each patient

(and not by simply pooling all individual ROIs among all patients,

which would have artificially inflated the statistical power of the

study). Means from 2 different groups were compared by using a

Student t test. For comparisons of multiple (	2) groups, 1-way

ANOVA with the Dunnett multiple-comparisons test was used.

Data from different ROI samples were compared by using an un-

FIG 1. Example of a 5-mm ROI used for the assessment of laryngeal cancer and nearby sterno-
cleidomastoid muscle. As described in detail in the text, in patients with head and neck squamous
cell carcinoma, each lesion and a nearby structure were evaluated with 9 nonoverlapping ROIs on
multiple sections.
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paired test. Spectral data at different keVs derived from the same

ROIs were analyzed by using paired analysis. Variance was calcu-

lated by using the standard formula variance � SD2. A P value of

�.05 was considered statistically significant. We used GraphPad

Prism software for statistical analysis (version 6.005; GraphPad

Software, San Diego, California).

RESULTS
DECT scans from 10 healthy subjects and

30 subjects with HNSCC with a total of

993 ROIs were evaluated. The mean pa-

tient age was 66 years (range, 37–97 years;

20 women, 20 men). In healthy subjects, a

total of 6 muscle levels and 4 glands per

patient were evaluated, each with 3 ROIs,

corresponding to a total of 300 ROIs. The

average ROI area evaluated per structure

was 62.7 mm2 (range, 27.2–75.6 mm2). In

the HNSCC group, tumors, pathologic

lymph nodes, and reference muscles were

evaluated with a total of 270, 153, and 270

ROIs, respectively. The average ROI area

evaluated was 105.7 mm2 (range, 21.2–

212.1 mm2) for tumors, 71.0 mm2 (range,

37.7–151.8 mm2) for lymph nodes, and

126.3 mm2 (range, 37.7–212.1 mm2) for

muscles.

Spectral Attenuation
Characteristics and Optimal SNR
of Muscles and Normal Glands
Muscle and gland attenuation progres-

sively increased on lower-keV VMIs.

However, the highest SNR for all the

muscle groups and glands was at 65 keV.

For all muscles combined, the mean

SNR was 8.0, and for all glands com-

bined the mean SNR was 9.5 at 65 keV.

At this energy, the SNR was significantly

greater than those at all other energies

(1-way ANOVA with Dunnett multiple-

comparisons test; Figs 2 and 3). This SNR was closely matched by

the SNR at 70 keV (muscles, 7.9; glands, 9.0), followed by that at

60 keV (muscles, 7.1; glands, 8.8; Figs 2B and 3B). In addition to

normal tissues, we also evaluated the SNRs of 30 tumors and 17

pathologic lymph nodes, and the optimal SNR was also at 65 keV

(Fig 4).

Optimal VMIs and CNR for Evaluation of HNSCC
Similar to muscle, tumor attenuation increased at lower keVs.

Tumor attenuation was highest on 40-keV VMIs, significantly

different from those at all other energy levels (1-way ANOVA with

Dunnett multiple-comparisons test; Fig 5). However, the slope of

the increase in tumor attenuation was greater than that in mus-

cles, resulting in greater attenuation separation in the low-keV

range (Fig 5A). The greatest difference between tumor and muscle

attenuation was at 40 keV. On VMIs reconstructed at this energy

level, the mean tumor attenuation was 207.9 � 46.8 and the

mean muscle attenuation was 115.2 � 31.3 (P � .03, unpaired

2-tailed t test; Fig 5). Because there is a progressive increase in

image noise on lower-keV images, we also calculated tumor–

muscle CNR as a quantitative index for lesion conspicuity. The

tumor CNR was likewise highest at 40 keV, despite the increase

in image noise, and significantly higher than those at other

FIG 2. Quality index across the range of VMIs in muscles at different levels in the neck. Signal-
to-noise ratios are shown for the lateral pterygoid (LP, level of fossa of Rosenmuller), masseter
(MS, level of parotid and masticator space), genioglossus (GG, oral cavity), or sternocleidomastoid
(SCM-SMG, level of submandibular glands; SCM-TC, level of true vocal cords; SCM-TG, level of
thyroid gland) (A) and for all muscles combined (B). The highest SNR for the individual muscle
curves (A) and data from all the muscles combined (B) was on VMIs reconstructed at 65 keV (n �
10; total ROIs evaluated, 180). * P � .05; **** P � .0001 (1-way ANOVA).

FIG 3. Quality index across the range of VMIs in glands at different levels in the neck. Signal-to-
noise ratios are shown for the parotid gland (P), sublingual gland (SLG), submandibular gland
(SMG), and thyroid gland (TG) (A) and all glands combined (B). The highest SNR for the individual
muscle curves (A) and data from all the glands combined (B) was on VMIs reconstructed at 65 keV
(n � 10; total ROIs evaluated, 120). ** P � .01; **** P � .0001 (1-way ANOVA).

FIG 4. Quality index across the range of VMIs in HNSCC and meta-
static lymph nodes. Combined SNRs from 30 tumors and 17 patho-
logic lymph nodes show that the highest SNR is at 65 keV. **** P �
.0001 (1-way ANOVA).
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energy levels (1-way ANOVA with Dunnett multiple-compar-

isons test; Fig 5).

Optimal VMI for Evaluation of Metastatic
Lymphadenopathy
A total of 17 metastatic lymph nodes were evaluated, and lymph

node–muscle CNRs were calculated as measures of conspicuity.

Similar to those of tumors, the lymph node–muscle CNR was

highest at 40 keV and significantly different from those at other

energy levels (1-way ANOVA with Dunnett multiple-compari-

sons test; Fig 5). Although tumor–muscle and lymph node–mus-

cle CNRs were highest at 40 keV, the optimal SNR was at 65 keV,

similar to that of normal tissues (Fig 4).

Comparison of 40-keV VMIs with Other Key DECT VMIs
Mean tumor attenuation on 40-keV VMIs was significantly

higher than that on 60-keV VMIs, 65-keV VMIs (optimal tissue

SNR), and 70-keV VMIs (current standard reconstruction) (P �

.0001; Fig 6A). Tumor–muscle CNRs were likewise significantly

higher on 40-keV VMIs than on 60-, 65-, and 70-keV VMIs (P �

.0001; Fig 6B). Qualitatively, the higher attenuation and CNR are

result in increased tumor conspicuity at 40 keV (Fig 7).

DISCUSSION
In this investigation, we evaluated the optimal VMI energy levels

for evaluation of the neck. Normal structures and lesions were

evaluated by a general quality index, the SNR. In addition, the

VMI energy level that provided optimal HNSCC and pathologic

lymph node conspicuity was quantitatively evaluated by measur-

ing lesion attenuation and calculating the CNR. Currently, the

default reconstruction on the single-source dual-energy scanner

with rapid kVp switching used in this study for neck CTs is 70 keV,

the VMI believed to simulate the standard 120-kVp single-energy

acquisition by extrapolation from abdominal CT studies. On the

basis of our results, the 65-keV VMI has the optimal SNR and can

be used as the default reconstruction for assessment of the neck.

Similar observations have been made for head DECT scans by

using this type of scanner.5 By extrapolation, one would expect

that the 65 keV VMI also provides the optimal SNR for evaluation

of other normal soft-tissue structures in the neck, such as small

normal-appearing lymph nodes, but this could be validated in

future studies targeted at the evaluation of those structures.

Although the 65-keV VMIs yielded the best SNR, both abso-

lute tumor attenuation and contrast (by using normal muscles as

reference) were highest on 40-keV VMIs. The increase in attenu-

ation on lower-keV VMIs is expected, because these energies ap-

proach the k edge of iodine. Although image noise increases with

decreasing VMI energy levels, the tumor–muscle CNR was still

highest on the 40-keV reconstructions. This observation is differ-

ent from that in a recently published study in which 40-, 60-, 80-,

and 100-keV VMIs were evaluated, and it was reported that the

highest tumor–muscle CNR was achieved at 60 keV.10 The reason

for the difference is not entirely clear, but a number of explana-

tions need to be considered. In the aforementioned study, a dual-

source scanner was used. Apart from differences in acquisition,

the methods of postprocessing for that scanner are different.

Therefore, one possibility is that the differences are technical, re-

lated either to the different modes of acquisition and/or postpro-

cessing algorithms. It is also noteworthy that noise was measured

differently by using an ROI outside the patient, placed in air. We

prefer using the SD within the tissues of interest as an indicator of

noise and believe that it is more pertinent to clinical evaluation,

similar to the method used by Pomerantz et al.5 This represents

another potential source of variation, though we believe that it is

less likely to account for the differences between the 2 studies.

Future studies using larger sample sizes and comparing both sys-

tems would be of interest.

In our study, we evaluated normal structures at multiple levels

FIG 5. Optimal virtual monochromatic energy level for evaluation of
HNSCC and pathologic lymph nodes. A, Spectral Hounsfield unit
curves of HNSCC compared with those of muscle (n � 30). The high-
est tumor attenuation was at 40 keV, with a statistically significant
difference compared with all other energy levels and with mean mus-
cle attenuation at 40 keV. B, Tumor–muscle CNR (n � 30). The CNR
was highest at 40 keV, significantly different from those at all other
energy levels. C, Pathologic lymph node–muscle CNR (n � 17). The
CNR was highest at 40 keV, significantly different from those of all
other energy levels. ** P � .01; **** P � .0001 (1-way ANOVA).
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in the neck and tumors at different subsites to make sure that our

conclusions can be applied generally to the evaluation of the neck.

However, one limitation is that the number of HNSCC tumors for

each specific subsite was small, and our study did not evaluate

lesions centered at the skull base. Therefore, it is possible that

additional adjustments may further improve evaluation at a given

cancer subsite. Furthermore, we focused on the enhancing part of

the tumor rather than the hypoenhancing core, which is pertinent

for distinguishing the tumor–normal tissue interface. However,

there are additional parameters of clinical interest that were not

evaluated in this study, such as distinguishing enhancing and hy-

poenhancing parts of a lesion, which can potentially be relevant

for the evaluation of lesions such as

small pathologic lymph nodes. These

topics are of interest for future research.

We also focused on quantitative ob-

jective evaluation, which we believe is

more robust and reliable than subjective

evaluation. It has been our experience

that similarly windowed low-keV VMIs

are clearly distinguishable from the stan-

dard-energy VMIs at 70 keV, which

makes a blinded subjective comparison

nearly impossible. Furthermore, we

have found that user acceptance of noise

levels changes with exposure and expe-

rience. Therefore, although subjective

evaluation is an interesting topic of fu-

ture investigation, any such study needs to be designed carefully

with well-defined end points and by taking into account the

above-mentioned considerations and pitfalls. Last, our study did

not address the optimal assessment of areas obscured by artifacts.

Artifact reduction is a complex topic that merits a separate dedi-

cated investigation.

CONCLUSIONS
The optimal image SNR is at 65 keV, but tumor conspicuity, com-

pared with that of other soft tissues, is greatest at 40 keV. There-

fore, on the basis of our observations, we recommend that stan-

dard neck reconstructions using this type of scanner be made with

a 65-keV VMI and in addition, a 40-keV VMI reconstruction

generated for the evaluation of patients with HNSCC. We do not

advocate replacing the 65-keV reconstruction with the 40-keV

VMI. Instead, we recommend that both the standard 65-keV VMI

reconstructions and the 40-keV VMIs be automatically generated

and sent to the PACS for evaluation of patients with cancer. Op-

timal evaluation of the neck may then be performed by a multipa-

rametric approach. Using the proposed approach, the 65-keV

VMIs providing the best overall image quality are used for general

evaluation of the neck, supplemented with the targeted use of

40-keV VMIs for tumor detection and optimal HNSCC–soft tis-

sue boundary visualization.
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ORIGINAL RESEARCH
HEAD & NECK

Residual Cervical Thymus: A Normal CT Finding That May Be
Present Throughout Patients’ Lives

A.V. Prabhu, H.A. Kale, and B.F. Branstetter IV

ABSTRACT

BACKGROUND AND PURPOSE: Although the thymus is centered in the mediastinum, often a cervical component can be seen in children
and young adults. The frequency of radiologically evident residual cervical thymus in older adults is not known. The purpose of our study
was to determine the proportion of adults who have residual cervical thymus visible on contrast-enhanced neck CT.

MATERIALS AND METHODS: We retrospectively identified 700 patients who had undergone contrast-enhanced CT between February
2013 and August 2013. We categorized the patients by decade of life and calculated the proportion in which residual cervical thymic tissue
could be detected. The location of the tissue focus, greatest axial diameter, and distance above the manubrium were recorded. A
multivariate model was used to determine whether age or sex predicted the likelihood of identifiable cervical thymus, the size of residual
thymus, or the distance of residual thymus above the sternum.

RESULTS: Of the 700 patients, 157 (22.4%) had residual cervical thymus. The mean distance of the residual thymus above the manubrium
was 13.4 � 7.26 mm. The mean size of the residual cervical thymus was 12.5 � 4.11 mm. The frequency of residual thymus decreased
exponentially with age. There was a statistically significant relationship between age and the size of the residual cervical thymus (P � .02).
Most of the cervical thymic tissue was found in the left paratracheal region.

CONCLUSIONS: Residual cervical thymus may be present at any age, though the frequency decreases with increasing age.

Although the thymus is centered in the superior mediastinum,

frequently a radiologically detectable cervical component of

the gland can be seen in children and young adults.1 This cervical

extension can mimic a pathologic mass or enlarged lymph node,

potentially leading to unnecessary surgery and increased medical

costs. Radiologists are often unaware of residual cervical thymus

tissue as a normal finding, not only in the pediatric population but

also in the adult population, because no comprehensive study of

residual cervical thymus has been conducted on adults, to our

knowledge.

We hypothesized that radiologically detectable residual cervi-

cal thymus is present throughout patients’ lives and that the fre-

quency of detectable residual cervical thymus decreases with age.

The purpose of this study was to determine the proportion of

adults at various ages in whom residual thymic tissue can be de-

tected superior to the level of the sternum on CT.

MATERIALS AND METHODS
Subjects
The institutional review board at the University of Pittsburgh

Medical Center approved this retrospective study of existing im-

aging data, and written consent was waived. We retrospectively

searched our electronic medical records to identify contrast-en-

hanced CT scans of the neck obtained between February 2013 and

August 2013, each performed on a different adult patient.

Patients were grouped into 10-year age intervals based on their

age (in years) at the time of the examination. The 7 groups were

20 –29 years, 30 –39 years, 40 – 49 years, 50 –59 years, 60 – 69 years,

70 –79 years, and 80 years and older. Exactly 100 patients were

included from each group; once 100 patients in a group were

accumulated, no further patients from that group were evaluated.

The criterion for inclusion was a contrast-enhanced CT that in-

cluded the superiormost extent of the manubrium and the lower

neck. Patients were excluded if they had undergone surgery or

radiation to the lower neck, if the scans demonstrated malignancy

within the lower neck or enlarged lower cervical lymph nodes, if

there was edema in the lower neck soft tissues, if there was inad-
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equate scan coverage of the neck, or if streak artifacts prevented

clear evaluation of the lower neck.

Imaging
CT was performed on a 64-channel scanner (LightSpeed; GE

Healthcare, Milwaukee, Wisconsin) with variable milliampere

and kilovolt(peak) of 120. Display FOV varied with patient size

but was approximately 25 mm; coronal and sagittal reformats

were not used in this evaluation.

Each examination was evaluated by 1 of 2 Certificate of Added

Qualification– certified dedicated head and neck radiologists

(B.F.B. and H.A.K., with 12 and 8 years of experience, respec-

tively) to determine whether residual cervical thymic tissue was

present. Thymic tissue was defined as an oval focus of soft tissue

interspersed with fat that had CT texture similar to that of the

mediastinal thymus (Fig 1). The mass had to be discrete and well-

defined (we chose this criterion to be conservative and avoid over-

calling residual thymus). Only foci above the sternal notch were

considered cervical. In patients with residual cervical thymus, the

location of the tissue focus, size (greatest axial diameter), and

distance between the midpoint of the tissue and the upper border

of the manubrium were recorded.

Statistical Tests
Patients were grouped by decade of age. The percentage of pa-

tients with residual cervical thymus in each age group was tabu-

lated and graphed, and a least-squares logistic regression curve

was applied (Fig 2). A multivariate model was used to determine

whether age or sex predicted the likelihood of identifiable cervical

thymus, the size of the residual thymus, or the distance of the

residual thymus above the sternum. All tests were 2-sided, and a P

value of .05 was chosen as the threshold for statistical significance.

SPSS, Version 22 (IBM, Armonk, New York) was used for all

statistical calculations.

RESULTS
The 700 studied patients included 338 male (48.3%) and 362 fe-

male patients (51.7%). Of the 700 patients, 157 (22.4%) had re-

sidual cervical thymus. The mean distance of the residual thymus

above the manubrium was 13.4 � 7.26 mm. The mean size of the

residual cervical thymus was 12.5 � 4.11 mm.

The frequency of residual cervical thymus by 10-year age in-

tervals is depicted in Table 1. Residual cervical thymus was seen in

all decades of life. The frequency declined from 52% in the third

decade of life to 25% in the fifth decade of life to 6% in the ninth

decade of life. Residual cervical thymus was found in the left para-

tracheal region in 108 (69%) of 157 patients (Table 2).

Multivariate analysis demonstrated a statistically significant

relationship between age and the size of the residual cervical thy-

mus (P � .02, Table 1). There was no statistically significant rela-

tionship between sex and frequency or

between sex and size of the residual cer-

vical thymus. There was also no statisti-

cally significant relationship between

age and the distance of the residual thy-

mus above the manubrium or between

sex and the distance of the residual thy-

mus above the manubrium.

DISCUSSION
On CT in adults, the normal thymus can

be seen as a triangular-shaped structure

in the anterior mediastinum,2-4 reflect-

ing apposition of the 2 thymic primor-

dia that arose from diverticula in the

third branchial pouches. As age in-

creases, the thymus undergoes normal

involution in which mediastinal fat re-

places glandular tissue.5 Wide variability

in thymic size and morphology, coupled

with its association with diverse patho-

logic processes, allows the thymus to oc-

casionally mimic pathology.2-4,6

FIG 1. Axial contrast-enhanced CT image through the lower neck
shows a uniform, well-defined ovoid mass (arrows) with mixed fat and
soft-tissue elements deep to the sternal head of the sternocleido-
mastoid muscle. This is the characteristic location and appearance of
residual cervical thymus.
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FIG 2. Graph demonstrating the relationship between the age decade and the presence of the
cervical thymus on CT. Circular markers are raw data. The dark line is best-fit logistic regression.
Thin lines are 95% confidence intervals. The third decade of life indicates patients 20 –29 years of
age.
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Our study demonstrates that residual thymic tissue in the neck

is a commonly occurring variant of the normal thymus, which

should not be mistaken for pathology. In our study, residual cer-

vical thymus was present throughout all decades of life. Of the 700

patients, 157 (22.4%) had residual cervical thymus, with approx-

imately two-thirds of the thymus located in the left paratracheal

region. Residual cervical thymus was evident in more than half of

the patients in their 20s and showed an exponential decay in fre-

quency with increasing patient age. Although the most common

location for cervical thymic tissue is in the left paratracheal region,

it can be seen anywhere in the lower neck.

This study builds on the work of Costa et al,1 who determined

the frequency of the residual cervical thymus in pediatric patients.

They showed superior cervical extension of the thymus in 133

(66.5%) of 200 patients, ranging from zero to �20 years of age,

with a mean age of 9.0 years.1 Our results are consistent with the

concept of cervical thymus as a frequent, normal anatomic find-

ing. Together, these studies paint a complete picture of the pres-

ence and frequency of the cervical thymus in the pediatric and

adult populations.

The differential diagnosis for a low-attenuation mass in the

lower neck includes an enlarged Virchow node, thyroid mass,

parathyroid mass, paratracheal lymphadenopathy, thymic cyst,

and enlarged distal thoracic duct.7 Cervical thymus may be dis-

tinguished from these entities by the CT texture (lobules of soft

tissue interspersed with fat), which is similar to the texture of the

native thymus.6

The decreased frequency of the residual cervical thymus with

age is most likely the result of the natural involution of the gland.5

However, other explanations could be offered. The distance be-

tween the thyroid gland and the sternum decreases with age, so

that thymic tissue that was cervical in young adulthood could

become retrosternal in later life. In addition, obesity can cause

lower neck structures to shift into the thorax, potentially forcing

the cervical thymus under the sternum. However, the consistent

distance between the sternum and the cervical thymus across our

patient population suggests that involution is the best

explanation.

Residual cervical thymus should not be confused with ectopic

cervical thymus.8-12 Ectopic cervical thymus is the result of aber-

rant embryology. The thymus is derived from the paired third

pharyngeal pouches in the upper neck. The thymic primordia

descend via the thymopharyngeal ducts, which normally involute.

Residual cells along this pathway may develop into ectopic foci of

thymic tissue.13,14 These ectopic foci can appear anywhere along

the line from the angle of the mandible to the thyroid gland.15

Ectopic thymic tissue is more common in males and is usually on

the left side.9,16,17 In contrast, the residual cervical thymus is con-

tinuous with the mediastinal thymus during childhood and be-

comes disconnected by selective atrophy of portions of the gland.

Our study has some important limitations. The study was ret-

rospective, and all patients in the study were imaged for varying

clinical reasons. Sick patients might have a higher rate of visible

residual cervical thymus, but this is acceptable because it reflects

the actual rate of cervical thymus that would be seen on medical

imaging. The observers interpreting the images were blinded to

patient age, but their clinical experience allowed them to gauge

the approximate age of each patient on the basis of the images,

which could have introduced bias. Finally, there was no histologic

confirmation of the residual thymic tissue, but we think that the

predictable decline in frequency of this finding with age reinforces

our conclusion that this is indeed the thymus.

CONCLUSIONS
Residual cervical thymus may be present at any age and should

not be mistaken for pathology. Residual cervical thymus is most

frequently encountered in the left paratracheal region.
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Acute Invasive Fungal Rhinosinusitis: A Comprehensive Update
of CT Findings and Design of an Effective Diagnostic

Imaging Model
X E.H. Middlebrooks, C.J. Frost, R.O. De Jesus, T.C. Massini, I.M. Schmalfuss, and A.A. Mancuso

ABSTRACT

BACKGROUND AND PURPOSE: Acute invasive fungal rhinosinusitis carries a high mortality rate. An easy-to-use and accurate predictive
imaging model is currently lacking. We assessed the performance of various CT findings for the identification of acute invasive fungal
rhinosinusitis and synthesized a simple and robust diagnostic model to serve as an easily applicable screening tool for at-risk patients.

MATERIALS AND METHODS: Two blinded neuroradiologists retrospectively graded 23 prespecified imaging abnormalities in the craniofacial
region on craniofacial CT examinations from 42 patients with pathology-proven acute invasive fungal rhinosinusitis and 42 control patients
proved negative for acute invasive fungal rhinosinusitis from the same high-risk population. A third blinded neuroradiologist decided discrepan-
cies. Specificity, sensitivity, positive predictive value, and negative predictive value were determined for all individual variables. The 23 variables
were evaluated for intercorrelations and univariate correlations and were interrogated by using stepwise linear regression.

RESULTS: Given the low predictive value of any individual variable, a 7-variable model (periantral fat, bone dehiscence, orbital invasion,
septal ulceration, pterygopalatine fossa, nasolacrimal duct, and lacrimal sac) was synthesized on the basis of multivariate analysis.
The presence of abnormality involving a single variable in the model has an 87% positive predictive value, 95% negative predictive
value, 95% sensitivity, and 86% specificity (R2 � 0.661). A positive outcome in any 2 of the model variables predicted acute invasive
fungal rhinosinusitis with 100% specificity and 100% positive predictive value.

CONCLUSIONS: Our 7-variable CT-based model provides an easily applicable and robust screening tool to triage patients at risk for acute
invasive fungal rhinosinusitis into a disease-positive or -negative category with a high degree of confidence.

ABBREVIATIONS: AIFR � acute invasive fungal rhinosinusitis; NPV � negative predictive value; PPV � positive predictive value

Fungal-related diseases of the nasal cavity and paranasal sinuses

represent a broad spectrum of clinical entities, with acute invasive

fungal rhinosinusitis (AIFR) being the most urgent and life-threat-

ening.1-3 The primary risk factors for acquiring AIFR are neutrope-

nia or dysfunctional neutrophils, and the most commonly reported

predisposing conditions are hematologic malignancies, poorly con-

trolled diabetes mellitus, chemotherapy, or organ transplantation.4-6

Although AIFR is a relatively rare disease, it carries a high mortality

rate, with the largest published meta-analysis showing a mortality

rate of approximately 50%.7 The high mortality rate underscores the

importance of a timely diagnosis. Patients with AIFR limited to the

nasal cavity have lower mortality rates,2 while intracranial extension

is associated with twice the mortality.7 Accurate and easy-to-use pre-

dictive screening models that could help diagnose AIFR in a timely

manner are currently lacking.

CT has long been considered an integral part of screening at-

risk patients, despite the reported low specificity.8,9 The most

commonly reported CT findings in early disease include severe

unilateral nasal cavity mucosal thickening and soft-tissue infiltra-

tion of the maxillary periantral fat planes.8,10 Involvement of the

pterygopalatine fossa has also been described.11 The most com-

monly affected areas are the middle turbinate, maxillary sinus,

ethmoid air cells, and sphenoid sinus.2 The frontal sinus has been

reported as the least frequently affected.2 Bone dehiscence, orbital

invasion, and intracranial extension are more specific features of

AIFR but are uncommon in early disease.1,8,9,12 These findings

have also been implicated as indicative of advanced disease.10,11,13
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A central purpose of this study was to characterize the imaging

abnormalities of the nasal cavities, sinuses, and surrounding

structures commonly associated with AIFR, as well as their inci-

dence and predictive values. Previous institutional experience

suggested that some features of AIFR are sparsely mentioned in or

absent from the literature. This study was designed as a blinded

retrospective study to comprehensively analyze the craniofacial

region for changes on CT associated with AIFR. Because previous

literature implicated the severity of the abnormality as a marker of

AIFR,7 we applied ordinal scales to capture the degrees of nasal

and paranasal mucosal disease and regional disease involvement.

A key goal of our multivariate analysis was the synthesis of a sim-

ple and robust CT-based diagnostic model that could be deployed

as a routine screening tool for at-risk patients. Ideally, this model

would allow the diagnosis or exclusion of AIFR with a higher

degree of confidence than any model previously suggested.

MATERIALS AND METHODS
Patient Selection and Study Design
Requirement for informed consent was waived in this Health In-

surance Portability and Accountability Act– compliant retrospec-

tive study, which was approved by the university institutional

review board. In our attempt to locate all patients undergoing

work-up for possible AIFR, we searched the hospital archive for

the term “invasive fungal” appearing in reports dating from Jan-

uary 1, 2007 to October 31, 2013, to identify potential study en-

rollees. Inclusion criteria were the following: 1) histopathologi-

cally proved invasive fungal rhinosinusitis meeting the European

Organization for Research and Treatment of Cancer/Invasive

Fungal Infections Cooperative Group and the National Institute

of Allergy and Infectious Diseases Mycoses Study Group Consen-

sus Group criteria for “proven” invasive fungal sinonasal dis-

ease,14 2) a clinical time course of �4 weeks, and 3) CT imaging of

the craniofacial region within the 5 days preceding biopsy or sur-

gery. Forty-four patients met the inclusion criteria. Exclusion cri-

teria were the following: 1) inadequate imaging by failure to cover

the entirety of the craniofacial region (1 patient, 2%), or 2) severe

motion or beam-hardening artifacts. Forty-two such patients

were enrolled as positive for AIFR. Our standard for patients pos-

itive for AIFR was histopathology confirming mucosal fungal in-

vasion, which is the criterion standard.14

To differentiate findings related specifically to AIFR, we se-

lected an appropriate control group of at-risk patients. These con-

trol patients came from the same at-risk population and had un-

dergone endoscopy or surgery for high clinical suspicion of AIFR.

Patients underwent endoscopy for elevated serum galactoman-

nan (19%, 8 of 42), suggestion based on imaging findings (33.3%,

14 of 42), or clinical suspicion in the absence of serologic or im-

aging findings (ie, sinonasal symptoms clinically and persistent

fever of unknown source [47.6%, 20 of 42]). No patients were

positive for �-D-glucan. Forty-two such patients were identified

in reverse chronologic order with the inclusion criteria of having

had an endoscopic visual survey of the nasal cavity with negative

findings and/or negative histopathology results for invasive fun-

gal disease, and CT imaging of the craniofacial region in the pre-

ceding 5 days. Exclusion criteria were the same as those for pa-

tients positive for AIFR. For the control group, all patients

underwent, at minimum, a nasal endoscopic survey with negative

findings. Biopsy or surgery was also performed in patients with

suspicious lesions. All histopathology in the control group con-

firmed the absence of sinonasal fungal disease. Nasal endoscopy

with biopsy of suspicious lesions has been validated as a screening

tool2 and served as the criterion standard for identification of

control subjects in our study.

Clinical data were also collected from the medical record in-

cluding surgical reports, histopathology reports, culture results,

predisposing conditions, white blood cell count, absolute neutro-

phil count, and outcome. The absolute neutrophil count was tab-

ulated only in patients with hematologic malignancy or bone

marrow transplants. The cause of death was recorded as listed in

the medical record.

Imaging Protocol
Eighty-one of the 84 studies were performed at the authors’ hos-

pital, using the institutional craniofacial CT protocol. According

to our protocol, images were acquired as 1-mm-thick sections

with spacing of 0.8 mm and an in-plane FOV from 170 to 190

mm. Reconstructions using a bone algorithm were also per-

formed at a section thickness of 0.75 mm with 0.5-mm spacing.

The scan was obtained in the axial plane from above the frontal

sinuses through the hard palate. Multiplanar reformations were

also completed in the coronal and sagittal plane. In 3 patients,

only craniofacial studies performed at an outside institution were

available for review. These studies were acquired with 2.5-mm

thickness with coronal and sagittal reformations. Both bone and

soft-tissue algorithm images were obtained, and only 1 used in-

travenous contrast. Patients with clinical suspicion of intraorbital

or intracranial involvement received intravenous iodinated con-

trast (75-mL iohexol, Omnipaque 350; GE Healthcare, Piscat-

away, New Jersey) at 0.8 mL/s with imaging delayed 90 seconds

after the injection of contrast. Contrast was administered in 11 of

42 patients with AIFR and 12 of 42 control patients.

Image Analysis
We used a blinded retrospective experimental design. Each study

was completely anonymized before being loaded on an assigned

PACS workstation. Two neuroradiologists independently inter-

preted the studies. Each reader had completed a 1-year Accredi-

tation Council for Graduate Medical Education–approved

neuroradiology fellowship and an additional dedicated 1-year fel-

lowship in head and neck imaging. One reader (R.O.D.J.) had 3

years of experience interpreting head and neck imaging, and the

second reader (T.C.M.) had 2 years of experience. A third reader

(A.A.M.) with 35 years of experience in head and neck imaging

was a tiebreaker for discrepancies by providing an ordinal value to

replace the initial readers’ results. The readers were blinded to all

patient clinical information, histopathology results, and the num-

ber of AIFR cases versus controls. The studies were presented in

randomized order to each reader.

The readers graded the amount of mucosal disease in each of

the maxillary sinuses, frontal sinuses, sphenoid sinuses, anterior

ethmoid air cells, posterior ethmoid air cells, anterior nasal cavity,

posterior nasal cavity, and nasopharynx. Mucosal disease was
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graded on a scale of 0 –5 (eg, 0 � normal, 1 � �25% opacified,

2 � 25%–50% opacified, 3 � 50%–75% opacified, 4 � 75%–

100% opacified, 5 � mucocele [100% opacified with expansion]).

The readers also recorded the presence of infiltration of the sphe-

nopalatine foramen, pterygopalatine fossa, anterior periantral fat,

posterior periantral fat, nasolacrimal duct, lacrimal sac, medial

orbital fat, inferior orbital fat, and submucosa/bone of the hard

palate on a 0 –5 scale on the basis of the subjective severity of

involvement for the left and right sides separately. The presence of

nasal septal mucosal ulceration was assigned as either “present” or

“absent.” The presence of subdural, epidural, or brain parenchy-

mal extension, along with cavernous sinus involvement, abscess

formation, bone dehiscence, arterial thrombosis, and/or venous

thrombosis, was similarly graded from 0 to 5. The purpose of

using an expanded grading scale for extension beyond the sinus

was to better elucidate minor discrepancies between readers.

These values were analyzed as both graded variables and binary

variables to ensure that no significant

differences existed. The plane of the ver-

tical process of the palatine bone defined

the boundary between the sphenopala-

tine foramen and the pterygopalatine

fossa.

There were 3 instances of disagree-

ment (grading scale variation of �1)

between the 2 primary readers that

required reconciliation by the third

reader. The specific disagreements in-

cluded the presence of superior ophthal-

mic vein thrombosis (0 versus 2; final �

0), involvement of pterygopalatine fossa

(0 versus 3, final�3), and cavernous sinus

involvement (1 versus 5, final � 5). All in-

stances were in patients positive for AIFR.

Statistical Analysis
Basic data compilation and manipulation were performed in Ex-

cel (Microsoft, Bothell, Washington). Statistical analysis was

performed by using JMP Software (SAS Institute, Cary, North

Carolina). Specificity, sensitivity, positive predictive value, and

negative predictive value were determined across ordinal ranges

from binary (presence/absence) to the highest degree of opacity or

disease involvement. Lateral data were used to assess lateral dis-

ease predominance. Otherwise, data from each measured region

with laterality were consolidated to yield single ordinal estimates of

disease prevalence or involvement. The resulting 23 variables were

evaluated for intercorrelations and univariate correlations with AIFR

and were further interrogated by using stepwise linear regression to

elucidate the most salient predictors of AIFR. Variable entry into the

regression required reducing Akaike Information Criterion, which is

a measure of the relative quality of competing statistical models.

ANOVA, t tests, and nonparametric �2 tests were used as appropriate

to assess statistical differences between or among variables. The

Cochran-Armitage Trend test was used as a modification to �2 for

ordinal variables to assess the relationships between the degree of

opacity (or degree of involvement) and AIFR.

RESULTS
There were few statistical differences of note for any of the demo-

graphic or clinical variables collected (Table 1). In particular,

there was no significant difference in the absolute neutrophil

count of the 2 groups (P � .66). The presence of blast crisis in 2

control patients increased the average absolute neutrophil count

in the control group; however, this did not meet statistical signif-

icance. The control patients were all discharged and had a mini-

mum of 18 days of follow-up (346.7 � 402.4 days) after negative

endoscopy findings. No evidence of fungal sinusitis was present at the

time of the last follow-up. The most prevalent predisposing condi-

tions were leukemia, particularly acute myelogenous leukemia, and

diabetes (Table 2). As expected from our sampling regimen, these

predisposing conditions were represented in statistically similar

manners between control patients and those with AIFR.

Aspergillus species (42.9%) and Mucor species (23.8%) were

the most commonly isolated fungal pathogens (Table 3). Because

Table 1: Demographics and clinical characteristics of both groups
Characteristic AIFR Group Control Group P Value

Age (yr)a 49.5 � 21.2 (2–85) 46.7 � 21.2 (2–75) .54
Male 20 25
Female 22 17
White blood cell count (� 1000/mm3)a,b 0.9 � 1.5 (0–6) 4.5 � 12.4 (0.1–65.6) .3
Absolute neutrophil count (� 1000/mm3)a,b 0.51 � 1.2 (0–4.9) 1.8 � 4.0 (0–20.3) .66
No. of patients �500/mm3b 60% (18/30) 57.1% (20/35)
No. of patients �1000 mm3b 83.3% (25/30) 68.6% (24/35)
Time from CT to treatment (days) 0.95 � 1.1 0.83 � 0.82 .57
Follow-up time (days)a 412.9 � 587.5 (2–2836) 346.7 � 402.4 (18–2174) .56
Deceased from AIFR 7c 0
Deceased not from AIFR 14 9
Not deceased 20 33
Overall mortality 52% (22/42) 21% (9/42) .003
AIFR-related mortality 17% (7/41)a 0% (0/42)
Non-AIFR related mortality 34% (14/41)a 21% (9/42)

a Data are reported as mean, with range in parentheses.
b Calculated only in patients with hematologic malignancy (including multiple myeloma) or bone marrow transplant.
c One patient was excluded because the cause of death was uncertain, reported as died with concomitant fulminant
liver failure and AIFR.

Table 2: Prevalence of predisposing conditions for AIFR

Predisposing Condition
Prevalence in
AIFR Group

Prevalence in
Control Group

Acute myelogenous leukemia 42.9% (18/42) 38.1% (16/42)
Diabetes 28.6% (12/42) 9.5% (4/42)
Other leukemia (non-AML) 19.0% (8/42) 21.4% (9/42)
Multiple myeloma 7.1% (3/42) 7.1% (3/42)
Solid organ malignancy 7.1% (3/42) 0% (0/42)
Solid organ transplant 4.8% (2/42) 9.5% (4/42)
Myelodysplastic syndrome 2.4% (1/42) 7.1% (3/42)
Non-Hodgkin lymphoma 2.4% (1/42) 11.9% (5/42)
None 2.4% (1/42) 0% (0/42)

Note:—AML indicates acute myelogenous leukemia.

Table 3: Cultured fungal pathogens in patients with AIFR
Fungal Species No. of Cases
Aspergillus sp 42.9% (18/42)
Mucor sp 23.8% (10/42)
Curvularia sp 7.1% (3/42)
Fusarium sp 2.4% (1/42)
Bipolaris sp 2.4% (1/42)
Alternaria sp 2.4% (1/42)
Unknowna 19.0% (8/42)

Note:—sp indicates species.
a Definitive speciation was not available in 8 cases.
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fungal cultures commonly fail to have fungal growth,15 no defin-

itive speciation could be determined in 8 patients (19%). The

overall mortality in the AIFR group was significantly higher than

that in the control group (52% versus

21%, �2 � 8.845, P � .003). The mortal-

ity related directly to AIFR was 17%.

AIFR correlated most strongly with

disease involvement in the pterygopala-

tine fossa (r � 0.64), periantral fat (r �

0.61), nasolacrimal duct (r � 0.52), and

the lacrimal sac (r � 0.52). When

considered as binary variables (ie, ab-

sence [0]/presence [1–5]), these 4

variables displayed relatively high

specificities (93%–100%) and sensi-

tivities (50%–74%, Fig 1). A correla-

tion of note is that sphenopalatine fo-

ramen involvement was present in

72% of patients positive for AIFR with

pterygopalatine fossa involvement.

Thirteen variables had 100% speci-
ficity for AIFR, but only 5 of these had
a sensitivity of �30% (nasolacrimal
duct, lacrimal sac, septal ulceration,
orbital involvement, and bone dehis-
cence; Figs 2 and 3). The remaining vari-
ables with 100% specificity represented
late-stage disease findings (epidural,
subdural, abscess, venous thrombosis,
arterial thrombosis, cavernous sinus
involvement, intraparenchymal exten-
sion, and horizontal palate involvement;
Fig 4). Variables related to the degree of
opacity had relatively poor sensitivity
and specificity as binary variables.

AIFR specificity increased signifi-
cantly as a function of the degree of
opacity in 6 of the 8 measured regions
(Fig 5)—that is, the number of AIFR-
positive cases was proportionally
greater with higher severity of mucosal
disease in the anterior nasal cavity
(Z � �3.99, P � .001), posterior nasal
cavity (Z � �4.51, P � .001), nasophar-
ynx (Z � �2.72, P � .003), sphenoid
sinus (Z � �2.89, P � .002), anterior
ethmoid air cells (Z � �3.53, P � .001),
and posterior ethmoid air cells (Z �
�3.91, P � .001). In particular, 93%–
100% of the patients with �75% opacity
(ordinal ranking, 3–5) in the nasal cavity
or nasopharynx were positive for AIFR.

Laterality data were initially col-
lected to determine whether a unilat-
eral predominance existed. Unilateral
AIFR was present in 78.6% of cases
(33/42, �2 � 14.58, P � .001) with

strong predilection of the disease for

the right side. Only the right side was affected in 69.7% of

unilateral cases (23/33, �2 � 5.26, P � .022). We did not find

that laterality added additional predictive value to our models;

FIG 1. Sensitivity and specificity for all variables. PPF, pterygopalatine fossa; SPF, sphenopalatine
foramen; Ant, anterior.

FIG 2. Examples of established findings in AIFR. A, Axial CT image shows unilateral mucosal
thickening involving the right maxillary sinus (asterisk) with soft-tissue infiltration of the right
anterior periantral fat (arrow) and the posterior periantral fat (arrowhead). B, Axial image in a
different patient shows unilateral right nasal cavity (white asterisk) and maxillary sinus (black
asterisk) mucosal thickening. Soft-tissue infiltration through the right sphenopalatine foramen
and pterygopalatine fossa (arrowhead) is seen, as well as involvement of the right posterior
periantral fat (arrow). C, Coronal CT in a third patient illustrates orbital involvement of AIFR with
subtle infiltration of the right medial and inferior extraconal orbital fat (arrowheads), despite the
absence of bone erosion. D, Axial CT shows a surgically proved subtle ulceration along the left
side of the nasal septum (arrowhead) in a fourth patient.
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FIG 3. Illustration of less commonly described areas of AIFR, including the nasolacrimal duct, lacrimal sac, and nasopharynx. A, Contrast-
enhanced axial CT image shows soft-tissue thickening and inflammatory stranding in the area of the left lacrimal sac (white arrow) and in the
medial orbit (white arrowhead). The normal right nasolacrimal duct (curved arrow) is identified for comparison. Asymmetric unilateral mucosal
disease is also seen in the left ethmoid air cells (asterisk). B, Coronal image again shows thickening and inflammatory change in the left lacrimal
sac (white arrow) and medial orbit (black arrowhead). Similar inflammatory changes are seen in the left nasolacrimal duct (white arrowhead).
C, Axial CT in a different patient with AIFR with marked asymmetric mucosal thickening of the right nasal cavity (asterisk) and right nasopharynx
(arrow). D, Axial contrast-enhanced CT in a third patient with marked asymmetric mucosal thickening in the left nasopharynx (arrow) and subtle
inflammatory stranding involving the left parapharyngeal fat (arrowheads).

FIG 4. Examples of advanced manifestations of AIFR. A and B, Axial postcontrast CT images show a filling defect in the right cavernous sinus
(white arrowhead) with adjacent parenchymal hyperattenuation or focal area of enhancement (curved arrow) most consistent with an acute
hemorrhagic infarction in the right anterior temporal pole or parenchymal involvement by AIFR, respectively. There is also partial thrombosis of
the right internal carotid artery (white arrow). C, Postcontrast coronal CT in a different patient shows subtle left epidural thickening along the
floor of the middle cranial fossa (white arrow). D, Axial noncontrast CT in a third patient shows soft-tissue infiltration of the right sphenopalatine
foramen and pterygopalatine fossa (black arrowhead), with extension into the right orbital apex (white arrowhead).
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therefore, laterality data were consolidated for further analysis
using the highest unilateral score.

We balanced statistical rigor of multivariate stepwise regression
(minimizing Akaike Information Criterion) with the clinical reality
of maximizing positive predictive value (PPV) and negative predic-
tive value (NPV) to generate a 7-variable diagnostic model to predict
AIFR (On-line Table). The top 4 variables in the model (periantral
fat, pterygopalatine fossa, nasolacrimal duct, and lacrimal sac) were
the most correlated with AIFR. These variables highly intercorrelated
themselves and were present in most or all of the numerous statistical
models generated during this evaluation. With respect to the 7-vari-
able model, the presence of any single positive variable has an 87%
PPV, 95% NPV, 95% sensitivity, and 86% specificity. Moreover, a
positive outcome in any 2 variables predicted AIFR with 100% spec-
ificity, 100% PPV, and 88.1% sensitivity. Our results show that �2 of
the 7 model variables were positive in 88% (37 of 42) of the patients
with AIFR (Fig 6).

DISCUSSION
We present a simple-yet-accurate CT-based clinical model de-

rived from a large single-institution study that can exclude or

diagnose AIFR with a higher degree of confidence than suggested

previously.8,9 A key attribute of this model is that within our clin-

ical dataset, the involvement of any 2 of the 7 variables predicted

AIFR with 100% specificity. The predictive power is also en-

hanced because 88% of patients with AIFR presented with find-

ings captured by �2 variables. This model has variables that

have been previously ascribed to characteristic imaging find-

ings for AIFR1,8,10,11 (periantral fat, bone dehiscence, orbital inva-

sion, pterygopalatine fossa), as well as uncommonly described

markers for AIFR such as nasolacrimal duct and lacrimal sac

involvement.16,17

The power of the clinical model resides in the aggregate eval-

uation of all 7 variables because no individual variable had both

high PPV and high NPV. For example, disease involvement in the

periantral fat—an early indicator of AIFR10—was the best indi-

vidual predictor of AIFR in our study but, by itself, had a sensitiv-

ity of only 74%. Bone dehiscence proved to be a specific marker

for AIFR (100% specificity) but has low sensitivity (35%), which

agrees with previously reported data.8 Because the fungi tend to

spread through vascular channels or along nerves,18-21 extension

outside of the sinus frequently occurs in the absence of bone de-

struction. Therefore, bone destruction alone is not a useful exclu-

sionary criterion. This phenomenon likely explains the high cor-

relation seen with involvement of the sphenopalatine foramen

and ipsilateral pterygopalatine fossa, suggesting extension from

the nasal cavity along either posterior superior nasal nerves or the

sphenopalatine artery. This is in contradistinction to isolated in-

volvement of the posterior periantral fat, which is more likely

related to direct extension from the maxillary sinus along vascular

channels.

Our study agrees with previous literature implicating severe

nasal cavity mucosal thickening on CT as a common finding in

patients with AIFR.8 This is noteworthy because of the relatively

good prognosis when AIFR is limited to the nasal cavity.2 Unfor-

tunately, unilateral nasal cavity disease has a low specificity

though it is one of the more frequent findings in AIFR (78.6% of

patients in our study had unilateral predominant disease). Con-

sequently, unilateral nasal cavity disease may not be a reliable

individual predictor of AIFR. The correlation of AIFR with the

A

B

FIG 5. Correlation of the degree of opacity in the nasal cavity and
paranasal regions with specificity (A) and sensitivity (B). Increasing
opacity, particularly in the nasal cavity, nasopharynx, and posterior
ethmoid air cells, has a strong correlation with specificity for AIFR. A
decrease in sensitivity is also evident as the degree of opacity
increases.

FIG 6. Illustration of the number of co-occurring positive variables
(7-variable model) in patients with AIFR versus controls. The graph
illustrates that most patients with AIFR have �1 positive area of in-
volvement in the 7-variable model.

1534 Middlebrooks Aug 2015 www.ajnr.org



severity of mucosal thickening was also present in areas out-

side the nasal cavity. We found a significant relationship between

the incidence of AIFR and the degree of mucosal disease in 6 of 8

measured regions; however, incorporating such dependency on

variable progression of mucosal disease proved difficult (and un-

necessary). We opted for a clinical model that offered high PPV

and high NPV, independent of opacity assignments for simpler

clinical applicability.

To our knowledge, the mortality rate of our patient group (17%)

is one of the lowest published for a study of this scale, which suggests

that these patients were diagnosed at a relatively favorable stage of

disease. However, we were unable to identify any specific indictors of

prognosis from our data—that is, in no region was disease involve-

ment indicative of patient mortality. This was somewhat surprising

because findings classically considered early-stage and late-stage fac-

tors were both present in our patients. If these monikers are accurate,

patients presenting with so-called late-stage symptoms would be ex-

pected to have relatively high mortality, but this was not the case. For

example, none of the 7 patients who died of AIFR presented with

bone dehiscence. This outcome suggests caution in predicting a time

course of disease or prognosis based on findings previously consid-

ered late-stage findings.

Our results show that CT is an effective screening tool for

AIFR. Existing literature directly comparing MR imaging and CT

found relatively higher sensitivity and PPV for AIFR by using MR

imaging. This finding led to the recommendation that CT be con-

sidered a second-line technique.9 While our study populations

were different, our CT-based predictive model nevertheless dem-

onstrated higher sensitivity (95% versus 86%), specificity (86%

versus 75%), and NPV (95% versus 60%) than these previously

published MR imaging data.9 Our PPV estimates were similar

(87% versus 92%). Moreover, our predictive model even pro-

duces higher sensitivity, specificity, and NPV than previously re-

ported with CT.8,9 The NPV is of particular importance in screen-

ing studies because low NPV results in erroneously excluding a

patient positive for AIFR. Thus, on the basis of our results, CT

with application of our predictive model should be considered a

primary technique for evaluating AIFR.

Several limitations in our study are noteworthy. First, the rar-

ity of AIFR necessitated a retrospective study design to capture a

large number of cases. Readers were blinded to all clinical data to

minimize bias, but that is a concern in retrospective designs. Sec-

ond, some selection bias is inherent because the control group all

progressed to endoscopy or surgery, suggesting higher clinical

suspicion of sinus disease. This bias would likely lead to underes-

timation of the NPV and overestimation of PPV. Third, we pur-

posely selected a patient control group with predisposing condi-

tions to AIFR so that our clinical model would be applicable to the

interpreting radiologist evaluating possible AIFR among an at-

risk patient population in a real-world clinical environment. Con-

sequently, some caution is warranted in extrapolating our results

to other patient groups in which AIFR is not the clinical concern.

CONCLUSIONS
We propose a CT-based model to help exclude or diagnose AIFR

with a higher degree of confidence than suggested previously.9

Application of this proposed 7-variable model may improve eval-

uation of potential AIFR in an at-risk population and serve as the

basis for a subsequent prospective study.
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Hyperintense Optic Nerve due to Diffusion Restriction:
Diffusion-Weighted Imaging in Traumatic Optic Neuropathy

U.K. Bodanapally, K. Shanmuganathan, R.K. Shin, D. Dreizin, L. Katzman, R.P. Reddy, and D. Mascarenhas

ABSTRACT

BACKGROUND AND PURPOSE: Abnormal signal intensity of the optic nerve due to diffusion restriction may be seen in traumatic optic
neuropathy. In addition to evaluating optic nerve hyperintensity on diffusion-weighted imaging, we compared the group differences of
ADC values between the injured and uninjured contralateral nerve and identified the relation between measured ADC values and
admission visual acuity.

MATERIALS AND METHODS: We retrospectively evaluated 29 patients with traumatic optic neuropathy who underwent MR imaging
with DWI. Uninjured contralateral optic nerves were used as controls. Two attending radiologists, blinded to the side of injury, indepen-
dently reviewed the DWI for the presence of signal-intensity abnormality and obtained ADC values after manually selecting the ROI.

RESULTS: Hyperintensity of the optic nerve was demonstrated in 8 of the 29 patients, with a sensitivity of 27.6% (95% CI, 12.8 – 47.2) and
a specificity of 100% (95% CI, 87.9 –100). ADC values were obtained in 25 patients. The mean ADC in the posterior segment of the injured
nerve was significantly lower than that in the contralateral uninjured nerve (Welch ANOVA, F � 9.7, P � .003). There was a moderate-to-
strong correlation between low ADC values and poor visual acuity in 10 patients in whom visual acuity could be obtained at admission (R �

0.7, P � .02). Patients with optic nerve hyperintensity presented with worse visual acuity.

CONCLUSIONS: Hyperintensity of the optic nerve due to diffusion restriction can serve as a specific imaging marker of traumatic optic
neuropathy. When paired with reduced ADC values, this finding may be an important surrogate for visual acuity.

ABBREVIATIONS: ON � optic nerve; Q � quartile; TON � traumatic optic neuropathy; VA � visual acuity

Traumatic optic neuropathy (TON) is an acute injury of the

optic nerve (ON), typically presenting with severe impair-

ment of visual function. TON is often classified on the basis of the

location of the injury. Anterior ON injury is usually associated

with ON head avulsion and disruption of circulation at the ON

head. These patients present with intraocular hemorrhage and

disruption of anatomy at the ON head on funduscopy. Posterior

TON involves the nerve at a site proximal to where the ophthal-

mic artery enters the ON.1 Clinical diagnosis of posterior TON is

based on the presence of a relative afferent pupillary defect, de-

creased visual acuity (VA), normal funduscopic examination

findings, and no apparent intraocular pathology.2-4 The focus of

this study was limited to posterior TON. Contusion, necrosis,

concussion, hemorrhage, nerve fiber tears, and infarction due to

vascular thrombosis or spasm have all been implicated as poten-

tial mechanisms of TON.5,6 Specific causes include motor vehicle

collisions, falls, assaults, blunt force effects of penetrating trauma,

and surgical mishaps in and around the optic nerve, with a re-

ported high prevalence among young men.7

The architecture of the orbit facilitates transfer of impact

forces from facial trauma to the region of the optic canal, where

the nerve is vulnerable to injury due to the shearing effect between

its fixed and mobile portions.7-9 The concept of primary and sec-

ondary injury in TON has been proposed by Walsh.10 Primary

injury results from immediate shearing of the retinal ganglion cell

axons of the nerve. Secondary injury occurs from a complex bio-

chemical cascade of events that follows the primary injury, result-

ing in edema of the ON within the inflexible optic canal.11 Edema

of the nerve in the optic canal produces a compartment syn-

drome, resulting in nerve ischemia due to compression of the pial

vascular plexus.12,13
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Conventional MR imaging findings are normal in most pa-

tients with TON.3,5 An earlier study with DTI in TON showed

decreased axial diffusion and ADC values in the posterior segment

of the injured ON.3 In this retrospective study, we aimed to de-

termine the ability of abnormal signal intensity of the ON due to

diffusion restriction on DWI to diagnose TON, compare the

group differences of ADC values between the injured and unin-

jured contralateral nerves, and identify the relation between the

measured ADC values and admission VA.

MATERIALS AND METHODS
The study was compliant with the Health Insurance Portability

and Accountability Act, and permission was obtained from our

institutional review board. The study was conducted at a level I

trauma center. The inclusion criteria for this retrospective study

were the following: 1) history of blunt craniofacial trauma be-

tween January 2004 and December 2013, 2) acquisition of DWI as

part of the MR imaging examination of the brain or orbits (�15

days after trauma), 3) 18 years of age or older, and 4) a clinically

confirmed diagnosis of TON on formal ophthalmology consulta-

tion. Exclusion criteria were the following: 1) TON caused by

blunt force or blast effects of penetrating trauma, and 2) abnormal

funduscopy findings or traumatic structural intraocular pathol-

ogy on clinical examination. During the study period, MR imag-

ing was not routinely performed on patients with TON. MR im-

aging of the brain or orbits was performed at the discretion of the

clinicians.

At the study institute, ophthalmology is consulted on all

patients with orbital or periorbital soft-tissue trauma and

craniofacial fractures, to detect injuries involving the visual

system. All patients referred to ophthalmology are evaluated

while in the trauma resuscitation unit. A clinical diagnosis of

TON is made in the presence of decreased VA, relative afferent

pupillary defect, and normal funduscopic examination find-

ings. Testing for VA or funduscopy is usually not possible in

patients who are unconscious due to sedation, mechanical ven-

tilation, or associated head injuries. In such patients, a proba-

ble diagnosis of TON is made on the basis of the presence of a

relative afferent pupillary defect, and the diagnosis is con-

firmed by re-evaluating the patients after they regain con-

sciousness or after extubation.

MR Imaging Protocol and Image
Analysis
All imaging was performed on a 1.5T

Avanto scanner (Siemens, Erlangen,

Germany) with parallel imaging ca-

pacity. Twenty patients underwent

DWI as part of MR imaging of the

brain; and in the remaining 9 patients,

DWI was part of orbital MR imaging.

According to our institutional proto-

col, DWI is performed at a 5-mm sec-

tion thickness for both orbital and

brain imaging. In all patients, DWI

was obtained in the axial plane by us-

ing a dual spin-echo echo-planar im-

aging method with diffusion-weight-

ing in 3 orthogonal directions with b-values of 0, 500, 1000

s/mm2. The TE for the DWI was 86 ms with a TR of 5400 ms. A

section thickness of 5 mm and an FOV of 220 � 220 mm at an

acquisition matrix of 134 � 192 pixels were used.

Image Analysis
The DWI was evaluated on the PACS of our institution by 2 fel-

lowship-trained and board-certified trauma radiologists (U.K.B.

and D.D.) with 8 and 3 years of experience, respectively. Images

were first evaluated qualitatively and then quantitatively. For

qualitative analysis, the reviewers were blinded to the side of in-

jury and individually evaluated the ONs for bilateral or unilateral

signal intensity changes at b�1000. The reviewers classified the

signal intensity into the following categories: higher, equal, or

lower than the signal intensity of the contralateral ON and brain

parenchyma. In the case of increased signal intensity, the extent of

involvement (posterior and anterior segments) was documented

(Figs 1 and 2). The usual 20- to 25-mm intraorbital ON was di-

vided into anterior and posterior segments at approximately 10

mm behind the globe. The division was made to evaluate interseg-

mental differences in signal intensity and ADC values because the

blood supply of the posterior segment is different from that of the

anterior segment and the posterior segment has a greater propen-

sity for injury.

For quantitative analysis, the ADCs within the ON were mea-

sured by ROI analysis. For placement of an ROI, both readers

were instructed to include the posterior and anterior segments of

the ON separately. Elliptic ROIs of approximately 7 mm2 (range,

6 – 8 mm2) were manually drawn over the long axis of the ON on

the spin-echo echo-planar images (b�0) (Fig 1B) and then were

transferred to the ADC maps. The anterior segment ROIs were

drawn at a distance of approximately 3– 4 mm from the globe, and

the posterior ROI, at approximately 15–18 mm from the globe.

Data from the posterior and anterior segments were analyzed sep-

arately. To avoid CSF partial volume artifacts, the ROI mostly

included voxels at the nerve center. In addition, areas of suscep-

tibility artifacts were excluded.

Statistical Analysis
The correlation between the ADC measurements of the 2 review-

ers was performed by using a Pearson correlation coefficient. The

sensitivity and specificity of signal-intensity abnormality of the

FIG 1. A 37-year-old man with right-sided TON following a motor vehicle collision. Axial diffusion-
weighted image (A) shows hyperintensity of the posterior segment of the optic nerve (curved
arrow) due to restricted diffusion. B, Axial DWI (b�0) of the same patient shows ROI placement on
the anterior and posterior segments of intraorbital optic nerve.
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ON on DWI was calculated by a contingency table. The mean

ADC of both reviewers was used for statistical analysis. A 1-way

ANOVA was used to compare the between-group differences of

ADC values. After testing for homogeneous variance (Levene

test), a post hoc analysis was performed by using the Welch and

Wilcoxon tests. Receiver operating characteristic curve analy-

sis was used to evaluate the usefulness of ADC measurements.

Linear regression analysis was used to determine the relation-

ship between admission VA and ADC values. For all analysis, a

P value � .05 was considered statistically significant. Statistical

analysis was performed by using JMP 11 software (SAS Insti-

tute, Cary, North Carolina).

VA was converted into a logarithm of the minimum angle of

resolution units to provide a numeric scale for statistical

analysis.

RESULTS
Demographics
A search of the trauma data base of the institution yielded 183

patients with a clinical diagnosis of TON. Twenty-nine patients

(21 men, 8 women; mean age, 40.8 years; range, 18 – 69 years) of

the total 183 were evaluated with DWI and were retrospectively

recruited for the study. All patients had unilateral TON. The

mechanism of injury in patients with TON was a motor vehicle

collision in 15, assault in 6, a fall in 4, pedestrian struck in 3, and

orbital surgery in 1. A single patient with iatrogenic TON was

included in the study. The patient developed visual impairment

after simple orbital floor fracture repair without documented

perioperative hypotension or elevated intraorbital pressure, thus

excluding the possibility of surgical posterior ischemic optic neu-

ropathy and orbital compartment syndrome. On the basis of the

information and the clinical findings,

the patient was diagnosed with iatro-

genic TON. There were 17 left-sided in-

juries and 12 right-sided ON injuries.

The median length from the time of

trauma to imaging was 7 days (Q3–Q1 �

9.5 days). Table 1 provides the data re-

garding the time from injury to MR im-

aging, VA, ON hyperintensity, and ADC

values.

Qualitative Analysis
In 8 of the 29 patients with TON, the

injured ON demonstrated restricted

diffusion with hyperintense signal on

DWI and corresponding hypointense

signal on ADC maps. None of the con-

tralateral uninjured nerves demon-

strated abnormal signal. This re-

stricted diffusion in ON constitutes a

sensitivity of 27.6% (8/29) (95% CI,

12.8 – 47.2) and a specificity of 100%

(29/29) (95% CI, 87.9 –100). All 8 pa-

tients had hyperintense signal involv-

ing the posterior segment of the nerve

with concomitant involvement of the

anterior segment in 2 patients. There

was perfect agreement between the 2 reviewers in the assessment

of the signal intensity of the ONs.

Quantitative Analysis
The reviewers independently excluded 4 patients because of inac-

curate ADC measurements due to susceptibility artifacts caused

by the air-bone-tissue interface and/or partial volume effects,

which affected the ROI placement over the ONs. The mean pos-

terior segment ADC of the contralateral uninjured ON in the

remaining 25 patients was 1.32 � 10�3 mm2/s (standard error,

0.85 � 10�3 mm2/s; 95% CI, 1.15 � 10�3 mm2/s to 1.49 � 10�3

mm2/s). The mean posterior segment ADC of the injured nerve

was 0.94 � 10�3 mm2/s (standard error, 0.85 � 10�3 mm2/s; 95%

CI, 0.77 � 10�3 mm2/s to 1.11 � 10�3 mm2/s) (Fig 3). The pos-

terior segment ADC differed significantly between injured and

uninjured nerves in Welch ANOVA analysis (F � 9.7, P � .003

and Wilcoxon P � .015). Receiver operating characteristic curve

analysis determined a discrimination ability of 0.7 (area under the

curve) between the injured and uninjured contralateral nerve

with optimum sensitivity and specificity at a mean ADC value of

0.92 � 10�3 mm2/s.

There was no statistical difference in the mean anterior seg-

ment ADC values between the injured and uninjured nerves (P �

0.24) (Table 2). In subsequent analysis, the patients were divided

into 2 subgroups. Group 1 consisted of 14 patients with a time

from injury to MR imaging examination of �7 days, and the

remaining 11 patients constituted group 2 with a time from injury

to MR imaging of �7 days. In group 1 patients, the mean poste-

rior segment ADC of the injured ON was significantly reduced

FIG 2. A 64-year-old man with left-sided TON following a fall. Axial diffusion-weighted image (A) and
ADC map (B) show concomitant extension of hyperintensity into the anterior segment of optic nerve
(curved arrow), with corresponding hypointense signal on the ADC map suggestive of restricted diffu-
sion. Posterior segment involvement on the diffusion-weighted image (C) and ADC map (D).
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relative to the contralateral posterior ON (P � .03). The ADC

reduction did not reach statistical significance in group 2 patients

(P � .17). The interrater reliability in measuring the ADC of the

ONs was very good, with a Pearson correlation coefficient of 0.87

(95% CI, 0.79 – 0.92).

Admission VA was available in 10 of the 29 patients. Admis-

sion VA could not be obtained in 19 patients due to associated

injuries for which patients were under sedation, on mechanical

ventilation, or under the influence of other mind-altering drugs.

There was a moderate-to-strong correlation between low ADC

values and poor VA in the 10 patients analyzed (ie, a lower loga-

rithm of the minimum angle of resolution) (Pearson r � 0.7, P �

.02; Spearman � � 0.66, P �.03). In patients with ON hyperin-

tensity on qualitative analysis, 5 of the 8 patients had available VA.

All 5 patients presented with no light perception. The median

logarithm of the minimum angle of resolution in patients with

ON hyperintensity was �4.7 (no light perception) (Q1–Q3 � 0);

and in those without hyperintensity, the logarithm of the mini-

mum angle of resolution was �1 (20/200) (Q1–Q3 � �4, P �

.012).

DISCUSSION
The results of our study indicate that hyperintensity of the ON

predominantly affecting the posterior segment of the intraorbital

ON is associated with a clinical diagnosis of TON in the appro-

priate clinical setting. Although a decreased ADC value of the

injured nerve and alterations in other DTI parameters have been

previously described,3 a qualitative visual assessment of ON hy-

perintensity on DWI can provide a helpful clinical indicator of

TON. The sensitivity of this sign was 27.6% (95% CI, 12.8%–

47.2%) and the specificity was 100% (95% CI, 87.9%–100%).

Hence, the presence of hyperintensity is helpful in making a diag-

nosis of TON, but its absence should not be interpreted as an

absence of TON.

Our results also showed a statistically significant difference

between the mean posterior segment ADC values of the injured-

versus-uninjured nerves, which can help in the discrimination of

TON. In the limited number of patients with TON with available

VA, there was a correlation between low ADC values and poor

VA, and those with ON hyperintensity due to diffusion restriction

had the worst VA (ie, no light perception at presentation). The

correlation among ON hyperintensity, low ADC values, and

poor VA at admission may help clinicians predict the likeli-

hood of visual recovery in patients with severe trauma, espe-

cially in those in whom VA could not be obtained due to var-

ious factors, because the initial VA is the strongest predictor of

visual recovery.14-16 This information has the potential to help

prioritize therapeutic interventions should new therapies be-

come available.

Acute ischemia and contusions in the brain parenchyma and

spinal cord present as hyperintense signal on DWI at measure-

ments with large b-values, and the calculated ADC map shows

decreased diffusivity.17,18 Although contusion-related necrosis

and ischemia of the ON are implicated in TON at postmortem

examination, the signal-intensity changes in DWI corresponding

to these histologic findings have not been evaluated in patients

with TON, to our knowledge. The hyperintensity of the injured

ON seen in our patients, most of whom have involvement of

the posterior segment, supports the hypothesis that the nerve

segment that is most vulnerable to primary injury is at the level

of the optic canal and that secondary injury from compartment

syndrome occurs in the optic canal, causing nerve ischemia.

The 2 cases with concomitant varying levels of extension of

hyperintensity into the anterior segment may be explained by

Table 1: Results of the 29 cases with traumatic optic neuropathy,
their respective time from injury to MRI, and visual acuity

Patient
No.

Days
between

Injury
and MRI

VA on
Affected

Side
(logMAR)

Hyperintensity
due to

Diffusion
Restriction

ADC (10−3 mm2/s)
in the Posterior
Segment of the

Injured ON
1 12 NA � NE
2 15 NA � NE
3 1 �0.7 � NE
4 7 NA � NE
5 7 �4.7 � 0.3
6 15 NA � 1.25
7 15 NA � 1.4
8 9 �4.7 � 0.825
9 1 �1 � 1.5

10 2 �4.7 � 0.85
11 2 �0.48 � 1.25
12 12 NA � 1.3
13 10 NA � 1.6
14 7 NA � 1.35
15 5 NA � 1.35
16 8 �4.7 � 0.15
17 12 �1 � 0.92
18 11 NA � 1.65
19 12 NA � 0.75
20 1 �4.7 � 0.38
21 4 �4.7 � 0.05
22 1 NA � 1.074
23 4 NA � 1.15
24 3 NA � 0.6
25 11 NA � 1.15
26 10 NA � 1.65
27 5 �4.7 � 0.15
28 1 NA � 0.65
29 1 NA � 0.285

Note:—logMAR indicates logarithm of the minimum angle of resolution; NA, not
available; NE, not evaluated; �, present; �, absent.

FIG 3. Graph comparing the ADC (10�3 mm2/s) values and the clinical
diagnosis of TON. Box-and-whisker plots with lines representing me-
dians, interquartile ranges, and greatest and least values. Mean dia-
mond plots with horizontal lines represent mean and upper and
lower 95% confidence points for each group.
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spasm or thrombosis of the axial centrifugal vascular system

formed by intraneural branches of the central retinal artery.

Subanalysis of patients based on the time from injury to MR

imaging examination showed a statistically significant de-

crease in the posterior segment ADC when the imaging was

performed within 7 days after injury. The reduction in ADC

did not reach statistical significance when the imaging was

performed between 7 and 15 days after trauma, however. This

phenomenon is most likely due to ADC normalization, though

the time course of the normalization process is not known for

the optic nerve in the setting of trauma.

There is limited literature regarding the utility of functional

MR imaging of ON injury. An earlier study by Bodanapally et al3

evaluated the role of DTI in 12 patients with TON and reported a

lower axial diffusivity in both of the segments of the ON and a

decrease in ADC in the posterior segment. The decrease in ADC,

however, was not statistically significant in relation to the con-

tralateral uninjured nerve.3 The significant decrease in ADC val-

ues in our current study can be due to a larger study cohort,

difference in the technique of ADC measurements, and/or the

inclusion of patients with hyperintense ON due to diffusion re-

striction. In contrast to the above findings, Yang et al19 evaluated

6 patients with DTI (mean time from injury to imaging, 5.2 days)

and showed an increase in mean ADC values. The authors as-

cribed this increase to the ischemic demyelination or necrosis of

the nerve fiber bundles. Contrary to their explanation, we suggest

that the acute injury of the optic nerve is manifested by a decrease

in the ADC values similar to the reduced ADC values in acute

cerebral and spinal cord injuries.

TON is a clinical diagnosis, but a clinical examination may not

be possible in patients with severe polytrauma due to sedation,

mechanical ventilation, or the influence of other mind-altering

drugs. Even testing for the presence of a relative afferent pupillary

defect may not be possible or reliable in some patients due to

nonreactive pupils frequently encountered in patients with asso-

ciated traumatic brain injury, coma, or raised intracranial pres-

sures. In this background, our results may have clinical implica-

tions when radiologists who evaluate DWI sequences while

reviewing brain MR imaging studies also evaluate the optic nerve

for signal abnormality and, if it is present, alert the referring cli-

nicians to the possibility of TON.

Our study has several limitations. First, it has a retrospective

design. Second, the small study population may limit the gener-

alizability of the findings. Third, inadequate spatial sampling due

to a section thickness of 5 mm may have underestimated the in-

cidence of diffusion restriction by precluding the identification of

hyperintense signal in some patients, potentially lowering the sen-

sitivity. DWI was performed at a 5-mm section thickness in our

patient cohort. Thin sections (eg, 3 mm) may improve the sensi-

tivity. ADC measurement of the ON is challenging due to the

small diameter of the ON because there is the potential of partial

volume averaging with surrounding CSF, fat, and osseous struc-

tures. Finally, correlations between low ADC values and poor VA

should be interpreted with caution because our results were based

on patients with varying times from injury to MR imaging exam-

ination, which would influence the measured ADC values due to

the ADC normalization process. However, the limitations should

not negate the conclusion that ON hyperintensity due to diffusion

restriction on DWI was seen in approximately one-fourth of our

patients with TON and is usually associated with the worst VA (no

light perception) at presentation.

CONCLUSIONS
Hyperintensity of the ON due to diffusion restriction after trauma

is an imaging marker of TON, and when paired with reduced

ADC values in the posterior segment of the ON, it may provide

important information regarding VA at presentation and hence

the future visual outcome.
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ORIGINAL RESEARCH
PEDIATRICS

Injury to the Cerebellum in Term Asphyxiated Newborns
Treated with Hypothermia

X S. Kwan, E. Boudes, G. Gilbert, C. Saint-Martin, S. Albrecht, M. Shevell, and X P. Wintermark

ABSTRACT

BACKGROUND AND PURPOSE: Until now, most studies of brain injury related to term neonatal encephalopathy have focused on the
cerebrum and ignored the cerebellum. We sought to evaluate whether cerebellar injury occurs in term asphyxiated neonates.

MATERIALS AND METHODS: Asphyxiated neonates treated with hypothermia were enrolled prospectively. Severity of brain injury in the
cerebrum was scored on each MR imaging obtained during the first month of life; cerebellar injury was recorded when mentioned in the
imaging or autopsy report. In addition, for some of the neonates, the ADC and fractional anisotropy were measured in 4 regions of interest
in the cerebellum.

RESULTS: One hundred seventy-two asphyxiated neonates met the criteria for hypothermia. Cerebellar injury was visible only on
conventional imaging of 4% of the neonates for whom brain imaging was available, but it was reported in the autopsy report of 72% of the
neonates who died. In addition, 41 of the asphyxiated neonates had a total of 84 ADC and fractional anisotropy maps. Neonates with brain
injury described only in the cerebrum demonstrated ADC and fractional anisotropy changes similar to those of the neonates with brain
injury in the cerebrum and cerebellum—increased ADC around day 10 of life and decreased fractional anisotropy on day 2–3 of life, around
day 10 of life, and around 1 month of age.

CONCLUSIONS: The cerebellum may be injured in term neonates after birth asphyxia. These cerebellar injuries are only rarely visible on
conventional imaging, but advanced neuroimaging techniques may help to identify them.

ABBREVIATION: FA � fractional anisotropy

Birth asphyxia and its resulting neonatal encephalopathy occur

in approximately 2 per 1000 births in developed countries and

are responsible for 23% of all neonatal deaths worldwide.1-3 Chil-

dren who survive birth asphyxia may develop severe neurodevel-

opmental complications, such as cerebral palsy, mental retarda-

tion, learning difficulties, and other cognitive deficits. Until now,

therapeutic hypothermia to an esophageal temperature of 33.5°C

initiated within the first 6 hours of life and continued for 72 hours

has emerged as the only available safe treatment for possibly im-

proving the long-term outcome of some of these asphyxiated

neonates.4-6

Parents of these neonates are wondering increasingly about

the long-term prognosis while their neonate is still hospitalized in

the neonatal intensive care unit. In the past, the prognosis was

based on clinical history, clinical examinations, and neurologic

tools such as electroencephalography.7 In the last few years, MR

imaging has developed considerably, and conventional MR imag-

ing sequences have become the standard for visualizing the pres-

ence and extent of brain injury after hypothermia treatment is

completed.8,9 However, newer advanced MR imaging modalities,

such as DTI and subsequent apparent diffusion coefficient and

fractional anisotropy (FA) maps, are becoming available tools for

use with neonates and may permit an even better definition of

brain injury and thus may provide a more accurate prognosis.10,11

Typical patterns of injury in term asphyxiated neonates are

usually described in the cerebrum, including basal ganglia injury,

watershed injury, and near-total injury. Until now, injury to the

cerebellum has been reported only rarely after birth asphyxia in

term neonates. Nevertheless, the few available imaging studies in
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which the cerebellum was examined reported cerebellar injury in

severe cases of neonatal encephalopathy.12-15 Sargent et al15

found cerebellar vermian atrophy on CT and MR imaging ac-

quired from 12 neonates around 10 –19 months of age with neo-

natal encephalopathy and who developed thalamic injury with or

without cortical injury; however, they did not find any signs of

cerebellar involvement on the imaging performed on these pa-

tients during the first 2 weeks of life. Le Strange et al14 confirmed

reduced cerebellar growth, including vermis growth, during the

first year after birth in 6 neonates with neonatal encephalopathy

who developed severe basal ganglia and thalamic injury. Connolly

et al13 found abnormally high T2 signal intensity in the anterior

lobe of the vermis on MR images acquired at various ages (ie, from

1 to 24 years) from 18 neonates with neonatal encephalopathy

who had developed near-total injury. As demonstrated in prema-

ture neonates,16 studying the cerebellum in neonates is highly

relevant and important, because injury to the cerebellum may

create an additional burden on the future neurodevelopment of

these neonates.

Thus, this present study was designed to report the incidence

of cerebellar injury in asphyxiated neonates treated with hypo-

thermia. We hypothesize that asphyxiated neonates are at risk of

injury to the cerebellum and that cerebellar injury may be better

identified in these neonates by using advanced neuroimaging

techniques.

MATERIALS AND METHODS
Patients
We conducted a prospective cohort study of term asphyxiated

neonates admitted to our neonatal intensive care unit between

2008 and 2014 and who met the criteria for induced hypother-

mia4-6: 1) gestational age of �36 weeks and birth weight of �1800

g; 2) evidence of fetal distress, such as history of an acute perinatal

event, cord pH of �7.0, or base deficit of �16 mEq/L or lower; 3)

evidence of neonatal distress, such as an Apgar score of �5 at 10

minutes, postnatal blood gas pH obtained within the first hour of

life of �7.0, or a base deficit of �16 mEq/L or lower, or continued

need for ventilation initiated at birth and continued for at least 10

minutes; and 4) evidence of moderate or severe encephalopathy

obtained by physical examination and/or amplitude-integrated

electroencephalography. Eligible patients received whole-body

cooling to an esophageal temperature of 33.5°C, initiated by 6

hours of life and continued for 72 hours (unless contraindications

developed), and then slow rewarming. The research protocol was

approved by the Montreal Children’s Hospital institutional re-

view board, and informed parental consent was obtained in each

case.

Brain MR Imaging
Per standard clinical protocol at our institution, a brain MR im-

aging scan was performed for all these neonates around day 10 of

life. The MR imaging scans were performed by using a 3T clinical

system (Achieva X; Philips Healthcare, Best, the Netherlands).

Each MR imaging study included a 3D T1-weighted gradient-

echo (TR, 24 ms; TE, 4.6 ms; matrix size, 180 � 180; FOV, 180

mm; flip angle, 30°; sagittal sections, 104; section thickness, 1.0

mm; and multiplanar reformations in axial and coronal planes), a

TSE high-resolution T2-weighted (TR, 5000 ms; TE, 90 ms; TSE

factor, 15; matrix size, 300 � 300; FOV, 150 mm; flip angle, 90°;

axial sections, 27; section thickness, 3.0 mm), and a single-shot

EPI DWI (TR, 2424.4 ms; TE, 69 ms; matrix size, 200 � 117; FOV,

240 mm; b-values, 600 and 1200 s/mm2; flip angle, 90°; axial sec-

tions, 21; section thickness, 4.0 mm) sequence. These 3 sequences

combined are referred to as “conventional MR imaging” through-

out the remainder of this article, because they were the ones used

by the neuroradiologists to interpret the MR imaging studies and

compile their reports.

Pediatric neuroradiologists, who were blind to the clinical

conditions of the infants, interpreted the MR imaging studies of

the asphyxiated neonates treated with hypothermia. They re-

ported the presence and extent of brain injury in the cerebrum

according to a previously described MR imaging scoring system.17

Cerebellar injury was recorded when mentioned in their report to

evaluate the incidence of cerebellar injury in these neonates ob-

tained by conventional imaging. The presented data were based

only on the reports from the initial time of the study. We wanted

to focus on the reading of the conventional sequences by the neu-

roradiologists to determine how often cerebellar injury was re-

ported. We did not want to influence or bias them by asking them

to specifically review the images for the cerebellum.

Autopsy
If the neonate did not survive, the autopsy result (when available)

was also used to assess the presence and extent of brain injury in

the cerebrum and the cerebellum. Cerebellar injury was recorded

when mentioned in the report to evaluate the incidence of cere-

bellar injury in these neonates obtained by pathology.

ADC and FA Maps
In addition, since 2010, when possible (ie, when the parents con-

sented for their neonate to have additional MR imaging, when the

neonates were hemodynamically stable, and when a team of a

nurse and a respiratory therapist was available to assist with the

MR imaging), neonates were enrolled in an MR imaging research

study, and MR imaging scans were performed on day 1 of life, day

2–3 of life, around day 10 of life, and/or around 1 month of life.

These time points were chosen to ensure the absence of antenatal

brain injury (day 1 of life), to assess early patterns of injury (day

2–3 of life), and to define the extent of definitive brain injuries

(around day 10 of life and around 1 month of life). Patients who

underwent hypothermia had therapy maintained during the MR

imaging scan without any adverse events.18 Any ventilation, pres-

sor support, or sedation was maintained during the MR imaging

process, and additional sedation was avoided.

A similar imaging protocol was used with these neonates at

different time points. However, in addition to the above-men-

tioned sequences, a single-shot EPI DTI sequence with isotropic

resolution (TR, 5937.8 ms; TE, 69 ms; matrix size, 100 � 100;

FOV, 180 mm; sensitivity encoding factor, 2; directions, 32; b-

value, 750 s/mm2; axial sections, 46; section thickness, 1.8 mm)

was included in the imaging protocol for the neonates enrolled in

the MR imaging research study. In addition, the FSL Brain Extrac-

tion Tool (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/BET) was used to

remove all extracerebral tissues (ie, eyes, meninges, skull, etc)
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from the images.19 Then, ADC and FA maps were generated for

the whole brain by using the tools of the Diffusion Imaging in

Python (DIPY) package (Sherbrooke Connectivity Imaging Lab,

Sherbrooke University, Sherbrooke, Quebec, Canada).20

To assess whether subtle changes in the cerebellum were not

recognized on conventional MR imaging of these patients, ADC

and FA values were measured in 4 different regions of interest in

the cerebellum (ie, the superior cerebellar peduncle, the dentate

nucleus, the middle cerebellar peduncle, and the inferior cerebel-

lar peduncle), as described in other study reports.21-23 The re-

gions of interest were always drawn by the same observer by using

ImageJ (Image Processing and Analysis in Java; National Insti-

tutes of Health, Bethesda, Maryland).24 Axial T2-weighted imag-

ing was used in conjunction with the axial ADC and FA maps to

accurately identify the regions of interest in the cerebellum. Mea-

surements in the right and left sides in these different regions of

interests were obtained and then averaged. The measurements

were repeated twice for each region of interest to increase

reproducibility.

Statistical Analysis
For the analysis of ADC and FA measurements, asphyxiated neo-

nates treated with hypothermia were categorized into 1 of 3 sub-

groups on the basis of the presence or absence of brain injury

reported from MR imaging and/or autopsy: 1) neonates who did

not develop injury, 2) neonates who developed brain injury in the

cerebrum, and 3) neonates who developed brain injury in the

cerebrum and the cerebellum. Statistical analysis was performed

according to the day of life on which MR imaging was performed.

For each region of interest, ADC and FA values were compared

between the groups by using Mann-Whitney U tests. A P value of

�.05 was considered statistically significant. All statistical analyses

were performed by using GraphPad Prism software (GraphPad Soft-

ware, San Diego, California).

RESULTS
Description of the Patients
A total of 172 term asphyxiated neonates met the criteria for hy-

pothermia (On-line Table).

Of the asphyxiated neonates, 83% (143 of 172) survived.

Among these patients, only 3% (5 of 143) had a cerebellar injury

described on their MR imaging report; these patients presented

with an associated watershed injury or with a near-total injury.

Injury to the cerebellum was described most often as an abnormal

T1 signal in specific regions of the cerebellum (the dentate nuclei

or surrounding cerebellar white matter) and/or, more rarely, as a

restricted diffusion in the cerebellum. Among the remaining pa-

tients without a described cerebellar injury, 56% (77 of 138) did

not develop brain injury in the cerebrum, and 44% (61 of 138) did

develop brain injury in the cerebrum; 20% (12 of 61) developed

basal ganglia injury, 44% (27 of 61) developed watershed injury,

and 36% (22 of 61) developed near-total injury. It is notable that

2 neonates had small hematomas within the left cerebellar hemi-

sphere, and 1 neonate had one within the right cerebellar hemi-

sphere; several neonates presented with subdural hematomas in

the posterior cerebellar hemisphere, but these hematomas did not

exert any mass effect on the underlying cerebellum.

Seventeen percent (29 of 172) of the neonates died as a result of

complications of birth asphyxia and neonatal encephalopathy.

Among those who died, 48% (14 of 29) had an available autopsy

report that described brain injury; 71% (10 of 14) presented with

apoptosis clearly identified in the cerebellum at the time of au-

topsy, 21% (3 of 14) presented with acidophilic neurons in the

cerebellum, and 7% (1 of 14) did not have any described injury in

the cerebellum. Each patient who died and had an autopsy had

brain injury in the cerebrum at the time of the autopsy. It is inter-

esting to note that among the neonates who died and had an

autopsy, 2 had brain MR imaging before death, but the presence

of cerebellar injury was mentioned in only one of the neonate’s

MR imaging reports. With respect to this patient born after pla-

cental abruption (Fig 1), a restricted diffusion and an increased T1

signal were reported around the bilateral dentate nuclei of the

cerebellum; the autopsy of this patient revealed numerous apo-

ptotic neurons throughout the internal granular layer of the cer-

ebellar cortex and a necrosis of the dentate nuclei and the Purkinje

cells in the cerebellar cortex. Among the 52% (15 of 29) of neo-

nates who died and did not have an autopsy, only 27% (4 of 15)

had brain MR imaging performed, and the presence of cerebellar

injury was recognized in only one of the MR imaging reports. In

this patient, restricted diffusion was again noted on the ADC map

around the bilateral dentate nuclei.

Among the 16 asphyxiated neonates with cerebellar injury re-

ported from their MR imaging and/or autopsy, 3 were born after

placental abruption, 1 was born after cord prolapse, 1 was born

after placenta previa, 2 were born with tight nuchal cord, 6 pre-

sented profound fetal bradycardia of unclear origin, 1 presented

poor variability, and 2 did not have a clear cause to explain their

asphyxial event.

ADC and FA Maps
A total of 84 ADC and FA maps were obtained for 41 asphyxiated

neonates treated with hypothermia, in whom a DTI sequence was

performed in addition to the conventional sequences. Ten were

obtained on day 1 of life, 22 on day 2–3 of life, 32 around day 10 of

life (mean, day 10 of life; range, day 7–15 of life), and 20 around 1

month of life (mean, day 33 of life; range, day 29 – 42 of life).

ADC values (Fig 2) were significantly increased around day 10

of life in the superior cerebellar peduncle (P � .0001), the middle

cerebellar peduncle (P � .0004), and the inferior cerebellar pe-

duncle (P � .006) in neonates with brain injury of the cerebrum

and cerebellum compared with those without brain injury; the

ADC values in the dentate nucleus were not different around day

10 of life between these 2 groups of neonates. In addition, ADC

values were not different between these 2 groups at the other time

points except on day 1 of life for the middle cerebellar peduncle

(P � .003), for which the ADC was significantly increased in the

neonates with brain injury in the cerebrum and cerebellum. ADC

values in the cerebellum were not different between neonates with

a brain injury described only in the cerebrum and those without

injury except around day 10 of life for the superior cerebellar

peduncle (P � .0001), for which the ADC was significantly in-

creased in the neonates with a brain injury described only in the

cerebrum.

FA values (Fig 3) were significantly decreased around day 10 of
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life in the superior cerebellar peduncle (P � .007), the middle

cerebellar peduncle (P � .0001), and the inferior cerebellar pe-

duncle (P � .0001) in neonates with brain injury of the cerebrum

and cerebellum compared with those without brain injury; the FA

values in the dentate nucleus were not different around day 10 of

life between these 2 groups of neonates. Similarly, a decreased FA

value also was observed in the 1 neonate with a brain injury of the

cerebrum and cerebellum, which was scanned around 1 month of

age. The same trend was already observed on day 2–3 of life in the

middle cerebellar peduncle (P � .0001) and the inferior cerebellar

peduncle (P � .0004) in the neonates with brain injury of the cere-

brum and cerebellum compared with those without brain injury. It is

interesting to note that the FA values significantly decreased around 1

month of life in the superior cerebellar peduncle (P � .0001), the

middle cerebellar peduncle (P � .0001), and the inferior cerebellar

peduncle (P � .0001) in the neonates with a brain injury described

only in the cerebrum compared with those without brain injury; the

FA values in the dentate nucleus were not different around 1 month

of life between these 2 groups of neonates. The same trend was al-

ready observed on day 2–3 of life and around day 10 of life in the

middle cerebellar peduncle (P � .0001 on day 2–3 of life and P � .03

around day 10 of life) and in the inferior cerebellar peduncle (P � .07

on day 2–3 of life and P � .003 around day 10 of life) in the neonates

with brain injury of the cerebrum and cerebellum compared with

those without brain injury.

DISCUSSION
The results of this study provide insight into cerebellum injury in

asphyxiated neonates treated with hypothermia. Cerebellar injury

was only rarely reported on conventional MR imaging. Only 6

asphyxiated neonates treated with hypothermia had a cerebellar

injury described on their MR imaging report, which represents

4% of the asphyxiated neonates treated with hypothermia from

the cohort with brain imaging data available, or 9% of the asphyx-

iated neonates treated with hypothermia who developed brain

injury visible on brain imaging. In these 6 cases, the cerebellar

injury was also always associated with an injury of the cerebrum.

However, cerebellar injury was a common finding in the autopsies

of the asphyxiated neonates treated with hypothermia who died

(ie, it was clearly present in 72% of these neonates). The cerebellar

injury was always associated with an injury of the cerebrum. Thus,

the incidence of a neuroimaging-evident cerebellar injury in as-

phyxiated neonates treated with hypothermia widely contrasts

with the incidence of pathologically evident cerebellar injury in

these neonates, as already pointed out by others.15 It is possible

that the asphyxiated neonates who died were among the ones with

FIG 1. Term asphyxiated neonate treated with hypothermia who presented with cerebellar injury on MR imaging and histopathology. A, The
cerebellum on day 1 of life (axial T1-weighted image shows a normal signal in the cerebellum). B–D, The cerebellum on day 2 of life. Axial
T1-weighted image (B), ADC map (C), and diffusion-weighted image (D) show an abnormal signal (thin arrows) around the bilateral dentate nuclei.
E, ADC map of the cerebrum on day 2 of life shows an associated marked basal ganglia injury (thick arrows). F and G, Histopathology of the
cerebellum on day 3 of life (magnification �20). Hematoxylin-eosin–stained section of the cerebellar cortex (F) shows the Purkinje cells (arrows)
with shrunken hypereosinophilic cytoplasm and condensed nuclei, typical of hypoxic-ischemic necrosis (“red and dead” neurons). In addition,
in the internal granular layer (IGL), many apoptotic internal granular neurons (circles) are present. G, Immunostaining of the cerebellar cortex for
active caspase 3 (orange-brown staining), highlights the apoptotic internal granular neurons. In addition, the staining of the neuropil of the
molecular layer (ML) is consistent with “synapoptosis.” Also, apoptotic neuronal precursor cells (arrows) are present in the external granular layer
(EGL), which occurs as part of the normal involution of this layer.
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the most severe brain injury. It is also possible that the neurora-

diologists interpreting the conventional imaging concentrated

their attention on the supratentorial injury and overlooked the

cerebellar injury when reporting their results. However, it is also

possible that cerebellar injuries are subtle on conventional imag-

ing and hard to recognize14,15 and that they are only clearly visible

in asphyxiated neonates with severe brain injury.13

In the second part of this study, we used advanced neuroim-

aging techniques to measure ADC and FA in 4 specific regions of

the cerebellum. Of the 149 asphyxiated neonates treated with hy-

pothermia in our cohort, 41 (28% of the neonates with imaging

available) had ADC and FA maps available for measurements.

Neonates with brain injury of the cerebrum and cerebellum

showed ADC and FA changes in some of the measured cerebellar

structures, mainly an increased ADC around day 10 of life and a

decreased FA on day 2–3 of life and around day 10 of life. It is

interesting to note that neonates with brain injury described only

in the cerebrum also demonstrated ADC and FA changes in the

same cerebellar structures, again mainly an increased ADC

around day 10 of life and a decreased FA on day 2–3 of life, around

day 10 of life, and around 1 month of age. Neonates with brain

injury described only in the cerebrum (and not in the cerebellum)

presented ADC and FA values in their cerebellum that were sim-

ilar to those in the neonates with brain injury described in the

cerebrum and cerebellum. These results suggest an unrecognized

cerebellum injury in some of the neonates with brain injury de-

scribed only in the cerebrum when using conventional MR imag-

ing sequences. It is interesting to note that after this analysis, we

went back and examined the conventional imaging of some of

these neonates with abnormal FA values, and we found the

changes to be very subtle and hard to recognize on conventional

imaging. Advanced neuroimaging techniques with measurements

of ADC and FA values seem to be able to identify these cerebellum

injuries that are not visible on conventional imaging, and thus,

FIG 2. Comparison of ADC values in each region of interest in the cerebellum among the neonates who did not develop injury, neonates who
developed brain injury in the cerebrum, and neonates who developed brain injury in the cerebrum and the cerebellum on day 1 of life, day 2–3
of life, around day 10 of life, and around day 30 of life. Each box and pair of whiskers indicate the median and the minimum and maximum ADC
values, respectively. The different regions of interest are the superior cerebellar peduncle (A), the dentate nucleus (B), the middle cerebellar
peduncle (C), and the inferior cerebellar peduncle (D).
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they should be used more widely with these neonates to under-

stand the full extent of their injuries.

Typically, brain injury to the cerebrum after neonatal enceph-

alopathy in term neonates has resulted in reduced ADC values

during the first days of life, and pseudonormalization after the

first week of life25-27; similar but slower changes have been shown

in conjunction with hypothermia.10 In our study, the changes in

the cerebellum did not follow this typical pattern. No consistent

acute change in ADC values was observed during the first days of

life12,15; the only consistent changes in ADC values were the iso-

lated increased ADC around day 10 of life. Previously, increased

ADC values have been linked to extracellular edema, whereas de-

creased ADC values have been linked to cytotoxic edema, among

other causes.28 Thus, these findings raise a question about

whether different mechanisms of injury may be involved in cere-

bellar injury after neonatal encephalopathy. Fractional anisotropy

values tended to decrease around day 2–3 of life in the cerebellar

peduncles, and the decrease became more prominent over time

and reached significance around day 30 of life. In brain injury to

the cerebrum after neonatal encephalopathy, these changes in FA

values have been linked with irreversible ischemia, cell death, and

loss of structural integrity.29,30 In addition, in our study, no pa-

tient was found with an isolated injury in the cerebellum. All the

neonates with a cerebellar injury described on their MR imaging

or autopsy report also had an associated injury to the cerebrum

(ie, in the basal ganglia and/or in the cortex and subcortical white

matter). ADC and FA changes in the cerebellum were noted in

neonates with an injury to the cerebrum and cerebellum and the

neonates with an injury described only in the cerebrum compared

with those in the group of neonates without injury. It is interesting

to note that the 3 cerebellar peduncles showed similar trends in

ADC and FA changes, but the dentate nucleus did not show sim-

ilar changes.

These results suggest that injury to the cerebellum in term

FIG 3. Comparison of FA values in each region of interest in the cerebellum between neonates who did not develop injury, neonates who
developed brain injury in the cerebrum, and neonates who developed brain injury in the cerebrum and the cerebellum on day 1 of life, day 2–3
of life, around day 10 of life, and around day 30 of life. Each box and pair of whiskers indicate the median and the minimum and maximum FA
values, respectively. The different regions of interest are the superior cerebellar peduncle (A), the dentate nucleus (B), the middle cerebellar
peduncle (C), and the inferior cerebellar peduncle (D).
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asphyxiated neonates treated with hypothermia may directly fol-

low the asphyxial event, but it may be also that injury often occurs

indirectly by way of the transneuronal degeneration related to

damages in other connected areas of the brain rather than directly

by way of damage to the cerebellum at the time of as-

phyxia.14,15,29,31 Transneuronal degeneration has been described

as the anterograde and retrograde degeneration of neurons syn-

apsing with neurons injured in the initial lesion, related to a dis-

ruption of electrical inputs and outputs.29,32-34 This process can

lead to the disappearance of entire white matter tracts.32-34 The 3

cerebellar peduncles manage the fibers that connect the basal gan-

glia and widespread cortical areas to the cerebellum.35,36 An in-

jury to one of these above-mentioned structures can lead to

transneuronal degeneration and programmed cell death through

the cerebellar peduncles by way of disruption of these pathways.

This hypothesis would help to explain the previously reported

reduced cerebellar growth in infants with neonatal encephalopa-

thy14 and would support a mechanism of diffuse cerebellar injury

rather than a focal injury.12

The cerebellum is increasingly being recognized as an impor-

tant component of the brain with a role in motor functions,37

such as coordination and balance, but also with a role in vision,

cognition, planning, learning, and language.38,39 Cerebellar de-

velopment is known to continue after birth, with continuing cell

differentiation and migration and linear growth during the first

year after term birth.14 In premature neonates, cerebellar injury

has been related to a constellation of long-term neurodevelop-

mental deficits, including impaired motor sequencing, fine motor

incoordination, cognitive dysfunction, autism, and other neuro-

psychiatric sequelae.38,40 Impairment of cerebellar growth has

been linked with impairment of brain development.38 Thus, in-

jury to the cerebellum in term asphyxiated neonates treated with

hypothermia may also have a profound impact on the future neu-

rodevelopment of these infants. These cerebellar injuries may ex-

plain why some of the asphyxiated neonates still develop more

complex impairments, such as an impairment of motor coordi-

nation, memory, learning, or visuospatial processing.4 Follow-up

studies are needed to determine what the contribution of these

cerebellar injuries is to the neurodevelopmental sequelae de-

scribed later in these patients.

As for other conditions and disorders that affect the cerebel-

lum,21 advanced neuroimaging (such as measurements of the ap-

parent diffusion coefficient and fractional anisotropy) has proved

to be useful for assessing cerebellar injury in term asphyxiated

neonates treated with hypothermia. To our knowledge, our study

is the first to show that changes in ADC and FA values can be used

to evaluate cerebellar injury in asphyxiated neonates treated with

hypothermia. It is unfortunate that ADC and FA maps were not

measurable for the whole cohort of patients, because the MR im-

aging sequences that permitted us to obtain these maps are not yet

part of the standard of care for these patients at our institution. It

also would have been ideal to study a group of asphyxiated neo-

nates not treated with hypothermia to determine if the hypother-

mia treatment influenced the magnitude of the severity of the

observed cerebellar injuries. However, because cooling is now the

standard of care, it is no longer possible to randomly assign in-

fants to undergo or not undergo cooling to assess the impact of

hypothermia on cerebellar injuries. Additional studies need to

determine whether a wider generalization of the use of such se-

quences may permit the detection of injuries that are for now

invisible on conventional neuroimaging and may improve the

prognosis given to the parents of such infants. Neurodevelop-

mental studies of these patients also are recommended to gain a

better understanding of how these injuries unfold into neurode-

velopmental impairments. We chose to assess only 4 specific re-

gions in the cerebellum that were easily recognizable from one

patient to another to make sure that our measurements were very

specific. The method we used did not enable us to measure the

separate eigenvectors of the diffusion tensor. Additional studies

that measure the 3 principal eigenvectors that can describe diffu-

sion in and around a lesion may provide additional insight into

injury evolution and the response of the brain to such an insult.30

Moreover, values in healthy controls could rule out the possibility

that injury occurs only in the cerebellum in asphyxiated neonates

treated with hypothermia. An atlas-based DTI analysis in which

these results are compared with those of healthy controls would

also enable us to better understand these cerebellar injuries.

To calculate the pathologic incidence of cerebellar injury in

these neonates, only a description of apoptosis was considered to

indicate cerebellar brain injury, because neuronal apoptosis

typically requires 24 – 48 hours to develop after a hypoxic-isch-

emic insult.40 Acidophilic changes were not accredited to cerebral

brain injury in this study, because they usually take approximately

4 – 6 hours to develop after a hypoxic-ischemic insult41 and thus

could represent the dying process.

CONCLUSIONS
The cerebellum may be injured in term neonates after birth as-

phyxia. These cerebellar injuries are evident on conventional im-

aging for only a few neonates and are not visible for most other

neonates whose potential cerebellar injuries may be identified

only by advanced neuroimaging techniques. A combination of

ADC and FA values may be a useful and reliable tool to use for

term asphyxiated neonates treated with hypothermia to quantify

and ascertain the extent of their cerebellar injury and its temporal

evolution after neonatal encephalopathy. Follow-up studies are

needed to determine if these cerebellar injuries predict some of

the fine motor and other neurodevelopmental abnormalities that

can develop later in these neonates.
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Periventricular Location as a Risk Factor for Hemorrhage and
Severe Clinical Presentation in Pediatric Patients with

Untreated Brain Arteriovenous Malformations
L. Ma, Z. Huang, X.-L. Chen, J. Ma, X.-J. Liu, H. Wang, X. Ye, S.-L. Wang, Y. Cao, S. Wang, Y.-L. Zhao, and J.-Z. Zhao

ABSTRACT

BACKGROUND AND PURPOSE: The morphologic features of brain arteriovenous malformations differ between children and adults;
therefore, our aim was to analyze various features of brain arteriovenous malformations to assess the risk of hemorrhage in children.

MATERIALS AND METHODS: We identified all consecutive children admitted to Beijing Tiantan Hospital for brain arteriovenous malfor-
mations between July 2009 and April 2014. The effects of demographic characteristics and brain arteriovenous malformation morphology
on hemorrhage presentation, annual bleeding rates, postnatal hemorrhage, and immediate posthemorrhagic neurologic outcomes were
studied by using univariate and multivariable regression analyses.

RESULTS: A total of 108 pediatric brain arteriovenous malformation cases were identified, 66 (61.1%) of which presented with hemorrhage.
Of these, 69.7% of ruptured brain arteriovenous malformations were in a periventricular location. Periventricular nidus location (OR, 3.443;
95% CI, 1.328 – 8.926; P � .011) and nidus size (OR, 0.965; 95% CI, 0.941– 0.989; P � .005) were independent predictors of hemorrhagic
presentation. The annual hemorrhage rates in children with periventricular brain arteriovenous malformations were higher at 6.88% (OR,
1.965; 95% CI, 1.155–3.341; P � .05). The hemorrhage-free survival rates were also lower for children with periventricular brain arteriovenous
malformations (log-rank, P � .01). Periventricular location (hazard ratio, 1.917; 95% CI, 1.131–3.250; P � .016) and nidus size (hazard ratio, 0.983;
95% CI, 0.969 – 0.997; P � .015) were associated with hemorrhage after birth in pediatric brain arteriovenous malformations. An ordinal
analysis showed lower immediate posthemorrhage mRS in patients with periventricular brain arteriovenous malformations (OR for greater
disability, 2.71; 95% CI, 1.03–7.11; P � .043).

CONCLUSIONS: Small periventricular brain arteriovenous malformations were associated with increased hemorrhage risk in pediatric
patients. Cautious follow-up of children with untreated periventricular brain arteriovenous malformations is recommended because of a
higher hemorrhage risk and potentially more severe neurologic outcomes.

ABBREVIATIONS: BAVM � brain arteriovenous malformations; ICH � intracranial hemorrhage; IVH � intraventricular hemorrhage

Hemorrhagic stroke accounts for half of pediatric strokes and

is a life-threatening disease with a mortality rate of �30%

and permanent deficits in up to 40% of patients.1-3 Brain arterio-

venous malformations (BAVMs) have been proved to be the un-

derlying cause of most intracranial hemorrhage (ICH) in chil-

dren.4 In contrast to adult patients, children with BAVMs are

more likely to present initially with ICH, while the overall annual

hemorrhage rate for pediatric BAVM does not exceed that of

adults.5 A long-term follow-up study revealed that childhood pre-

sentation may provide relative protection against subsequent

ICH.6 Recent studies have indicated that the angioarchitectural

features of BAVM differed between children and adults, but spe-

cific studies of hemorrhagic risk assessment in children have been

limited.7

Previous studies have been performed primarily in adults or

patients of all ages and have shown that presentation with hem-
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orrhage is the most important and widely accepted risk factor for

future bleeding from BAVMs.8-10 Meta-analyses of natural his-

tory studies and large-scale cohort studies failed to reach a con-

sensus regarding the role of other factors such as nidus size, ex-

clusive deep venous drainage, associated arterial aneurysm, and

deep location.11-13 A periventricular location has also been

found to correlate positively with the risk of hemorrhage be-

fore the treatment of BAVMs.14,15 However, this feature, al-

though amenable to analysis with imaging, has not been

studied carefully in the risk assessment of interventional-ver-

sus-observational treatment.

This study was based on the hypothesis that a periventricular

location, along with other morphologic features such as deep lo-

cation, posterior fossa location, nidus size, exclusively deep ve-

nous drainage, and associated aneurysm, is a potential risk factor

for BAVM rupture and unfavorable outcomes in pediatric pa-

tients. The study aimed to accomplish the following objectives: 1)

to assess the association of these factors with the risk of hemor-

rhage in children with BAVMs; 2) to evaluate the hemorrhage-

free survival of children with and without these factors, assuming

that the BAVM had been present from birth; 3) to study the asso-

ciations of these factors with the time from birth to first hemor-

rhage; and 4) to compare the hemorrhage site, severity of the acute

presentation, and the type of intervention in ruptured periven-

tricular and nonperiventricular BAVMs.

MATERIALS AND METHODS
The study protocol was approved by the institutional review

board of Beijing Tiantan Hospital. Written informed consent was

obtained from all participants and/or their guardians at

admission.

Patients and Study Design
The Tiantan BAVM data base has been previously described and is

a prospectively maintained data base collecting demographic,

clinical, and neuroradiologic data for all patients with a confirmed

angiographic or histologic diagnosis of BAVM treated at Beijing

Tiantan Hospital, Capital Medical University.16 This data base

was retrospectively queried to identify all consecutive children

diagnosed with BAVMs between July 2009 and April 2014. Pedi-

atric patients were defined as patients who were 18 years of age

or younger at the first angiographic diagnosis of BAVM (ex-

cluding dural and pial arteriovenous fistulas and vein of Galen

malformations).

BAVM hemorrhage was defined as a symptomatic clinical

event with signs of fresh intracranial blood on CT or MR imaging

and/or in the CSF, with no easily identifiable alternative source

that was more likely to be the cause than the BAVM. All hemor-

rhages before treatment for BAVM were documented. Annual

hemorrhage rates were calculated as the ratio of the number of

hemorrhages to the total number of patient-years of follow-up.

We calculated patient-years of follow-up, assuming that the

BAVM was present from birth until the first treatment for BAVM.

For the BAVM hemorrhage-free survival analysis, the primary

outcome was the first hemorrhage from BAVM, and patients were

censored at the time of any interventional treatment for the

BAVM or at the time of the last follow-up.

Neurologic function at hemorrhage onset was assessed by us-

ing the mRS and Glasgow Coma Scale. The immediate posthem-

orrhage mRS and Glasgow Coma Scale scores were recorded

within 24 hours of the presenting hemorrhage. A clinician who

was not directly involved in the care of these patients performed

all scale assessments. Emergency intervention for ICH evacuation

or drainage was considered in patients with a Glasgow Coma Scale

score of �8, ICH with neurologic deficit, or intraventricular hem-

orrhage (IVH) with hydrocephalus.

Neuroradiologic Review
MR imaging, CT, and angiographic images available for each pa-

tient were evaluated by consensus between 2 neuroradiologists

(J.M., with 24 years of experience, and W.B.G., with 10 years of

experience) who were blinded to the clinical information. A struc-

tured list of angiographic and MR imaging features was retrospec-

tively scored by using a protocol that generally conformed to the

consensus recommended by a Joint Writing Group for BAVM

research reporting terminology.17 Variants that were reported to

be predictive of BAVM rupture but were not expanded in the

recommended protocol were defined with reference to previous

studies.18-20

BAVM location was dichotomized into deep (basal ganglia,

thalamus, cerebellum, and corpus callosum) and superficial (all

other locations). A posterior fossa location was defined as brain

stem, cerebellum, or both. BAVMs were also classified as having a

periventricular location if the nidus (with a contrast-enhance-

ment or flow void) contacted the ependymal lining of the ventri-

cle on contrast-enhanced T1- and T2-weighted images.14,21,22 To

reduce the confounding effects of hematoma on the imaging anal-

ysis for patients with hemorrhages, we evaluated all MR images

available before treatment (Fig 1). For the few patients who un-

derwent emergency treatment but had no MR images obtained

before the BAVM rupture, the BAVM location was identified on

CT according to the consensus of the 2 neuroradiologists.

ICHs were classified as intraparenchymal hemorrhage, IVH,

SAH, or a combination of the above 2 or 3 locations. Hematoma

volume was evaluated with an ellipsoid method.23 Hematomas

were defined as deep if the basal ganglia, thalamus, brain stem,

cerebellum, or corpus callosum was involved.

Venous drainage was dichotomized into exclusively deep ve-

nous drainage or nonexclusively deep venous drainage (superfi-

cial-only drainage or superficial and deep drainage). An aneu-

rysm was defined as a saccular dilation of the lumen �2 times the

width of the arterial vessel that carried the dilation. An aneu-

rysm was diagnosed when dilation was evident with no obvious

overlap of neighboring vessels on 2 orthogonal (both coronal

and sagittal) angiographic views. Associated aneurysms in-

cluded only aneurysms related to shunt flow. For statistical

analysis, the associated aneurysm variable was dichotomized

into absent or present.

Each nidus was measured in 3 dimensions on the latest

contrast-enhanced MR imaging and angiogram before BAVM

rupture. The largest diameter (in millimeters) among the 3

dimensions was recorded as the maximal AVM size for further

analysis.
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Statistical Analysis
Data were analyzed by using SPSS Statistics, Version 20.0

(IBM, Armonk, New York). Statistical significance was set at

P � .05. For the neuroradiologic and clinical data, patients

with and without periventricular BAVMs were compared by

using descriptive statistics, including t tests for continuous

variables and �2 tests for categoric variables. The � coefficient

was used to analyze the interobserver agreement between the 2

neuroradiologists.

We first examined the association of periventricular location

with the time to hemorrhage, before any treatment. We per-

formed Cox proportional hazards analysis of the time from

birth to the first hemorrhage, censoring patients at the time of

treatment or last follow-up. Kaplan-Meier survival curves and

log-rank tests were used to evaluate hemorrhage-free survival

for patients with and without periventricular BAVMs. Both

univariate and multivariable Cox proportional hazards analy-

ses were performed, including all potential risk factors for

hemorrhage.

The second stage of the analysis examined the relationship

between BAVM hemorrhage outcomes at presentation and

periventricular location. Both univariate and multivariable logis-

tic regression analyses were performed by using hemorrhage pre-

sentation and severe posthemorrhage presentation (mRS �3) as

the outcomes, respectively, and periventricular location as the

primary predictor. We created a multivariable model that in-

cluded all the potential risk factors, regardless of whether they

were significant on univariate analysis. The mRS scores were also

analyzed by using both an unadjusted proportional-odds regres-

sion model across all levels of the scale and a proportional-odds

regression model that adjusted for other baseline demographic

and morphologic variables.

RESULTS
Characteristics of the Study Population
A total of 108 pediatric patients with BAVM were identified.

None of the patients had familial BAVM or hereditary hemor-

rhagic telangiectasia. Baseline characteristics are shown in Table

1. The age at diagnosis ranged from 1 to 18 years (mean age,

10.95 � 4.13 years). Of these, 66 of 108 patients (61.1%) initially

presented with ICH. Most patients experienced their first BAVM

rupture during their first 12 years (48/66, 72.7%). The most com-

mon initial hemorrhage type was intraparenchymal hemorrhage

(34/66, 51.5%), followed by intraparenchymal hemorrhage with

IVH (19/66, 28.8%) and IVH (5/66, 7.6%). Exclusively deep ve-

nous drainage was found in 9.3% of the BAVMs, and associated

aneurysm, in 13%. A deep location was encountered in 34.3%,

and 7.4% involved the posterior fossa. Notably, 65 of 108 BAVMs

(60.2%) were classified as periventricular, 70.8% of which pre-

sented with ICH. In significant contrast, 46.5% of BAVMs with-

out ventricular involvement ruptured (P � .011). The periven-

tricular BAVMs were more likely to have a deep location (P �

FIG 1. Ruptured BAVMs having a periventricular location. Patient A was diagnosed with right occipital BAVM. Axial T2WI on posthemorrhage day
3 (A and B) and 1 month later (C and D). The relationship between the ventricle and BAVM lesion is explicit at 1 month after hemorrhage. Patient
B was diagnosed with right temporal BAVM. Axial T2WI (E and F) and postcontrast T1WI (G and H) on posthemorrhage day 14. The hematoma
does not obscure the nidus edge contacting the ventricle.
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.001) and to be diagnosed early (P � .022). However, these lesions

were not more likely to have distinct venous drainage, and there

was no significant difference in supra-/infratentorial distribution,

associated aneurysm incidence, or nidus size in this series of pa-

tients (P � .05) (Table 1).

Association of Periventricular
Location with Hemorrhage
Presentation
Univariate analysis revealed that

BAVMs with hemorrhage were more

likely to be periventricular (69.7% ver-

sus 30.3%, P � .011). Moreover, the ni-

dus size was significantly smaller in

BAVMs that presented with hemorrhage

(35.64 � 18.54 mm versus 45.33 � 18.25

mm, P � .009). BAVMs with hemor-

rhagic presentation were not different

from the unruptured BAVMs with re-

spect todemographicandmorphologic fac-

tors, including exclusively deep venous

drainage, deep location, infratentorial loca-

tion, and associated aneurysm (Table 2).

The multivariable model that adjusted

for other potential risk factors showed that

a periventricular location was highly pre-

dictive of hemorrhagic presentation (OR,

3.443; 95% CI, 1.328–8.926; P � .011)

and that increased nidus size was relatively

protective (OR, 0.965; 95% CI, 0.941–

0.989; P � .005) in children with BAVMs.

Age, sex, deep location, posterior fossa in-

volvement, exclusively deep venous drain-

age, and associated aneurysms did not

predict hemorrhagic presentations in

these pediatric patients (On-line Table 1).

Association of Periventricular
Location with Hemorrhage-Free
Survival
If one assumes that the BAVM had been

present since birth, there were 1279 pa-

tient-years of follow-up for this popula-

tion of 108 patients (mean, 11.8 years).

A total of 70 hemorrhages occurred in 66

patients with ruptured BAVMs, yielding

an overall annual BAVM hemorrhage

rate of 5.47% for pediatric patients. A

total of 50 hemorrhages occurred in 46
patients with ruptured periventricular
BAVMs during 727 patient-years of fol-
low-up, yielding an annual hemorrhage
rate of 6.88%. In contrast, of the 552 pa-
tient-years of follow-up in 20 patients with
ruptured nonperiventricular BAVMs,
only 20 hemorrhages occurred, yielding
an annual hemorrhage rate of 3.62%. The
odds ratio for rupture of periventricular
BAVMs, compared with nonperiventricu-

lar BAVMs, was 1.965 (95% CI,

1.155–3.341).

There was a significant difference between the time to hem-

orrhage for patients with periventricular and nonperiventricular

BAVMs (log-rank, P � .01). Periventricular BAVMs ruptured

Table 1: Baseline characteristics of periventricular and nonperiventricular BAVMsa

Characteristic
Nonperiventricular

(n = 43)
Periventricular

(n = 65)
Total

(n = 108) P Value
Demographic

Sex .450
Female 19 (44.2) 24 (36.9) 43 (39.8)
Male 24 (55.8) 41 (63.1) 65 (60.2)

Age at diagnosis (yr) 12.07 � 3.41 10.22 � 4.42 10.95 � 4.13 .022b

Clinical
Hemorrhage presentation .011b

No 23 (53.5) 19 (29.2) 42 (38.9)
Yes 20 (46.5) 46 (70.8) 66 (61.1)
IVH nonpresence 17 (85.0) 22 (47.8) 39 (59.1)
IVH presence 3 (15.0) 24 (52.2) 27 (40.9)

Venous drainage .315c

Not exclusively deep 41 (95.3) 57 (87.7) 98 (90.7)
Exclusively deep 2 (4.7) 8 (12.3) 10 (9.3)

Deep location �.001b

No 37 (86.0) 34 (52.3) 71 (65.7)
Yes 6 (14.0) 31 (47.7) 37 (34.3)

Posterior fossa location .374
No 41 (95.3) 59 (90.8) 100 (92.6)
Yes 2 (4.7) 6 (9.2) 8 (7.4)

Associated aneurysm .737
No 38 (88.4) 56 (86.2) 94 (87.0)
Yes 5 (11.6) 9 (13.8) 14 (13.0)

Maximal nidus size (mm) 35.74 � 15.11 41.83 � 20.87 39.41 � 18.95 .082d

a Data are No. (%) or mean � SD.
b Statistically significant.
c P values are from the �2 test (correction for continuity).
d P values are from the t test.

Table 2: Factors associated with hemorrhagic presentation by univariate analysisa

Characteristic
Nonhemorrhage

(n = 42)
Hemorrhage

(n = 66)
Total

(n = 108) P Value
Demographic

Sex .771
Female 16 (38.1) 27 (40.9) 43 (39.8)
Male 26 (61.9) 39 (59.1) 65 (60.2)

Age at diagnosis (yr) 11.71 � 4.23 10.47 � 4.03 10.95 � 4.13 .128
Radiologic

Venous drainage .344b

Not exclusively deep 40 (95.2) 58 (87.9) 98 (90.7)
Exclusively deep 2 (4.8) 8 (12.1) 10 (9.3)

Deep location .320
No 30 (71.4) 41 (62.1) 71 (65.7)
Yes 12 (28.6) 25 (37.9) 37 (34.3)

Periventricular location .011c

No 23 (54.8) 20 (30.3) 43 (39.8)
Yes 19 (45.2) 46 (69.7) 65 (60.2)

Posterior fossa location 1.000d

No 39 (92.9) 61 (92.4) 100 (92.6)
Yes 3 (7.1) 5 (7.6) 8 (7.4)

Associated aneurysm .396
No 38 (90.5) 56 (84.8) 94 (87.0)
Yes 4 (9.5) 10 (15.2) 14 (13.0)

Maximal nidus size (mm) 45.33 � 18.25 35.64 � 18.54 39.41 � 18.95 .009c

a Data are No. (%) or mean � SD.
b P values are from the �2 test (correction for continuity).
c Statistically significant.
d P values are from the Fisher exact test.
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earlier before treatment, with a median hemorrhage-free survival
of 11.00 years (95% CI, 9.31–12.69) for periventricular BAVMs
and 16.00 years (95% CI, 14.29 –17.71) for nonperiventricular
BAVMs (Fig 2). There was a borderline significant association
between the presence of an aneurysm and hemorrhage-free sur-
vival (log-rank, P � .052). We do not have sufficient data to sup-
port an association of deep location (log-rank, P � .488) or ex-
clusively deep venous drainage (log-rank, P � .101) with earlier
BAVM rupture in childhood before any treatment.

Both univariate and multivariable Cox regression analyses
were performed on the 108 pediatric patients (On-line Table 1).
Although the univariate analysis identified a periventricular nidus
location (hazard ratio, 1.917; 95% CI, 1.131–3.250; P � .016) and
nidus size (hazard ratio, 0.983; 95% CI, 0.969 – 0.997; P � .015) as
predictors of future hemorrhage risk in pediatric BAVMs, neither
of these variables was significantly associated with earlier BAVM
rupture independent of other characteristics in the multivariable
model. Most unsurprising, the later the BAVM was diagnosed, the
later the lesion ruptured, according to this follow-up approach.

Associations of Periventricular Location with Severe
Presentation in Ruptured BAVMs
In the 66 pediatric patients with ruptured BAVMs, deep, large

(�30 mL) hematomas and acute hydrocephalus were associated

with a severe posthemorrhage presentation (On-line Table 2).

There was a trend toward a higher risk of having an immediate

posthemorrhage mRS of �3 in patients with periventricular

BAVMs than in patients with nonperiventricular BAVMs (50%

versus 25%, P � .059) (On-line Table 2 and On-line Fig 1). The

unadjusted ordinal analysis showed a significant unfavorable shift

in the distribution of immediate posthemorrhage mRS scores in

patients with a periventricular nidus location (pooled odds ratio

for a shift to a higher mRS score, 2.71; 95% CI, 1.03–7.11) (Table

3). In addition, periventricular BAVMs were significantly associ-

ated with ICH involving the ventricles (pure IVH, IVH with in-

traparenchymal hemorrhage, IVH with SAH, IVH with intrapa-

renchymal hemorrhage and SAH) (52.17% versus 15.00%, P �

.005). IVH with intraparenchymal hemorrhage was present in

17/46 (37%) ruptured periventricular BAVMs in contrast to only

2/20 (10%) nonperiventricular BAVMs (Fig 3 and On-line Fig 1).

Further analysis revealed a higher frequency of deep (30.4%),

large (26.1%) hematomas and acute hydrocephalus (21.7%) in

ruptured periventricular BAVMs than in nonperiventricular

BAVMs (On-line Fig 2).

Immediate posthemorrhage Glasgow Coma Scale score of �8

occurred in 26.1% of children with periventricular BAVMs and

20.0% with BAVMs in other locations. Emergent interventions

(craniotomy or external ventricular drainage for blood evacua-

tion with or without decompressive craniectomy) were per-

FIG 2. Kaplan-Meier curves demonstrating the hemorrhage-free survival difference between BAVMs with and without certain morphologic
features.
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formed in 34.8% of children with periventricular BAVMs and in

20.0% with BAVMs in other locations. However, these differences

were not statistically significant (On-line Fig 1).

DISCUSSION
BAVM Hemorrhage Risk Predictors in Pediatric Patients
Many studies aimed at identifying morphologic features associ-

ated with BAVM hemorrhagic presentations and the risk of

subsequent hemorrhage have been performed, mainly in adult

patients.8-13 A recent angiographic study revealed that the angio-

architectural features of BAVM, some of which confer a higher

risk for future hemorrhage in adults, differ between children and

adults.7 However, only a few studies have specifically been con-

ducted to assess the risk of pediatric BAVM hemorrhage and pro-

vide a prognosis before treatment (On-line Table 3).

Previous studies have reported the following factors to be as-

sociated with hemorrhage at presentation in children with

BAVMs: smaller AVM nidus size, deep/exclusively deep venous

drainage, single draining vein, and eloquent nidus location.24-28

Most of these factors and results were obtained from a retrospec-

tive cohort (younger than 22 years of age) at Columbia University

Medical Center.24,26,28 Two larger studies reported results with a

relatively distinct bias (a wide range of odds ratio or only radio-

surgery patients), suggesting that these studies might have been

underpowered to assess the impact of certain features on BAVM

hemorrhage.25,27

In this exclusively pediatric cohort (18 years old or younger) of

patients with BAVMs referred to a high-volume Chinese neuro-

surgery center during the past 5 years, we identified periventricu-

lar nidus location and smaller nidus size as independent predic-

tors of hemorrhagic presentation. In contrast to adult patients,

deep location, exclusively deep venous drainage, and associated

aneurysms were not significantly correlated with the appearance

of hemorrhage in these children. A recent study of the Columbia

pediatric BAVM cohort (of 81 children) identified deep venous

drainage, rather than exclusively deep venous drainage, as a pre-

dictor for hemorrhage presentation.28 Another report on 135

children with BAVMs indicated the presence of an association of

exclusively deep venous drainage with hemorrhage.25 The role of

exclusively deep venous drainage should be analyzed in further

studies with larger sample sizes by using standard angiographic

methods, because only 9.3% of children with BAVMs had exclu-

sively deep venous drainage in our study, which is much less than

the 17%–28% rate reported in other studies.7 The presence of an

associated aneurysm and deep nidus location has failed to corre-

late with BAVM hemorrhage in all previous pediatric studies, and

our data corroborate these findings.24-27

Periventricular Nidus with Higher Hemorrhage Risk and
More Severe Presentation
More than one-third (34%–37%) of BAVMs in patients of all ages

have been found to be periventricular.14,15 Our data showed a

higher frequency of periventricular BAVMs in pediatric patients

(60.2%). This heterogeneity related to patient age is congruent

FIG 3. Hemorrhage location of ruptured periventricular BAVMs and nonperiventricular BAVMs.

Table 3: Immediate posthemorrhage presentation severity according to different methods of analysis of scores on the mRS

Characteristic of mRS Scores

Ruptured BAVM

OR (95% CI) P Value
OR adjusted

(95% CI)a P Value
Nonperiventricular

(n = 20)
Periventricular

(n = 46)
Severe presentation (No.) (%) 3.00 (0.94 to 9.62) .065 2.02 (0.51–7.96) .316

0–3 15 (75.0) 23 (50)
4–6 5 (25.0) 23 (50)

Immediate posthemorrhage mRS, shift on
scores (No.) (%)

2.71 (1.03–7.11) .043b 1.96 (0.64–6.04) .242

0 (no symptoms at all)
1 (no significant disability despite symptoms) 0 (0) 0 (0)
2 (slight disability) 2 (10.0) 2 (4.3)
3 (moderate disability requiring some help) 7 (35.0) 8 (17.4)
4 (moderate-to-severe disability, much help) 6 (30.0) 13 (28.3)
5 (severe disability, requiring full care) 1 (5.0) 8 (17.4)

4 (20.0) 15 (32.6)
a Adjusted for age at diagnosis, sex, deep location, infratentorial location, exclusively deep venous drainage, associated aneurysm, and maximal nidus size.
b Statistically significant.
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with another finding that periventricular BAVMs were more

likely to present at a young age than nonperiventricular lesions. In

previous studies (On-line Table 4), a periventricular location cor-

related with an increased risk of BAVM hemorrhage.14,15,21,22,29

In general, 70%–90% of periventricular BAVMs presented with

hemorrhage initially.14,29 The underlying mechanism may be re-

lated to silent intralesional hemorrhage and clot breakdown in

CSF, as reported in previous studies.14 Our data partially verified

this theory, indicating that periventricular locations were associ-

ated with more intraventricular hemorrhages (52.2%). However,

periventricular BAVMs were, as expected, more often located

deep within the brain, raising the possibility that a deep location

and venous drainage might play confounding roles in periven-

tricular BAVM hemorrhages. Nonetheless, the present study in

children did not reveal a significantly increased frequency of ex-

clusively deep venous drainage in periventricular BAVMs, and the

multivariable analysis indicated that periventricular location was

a risk factor for hemorrhage, independent of deep location or

venous drainage pattern.

Previous studies have identified some morphologic factors

that are significant at presentation but do not necessarily predict

future hemorrhages in pediatric patients with BAVMs.24-28 While

the long-term follow-up of prospective studies such as A Ran-

domized Trial of Unruptured Brain Arteriovenous Malforma-

tions will clarify features that predict future hemorrhage in adults

with BAVMs, these studies are less likely to be performed in pe-

diatric patients, a group in which most patients present with

hemorrhage; ethical dilemmas could arise during conservative

treatment with observation of known BAVMs.30 Assuming that

the BAVM had been present since birth, thereby accumulating a

large number of patient-years of follow-up, we found an overall

annual hemorrhage rate of 5.47% in children with BAVMs, which

is much higher than the 2.0% reported in a previous study.6 The

annual hemorrhage rate of periventricular BAVMs (6.88%) was

almost twice that of nonperiventricular BAVMs. The differences

in hemorrhage-free survival between patients with periventricu-

lar and nonperiventricular BAVMs were also pronounced. This

follow-up approach has been used in many previous studies of

BAVMs (On-line Table 5). To consolidate this result, we also re-

analyzed the data with an assumption-free follow-up approach

(On-line Appendix); this analysis also indicated that periven-

tricular BAVMs had a higher hemorrhage rate (On-line Table 6).

Furthermore, our data indicated a potential association be-

tween a periventricular nidus location and a severe clinical pre-

sentation after hemorrhage. Further analysis revealed that the

poor outcome at presentation of patients with periventricular

BAVMs might be associated with deep, large hematomas and

acute hydrocephalus. However, �40% of the periventricular

BAVMs with unfavorable outcomes presented with hydrocepha-

lus that could be reversed with external ventricular drainage.

Study Limitations
This study was limited by its sample size, single-institutional pop-

ulation, and the assumptions used in the follow-up method. For

the BAVM natural history study, the most valid follow-up model

is to use the time from diagnosis to an event.8,9,31 However, in-

vestigators from our study group and other institutes have also

reported the hemorrhage rate on the basis of a follow-up method

that assumes that the lesion is present from birth and has a

subsequent constant annual hemorrhage risk (On-line Table

5).16,32-35 A recent study comparing the 2 approaches suggested

that the latter follow-up method is a valid alternative for a BAVM

natural history study.36

CONCLUSIONS
Small periventricular BAVMs were associated with an increased

hemorrhage risk in pediatric patients. Cautious follow-up of chil-

dren with untreated periventricular BAVMs is recommended due

to the higher hemorrhage risk and the likelihood of severe neuro-

logic outcomes at the time of hemorrhage onset.
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ORIGINAL RESEARCH
PEDIATRICS

Diffusion Tensor Imaging and Fiber Tractography in Children
with Craniosynostosis Syndromes

B.F.M. Rijken, A. Leemans, Y. Lucas, K. van Montfort, I.M.J. Mathijssen, and M.H. Lequin

ABSTRACT

BACKGROUND AND PURPOSE: Patients with craniosynostosis syndromes caused by mutations in FGFR-2, FGFR-3, and TWIST1 genes are
characterized by having prematurely fused skull sutures and skull base synchondroses, which result in a skull deformity and are accom-
panied by brain anomalies, including altered white matter microarchitecture. In this study, the reliability and reproducibility of DTI fiber
tractography was investigated in these patients. The outcomes were compared with those of controls.

MATERIALS AND METHODS: DTI datasets were acquired with a 1.5T MR imaging system with 25 diffusion gradient orientations (voxel
size � 1.8 � 1.8 � 3.0 mm3, b-value � 1000 s/mm2). White matter tracts studied included the following: corpus callosum, cingulate gyrus,
fornix, corticospinal tracts, and medial cerebellar peduncle. Tract pathways were reconstructed with ExploreDTI in 58 surgically treated
patients with craniosynostosis syndromes and 7 controls (age range, 6 –18 years).

RESULTS: Because of the brain deformity and abnormal ventricular shape and size, DTI fiber tractography was challenging to perform in
patients with craniosynostosis syndromes. To provide reliable tracts, we adapted standard tracking protocols. Fractional anisotropy was
equal to that in controls (0.44 versus 0.45 � 0.02, P � .536), whereas mean, axial, and radial diffusivity parameters of the mean white matter
were increased in patients with craniosynostosis syndromes (P � .001). No craniosynostosis syndrome–specific difference in DTI properties
was seen for any of the fiber tracts studied in this work.

CONCLUSIONS: Performing DTI fiber tractography in patients with craniosynostosis syndromes was difficult due to partial volume
effects caused by an anisotropic voxel size and deformed brain structures. Although these patients have a normal fiber organization,
increased diffusivity parameters suggest abnormal microstructural tissue properties of the investigated white matter tracts.

ABBREVIATIONS: AD � axial diffusivity; FA � fractional anisotropy; FT � fiber tractography; MD � mean diffusivity; RD � radial diffusivity

Craniosynostosis occurs in 1:2100 –2500 neonates, of which at

least 20% is caused by an identified genetic mutation.

FGFR-2 (32%), FGFR-3 (25%), and TWIST1 (19%) are the most

commonly involved genes, responsible for Apert and Crouzon-

Pfeiffer, Muenke, and Saethre-Chotzen syndromes, respectively.

Patients in whom �2 cranial sutures have fused prematurely but

for whom no responsible gene mutation has been found are re-

ferred to as having complex craniosynostosis (5.5%).1

Patients with complex and syndromic craniosynostosis syn-

dromes are characterized by the premature fusion of skull sutures

and skull base synchondroses, which induces an abnormal growth

of the skull, skull base, and midface. Not only are bony structures

involved in craniosynostosis, but brain and CSF circulation ap-

pear to be directly affected by the genetic defect as well.2-5 Because

genes responsible for craniosynostosis syndromes are expressed

during early embryonic development of the head,6 it is likely that

these intrinsic factors can also induce disturbances in microstruc-

tural WM organization.4,7

Structural or mechanical cerebral abnormalities such as

Chiari malformation type I are often reported in these pa-

tients.8 Additionally, ventriculomegaly, hypoplasia of the cor-

pus callosum or hippocampus, agenesis of the septum pelluci-

dum, and even aberrations in WM are seen.4,9-13 Patients with

craniosynostosis syndromes have a 2-fold higher risk for de-
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veloping intellectual disability than the normative population,

while they also have more behavioral and emotional function-

ing problems.14

In this study, we investigated whether diffusion tensor imag-

ing and fiber tractography (FT) can be used for studying WM

organization in patients with craniosynostosis syndromes. This

technique should give more objective and anatomically complete

information about WM tracts than the subjective single ROI ap-

proach that has been used before,7 because parameters will be

defined over the total length of a particular WM tract rather than

at 1 certain location in the tract. Additionally, we wanted to focus

on different types of fiber tracts (commissural, projection, and

association) and to study whether DTI properties differ between

patients with craniosynostosis syndromes and control subjects.

Fractional anisotropy (FA), mean diffusivity (MD), axial diffusiv-

ity (AD), and radial diffusivity (RD) are common diffusion prop-

erties for characterizing fiber structural features and providing

information about axonal tissue organization.15-17

We hypothesized that FA would be reduced and diffusivity

properties would be increased in patients with craniosynostosis

syndromes compared with controls; these changes would indicate

an abnormal microstructural tissue organization.

MATERIALS AND METHODS
The medical ethics committee approved this prospective study

(MEC-2014 – 461), performed at the Dutch Craniofacial Center,

the national referral center for patients with craniosynostosis syn-

dromes in a population of 16 million inhabitants. MR imaging

data were acquired between July 2006 and October 2013 as part of

the standard clinical follow-up protocol for patients with syn-

dromic or complex craniosynostosis.

Subjects
In this study, we included 58 patients with craniosynostosis syn-

dromes, including Apert, Crouzon-Pfeiffer, Muenke, and Sae-

thre-Chotzen syndromes and patients with complex craniosynos-

tosis. The latter group included patients who had at least 2

prematurely closed skull sutures, for which a responsible gene

mutation has not yet been found. The study population incorpo-

rated that of Florisson et al.7 However, the inclusion period of this

study was longer; therefore, we included more patients. In this

study, we added 6 patients with Apert syndrome, 2 with Crouzon-

Pfeiffer syndrome, 2 with Muenke syndrome, and 5 with complex

craniosynostosis. Sixty-nine patients underwent both genetic

testing and MR imaging, including DTI. Patients with craniosyn-

ostosis syndromes are at risk for developing episodes of in-

creased intracranial pressure; therefore, they routinely under-

went a cranial vault expansion within the first year of life to

prevent or treat increased intracranial pressure. However, they

still might develop enlarged ventricles, mostly because of dis-

turbed CSF absorption due to venous hypertension.2 Enlarged

ventricles can induce periventricular WM atrophy but also af-

fect the shape of surrounding brain structures. Therefore, we

included the frontal occipital horn ratio in our analyses to

correct for ventricular size.

Only the first MR image of our patients with craniosynostosis

syndromes between 6 and 18 years of age was included. In addi-

tion, we included 7 healthy control subjects within the same age

range who were previously neuropsychologically tested and

scanned (identical scanner and MR imaging protocol) for another

study.18 Exclusion criteria for all subjects were the following: in-

sufficient quality of the collected DTI dataset due to incomplete

scanning, motion artifacts, or inhomogeneity of the MR imaging

field due to braces or metallic remains from operations. In total,

we excluded 7 patients with craniosynostosis syndromes: 1

had Apert syndrome, 1 had Crouzon-Pfeiffer syndrome, 2 had

Muenke syndrome, 1 had Saethre-Chotzen syndrome, and 2 had

complex craniosynostosis. In addition, 1 patient with Apert and 3

with Crouzon-Pfeiffer syndrome with a ventriculoperitoneal-

shunt were also excluded from the study because this may influ-

ence the specificity of the collected DTI dataset. Consequently, the

final study population included 58 patients with craniosynostosis

syndromes and 7 control subjects.

Image Acquisition
All MR imaging data were acquired with a 1.5T unit (General

Electric Healthcare, Milwaukee, Wisconsin), including 3D T1

spoiled gradient-recalled, 3D T2 Cube, and DTI sequences. DTI

was obtained by using a multirepetition single-shot echo-planar

sequence with a section thickness of 3 mm without a gap. Images

were obtained in 25 gradient directions with the following param-

eters: sensitivity, b�1000 s/mm2; TR � 15,000 ms; TE � 82.1 ms;

FOV � 240 � 240 mm2; and matrix � 128 � 128, resulting in a

voxel size of 1.8 � 1.8 � 3.0 mm.7 This protocol was identical

throughout the entire study period.

Data Collection
All DTI processing was performed by using ExploreDTI (http://

exploredti.com/).19 In summary, processing consisted of correc-

tion of subject motion and eddy current distortions20 and a

weighted linear least-squares estimation of the diffusion tensor

with the robust extraction of kurtosis indices with linear estima-

tion (REKINDLE) approach.21,22 The MRI Atlas of Human White

Matter of Oishi et al23 was used as a guideline to reconstruct the

fiber pathways. WM tracts for tractography included projection

fibers (corticospinal tract), commissural/callosal fibers (corpus

callosum, anterior commissure), association fibers (uncinate fas-

ciculus), tracts of the limbic system (fornix, cingulate gyrus), and

tracts in the brain stem (medial cerebellar peduncle).

Tractography was performed by placing ROIs on each dataset

by using “OR/SEED” and “AND” operators to allow tracts to pass

through, and “NOT” operators when tracts were not allowed to

pass through.24 In addition, “NOT” operators were occasionally

placed in the midline to avoid crossing fibers from other bundles.

Furthermore, 2 ANDs were placed to extract a certain segment of

a WM tract; thereby, identical tract parts of each subject were

measured. The FA threshold was set at 0.1, and the maximum

angle threshold, at 45°. For all included WM tracts, ROI defini-

tions were adjusted to established publications presenting good

validity and reliability.25,26 The adapted protocol for DTI FT was

exactly the same in both control and craniosynostosis groups and

is described in more detail below.
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Commissural Fibers

Corpus Callosum. The genu, corpus, and splenium of the corpus

callosum were measured separately; for all 3 parts, a OR/SEED

was placed similarly in the midsagittal plane around the relevant

part of the corpus callosum. To exclude regions of crossing fibers

and partial volume effects, we set the maximum fiber length at 10

mm; thus, only the midsagittal segment of the corpus callosum

was selected (Fig 1).27

Projection Fibers

Corticospinal Tracts. Fiber tracts of the corticospinal tracts (Fig

2) were generated for both sides, by placing a OR/SEED at the level

of the medial cerebellar peduncle, where it was clearly separated

from the pontine crossing tract and corticospinal tracts. An AND

was placed at the same level, 1 additional AND at the level of the

decussation of the superior cerebellar peduncle, and 1 AND

around the posterior limb of the internal capsule.

Limbic System Fibers

Cingulate Gyrus. The cingulate gyrus was divided into central

and hippocampal parts (Fig 3A, -B). For the first part, a OR/SEED

was placed in the coronal plane above the middle part of the

corpus of the corpus callosum. Additionally, 1 AND was placed

posterior to it, while another AND was placed anterior to the

splenium; therefore, only the middle part of the cingulate gyrus

was tracked. The hippocampal part was measured by a OR/SEED

placed in the coronal plane underneath the splenium, followed by

1 AND placed in the transverse plane just below the splenium and

a second AND, over the cingulate gyrus at the temporal lobe,

which was already labeled by tracking.

Fornix. With regard to FT of the fornix, a OR/SEED was placed in

the transverse plane around the turquois body of the fornix lo-

cated at the level of the thalamus. An AND was placed at the body

of the fornix in the coronal plane and separately in the transverse

plane around the left or right bundle that was labeled by tracking.

By placing 2 additional ANDs, 1 around the fornix at the level of

the anterior commissure and the other at the level of the temporal

lobe, an identical segment of the fornix was labeled in all patients

(Fig 3C).

Tracts in the Brain Stem

Medial Cerebellar Peduncle. Fiber tracts of the medial cerebellar

peduncle (Fig 4) were tracked by placing a OR/SEED around the

relevant structure in the coronal view and by placing 2 ANDs

around each peduncle at the level of the pontine crossing tract and

posterior from the pons.

Statistical Analysis
A linear regression analysis was performed for each dependent

variable: FA, MD, AD, and RD of each WM structure, while tract

volume and the frontal occipital horn ratio were added to the

model as independent variables to correct for tract volume and

ventricular size. Similar to findings in the study of Florisson et al,7

age did not have a statistically significant effect on DTI parameters

and was therefore excluded from our model. In total, we tested 4

diffusion properties (FA, MD, AD, and RD) and 11 WM struc-

tures (corpus callosum [genu, corpus, splenium, and total],

bilateral cingulate gyrus, fornix, bilateral corticospinal tracts,

medial cerebellar peduncle, and mean WM), resulting in 44

comparisons between patients with craniosynostosis syn-

dromes and controls. A Bonferroni correction was performed,

and a P value � .001 (P value � .05/44) was considered statis-

tically significant. The intra- and interobserver reliability was

tested by average-measures 2-way mixed intraclass correlation

coefficients.

FIG 1. Midsagittal 10 mm of the corpus callosum in a 6-year-old female patient with Muenke syndrome.

FIG 2. Midsegment of bilateral corticospinal tracts in a 6-year-old
female patient with Muenke syndrome.

1560 Rijken Aug 2015 www.ajnr.org



RESULTS
Subjects
This study included 7 control subjects (mean age, 10.7 years;

range, 7.5–15 years) and 58 patients with syndromic or complex

craniosynostosis (mean age, 9.4 years; range, 6 –18 years). The

distribution for the different syndromes is presented in Table.

Measurement: Reliability and Reproducibility
DTI FT in patients with craniosynostosis syndromes was chal-

lenging because of partial volume effects due to the brain defor-

mity and abnormal ventricular size and shape. Therefore, stan-

dard FT protocols could not be used, and measurements of all

tracts needed to be adapted to track reliable and comparable fiber

tracts in all subjects. Although an FA threshold of 0.2 is commonly

used, an FA threshold of 0.1 made it possible to track all structures

in the control group and almost all included structures in the

craniosynostosis group. Consequently, by using an FA threshold

of 0.1, more aberrant tracts were generated and additional AND

and NOT ROIs were required to exclude aberrant fibers. Addi-

tionally, by extracting particular segments from a WM tract (by

using 2 AND operators), we could mea-

sure identical WM structures and make

fair comparisons between patients with

craniosynostosis syndromes and control

subjects. Unfortunately, the anterior

commissure was not measurable in ei-

ther controls or patients with craniosyn-

ostosis syndromes. Probably the aniso-

tropic voxel size used in our protocol

was too large to reconstruct such a small

structure. The uncinate fasciculus showed

implausible tractography in patients

with craniosynostosis syndromes; there-

fore, both structures were excluded

from the study. Furthermore, in differ-

ent patients with craniosynostosis syn-

dromes, fiber tracts could not be mea-

sured due to partial volume effects,

mainly involving the cingulate gyrus and

fornix (13 patients with Apert syndrome

and 1 with Crouzon-Pfeiffer syndrome).

Intra- and Interobserver Reliability
Observers (B.F.M.R. and Y.L.) had 2 years of experience in

DTI-FT and were supervised by A.L. with 12 years of experience in

DTI and by M.H.L. with 20 years of experience in pediatric neu-

roradiology. Intraobserver reliability of measurements was deter-

mined by observer 1 (Y.L.), who performed all structural mea-

surements twice in 10 subjects, 5 patients and 5 control subjects.

This process resulted in an intraclass correlation coefficient of

0.93. Interobserver reliability was measured by comparing the

results of observer 1 with those of a second observer (B.F.M.R.),

who measured the same 10 subjects; this procedure resulted in an

interclass correlation coefficient of 0.94.

WM Tracts and Ventriculomegaly
The frontal occipital horn ratio was more constant in control

subjects (range, 0.31– 0.37; mean, 0.35 � 0.02) than in patients

with craniosynostosis syndromes (range, 0.25– 0.53; mean,

0.38 � 0.05) and was highest in patients with Apert and Crouzon-

Pfeiffer syndromes, indicating that these patients had the largest

FIG 3. A, Central segment of cingulate gyrus. B, hippocampal segment of cingulate gyrus. C, Segmental part of the fornix.

FIG 4. Segmental part of the medial cerebellar peduncle.

Patient characteristics

Syndrome Apert
Crouzon-
Pfeiffer Muenke

Saethre-
Chotzen Complex

Total
Craniosynostosis Controls

No. of subjects 10 16 10 9 13 58 7
M/F sex 5:5 9:7 4:6 6:3 7:6 31:27 2:5
Mean age (yr) 11.1 10.1 7.9 8.9 8.9 9.4 10.7
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ventricles. The frontal occipital horn ratio was not significantly

correlated to the FA, MD, AD, and RD of mean WM. However, it

was significantly correlated to a reduced FA and increased diffu-

sivity properties of the genu and corpus of the corpus callosum

(P � .001), but it had no significant effect on the splenium.

WM Measures and Craniosynostosis
Mean WM DTI properties were calculated by the sum of the prop-

erties of the individual structures and divided by the number of

brain structures that could be measured.

FA. The mean FA of the total group of patients with craniosynos-

tosis syndromes showed an FA of the mean WM similar to that of

control subjects (0.44 versus 0.45, P � .536), as well as for the

separate WM tracts.

Diffusivity Properties. MD, AD, and RD of the mean WM were

significantly higher in patients with craniosynostosis syndromes

compared with the control group (P � .001). Whereas all diffu-

sivity properties were significantly increased in the cingulate gyrus

and corticospinal tracts, only AD was significantly increased in the

corpus and splenium of the corpus callosum (On-line Table 1).

With regard to the different craniosynostosis syndromes, FA

of mean WM and separate WM tracts was equal to that of control

subjects (On-line Table 2). However, MD, AD, and RD of mean

WM were significantly higher in each syndrome compared with

controls (P � .001). While the cingulate gyrus and corticospinal

tracts were affected the most, diffusivity properties of the fornix

and medial cerebellar peduncle were similar between each cranio-

synostosis group and the control group. For an overview see On-

line Tables 3–5.

DISCUSSION
Following DTI studies on ROIs, we now performed DTI FT to

study WM tracts in patients with syndromic and complex cra-

niosynostosis. The aim of the study was to investigate the reli-

ability of this technique in an unusual patient group with skull

and brain deformities and to compare DTI properties between

these patients and controls. Due to the premature fusion of skull

sutures, patients with craniosynostosis syndromes develop ab-

normal skull and brain shapes. For instance, when coronal sutures

are involved, a brachycephalic skull shape will develop. Conse-

quently, brain structures running in the anteroposterior direction

will be bent or even compressed, while structures running from

left to right might be stretched out by the compensatory growth of

the skull and brain parallel to the premature fused skull suture.

Patients with craniosynostosis syndromes often develop ventricu-

lomegaly, which may induce periventricular WM atrophy but also

changes the shape of surrounding brain structures. Particularly

the corpus callosum is at risk for CSF contamination, and DTI FT

has previously been described as being difficult to conduct in pa-

tients with hydrocephalus.28 Hence, difficulties in fiber tracking is

(among others) caused by partial volume effects, we discovered

that DTI FT in patients with craniosynostosis syndromes is more

challenging than in controls; the combination of structural brain

abnormalities and anisotropic voxels gives rise to less realistic

fiber tract reconstructions. Unfortunately less is known about the

effects of anisotropic voxels on the outcome of the FT, though it is

assumed that isotropic voxels may be more beneficial for FT.29

The use of an anisotropic voxel size in our study might be seen as

a limitation; however, FT in our control group without skull

shape abnormalities did not cause any difficulties. Therefore, we

believe that the deformity of WM structures itself caused by the

genetic defect, prematurely fused skull sutures, and/or large CSF

spaces nearby has a greater influence on fiber tract reconstruc-

tions than the anisotropic voxel size.

Another limitation of our study includes the inability for total

blinding of the observers; the altered brain shape in our patient

population could often be visually detected during the measure-

ments. In addition, we were able to include only a small number of

control subjects within the same age range as our patients with

craniosynostosis syndromes, who were not age and sex matched.

However, because the age of all subjects ranged from 6 to 18 years

and the brain has matured thoroughly enough from 6 years of age

to yield stable anisotropic indexes, DTI properties seem to change

only slightly afterward.

Regarding DTI properties between controls and patients with

craniosynostosis syndromes, we found that FA was similar be-

tween both groups, in contrast to the findings in the study of

Florisson et al.7 Our study showed lower FA in almost all struc-

tures of both controls and patients with craniosynostosis syn-

dromes, probably caused by the different postprocessing pipeline

and data-acquisition protocol. In addition, placing a single ROI

may be more subjective and could cause an overestimate of the FA

of the structure of interest. Furthermore, the FA is typically un-

derestimated in areas with crossing fibers and is further affected

by an anisotropic voxel size.29,30 Comparable with results of the

study of Florisson et al,7 diffusivity properties of the mean WM in

our study were significantly higher in the total group of patients

with craniosynostosis syndromes than in the control group. Al-

though diffusivity parameters per craniosynostosis syndrome

were higher than those in controls as well, regarding particular

WM tracts there was no clear distinction between any craniosyn-

ostosis syndrome and the control group. One could argue that this

is remarkable because FGFR genes have a major influence on

myelinization of WM tracts by involving the development of oli-

godendrocytes,31 while the TWIST1 gene responsible for Saethre-

Chotzen syndrome is important in mesenchymal cell lineage.32,33

Similar to the findings in the study of Yuan et al34 regarding

DTI in infants with hydrocephalus, the frontal occipital horn ratio

(ie, ventricular size) was significantly related to a lower FA and

higher diffusivity properties in the genu and corpus of the corpus

callosum in our study. This finding might be caused by the

increased amount of water or edema in the extracellular

space,35,36 because these structures are located closest to the ven-

tricles. We assume that the role of the central CSF spaces is at least

as big as the genetic influence in causing WM alterations. As in

patients with sagittal craniosynostosis in whom altered DTI pa-

rameters may underlie their neuropsychological deficits,37 WM

abnormalities of the cingulate gyrus and corpus callosum in syn-

dromic patients with craniosynostosis syndromes may be respon-

sible for existing attention and memory problems.14 However,

neurologic assessment of our patients with craniosynostosis syn-

dromes cannot explain diffusivity abnormalities in the corticospi-

nal tracts, and motor deficits might rather be caused by impair-
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ment of the frontal WM.38 Remarkably, the fornix seems to be

spared by the mechanical pressure or stretching caused by ven-

triculomegaly and altered brain shape. By contrast, Hattori et al13

did show reduced FA values in the fornix of patients with normal

pressure hydrocephalus compared with controls.

If we take these results together, our findings demonstrate that

patients with craniosynostosis syndromes have a normal fiber or-

ganization but exhibit abnormal diffusivity values that may be

related to differences in microstructural tissue properties. Per-

forming DTI FT in very young patients with craniosynostosis syn-

dromes without an operation, in whom secondary changes of the

WM microarchitecture are unlikely to have occurred yet, would

be interesting, to relate WM disturbances to either genetic influ-

ences or secondary changes including enlarged ventricles.

CONCLUSIONS
DTI FT is challenging to perform in patients with craniosynosto-

sis syndromes, most likely because of their deformed brain and

abnormal ventricular size and shape. This study showed that pa-

tients with craniosynostosis syndromes have FA equal to that in

control subjects, while MD, AD, and RD were significantly higher

in different brain structures in these patients. Although these dif-

ferences may indicate abnormalities in tissue microstructural

properties, such as myelin deficiency and axonal loss, we cannot

exclude confounding contributions of partial volume effects re-

lated to the enlarged CSF spaces. No craniosynostosis syndrome–

specific differences in DTI properties were seen in any particular

type of fiber tract.
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ORIGINAL RESEARCH
PEDIATRICS

Tract-Based Spatial Statistics in Preterm-Born Neonates
Predicts Cognitive and Motor Outcomes at 18 Months

E.G. Duerden, J. Foong, V. Chau, H. Branson, K.J. Poskitt, R.E. Grunau, A. Synnes, J.G. Zwicker, and S.P. Miller

ABSTRACT

BACKGROUND AND PURPOSE: Adverse neurodevelopmental outcome is common in children born preterm. Early sensitive predictors
of neurodevelopmental outcome such as MR imaging are needed. Tract-based spatial statistics, a diffusion MR imaging analysis method,
performed at term-equivalent age (40 weeks) is a promising predictor of neurodevelopmental outcomes in children born very preterm. We
sought to determine the association of tract-based spatial statistics findings before term-equivalent age with neurodevelopmental
outcome at 18-months corrected age.

MATERIALS AND METHODS: Of 180 neonates (born at 24–32-weeks’ gestation) enrolled, 153 had DTI acquired early at 32 weeks’ postmenstrual
age and 105 had DTI acquired later at 39.6 weeks’ postmenstrual age. Voxelwise statistics were calculated by performing tract-based spatial
statistics on DTI that was aligned to age-appropriate templates. At 18-month corrected age, 166 neonates underwent neurodevelopmental
assessment by using the Bayley Scales of Infant Development, 3rd ed, and the Peabody Developmental Motor Scales, 2nd ed.

RESULTS: Tract-based spatial statistics analysis applied to early-acquired scans (postmenstrual age of 30 –33 weeks) indicated a limited
significant positive association between motor skills and axial diffusivity and radial diffusivity values in the corpus callosum, internal and
external/extreme capsules, and midbrain (P � .05, corrected). In contrast, for term scans (postmenstrual age of 37– 41 weeks), tract-based
spatial statistics analysis showed a significant relationship between both motor and cognitive scores with fractional anisotropy in the
corpus callosum and corticospinal tracts (P � .05, corrected). Tract-based spatial statistics in a limited subset of neonates (n � 22) scanned
at �30 weeks did not significantly predict neurodevelopmental outcomes.

CONCLUSIONS: The strength of the association between fractional anisotropy values and neurodevelopmental outcome scores in-
creased from early-to-late-acquired scans in preterm-born neonates, consistent with brain dysmaturation in this population.

ABBREVIATIONS: AD � axial diffusivity; Bayley-III � Bayley Scales of Infant Development, 3rd ed; FA � fractional anisotropy; IVH � intraventricular hemorrhage;
IQR � interquartile range; PDMS-2 � Peabody Developmental Motor Scales, 2nd ed; PMA � postmenstrual age; RD � radial diffusivity; TBSS � tract-based spatial
statistics

The incidence of very preterm birth (24 –32 weeks’ gestation) is

increasing worldwide,1-4 yet surviving neonates still have high

rates of adverse neurodevelopmental outcomes.5-7 While child-

hood impairment in very preterm born neonates is related to a

number of factors, evidence suggests that the severity of white

matter injury in the neonatal period is predictive of neurode-

velopmental impairment. Examination of white matter devel-

opment in preterm neonates by using DTI, sensitive to micro-

structural organization, is increasingly recognized as a

promising tool to identify neonates at high risk of neurodevel-

opmental impairment.8
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Previous neonatal brain DTI studies indicated that white

matter fractional anisotropy (FA) increases with age, even

before myelin is evident on conventional MR imaging se-

quences.9-11 The developmental increase in FA is largely driven

by changes in diffusion measures of radial diffusivity (RD) that

reflect decreases in membrane permeability of myelinating and

premyelinating white matter fiber pathways.11 Furthermore,

with an ROI approach, FA extracted from DTI scans acquired

near birth and term-equivalent age indicated that diffusion

parameters correlated with cognitive, language, and motor

outcomes.8

An alternative to the ROI approach is to analyze the DTI

data in a 3D MR image space by using tract-based spatial sta-

tistics (TBSS; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS), per-

mitting the voxelwise statistical analysis of DTI measures. For

example, TBSS performed on scans acquired at term-equiva-

lent age (40 weeks’ postmenstrual age [PMA]) in preterm-born

neonates detected alterations in white matter microstructure

in the absence of overt brain injury.12,13 Furthermore, TBSS

has been used to examine diffusion measures acquired at term-

equivalent age and has related them to cognitive and motor

outcomes in young preterm-born children.14,15 Previous TBSS

studies examining outcome measures at 2 years (corrected age)

in children born preterm reported that increased FA levels

were associated with better outcome.14,15 For example, Van

Kooij et al16 reported that the increase in FA in the corpus

callosum, fornix, external and internal capsules, superior lon-

gitudinal fasciculus, inferior longitudinal and fronto-occipital

fasciculi, cingulum, and uncinate fasciculus in their preterm

population was positively associated with improved fine motor

scores, explained by a decrease in RD.

Conversely, the findings of lower FA

and increased RD values associated

with poorer fine motor scores were in-
terpreted to reflect disruptions in pr-
emyelination processes.

Previous TBSS studies have largely
focused on scans acquired at term-
equivalent age in preterm neonates, co-
inciding with the myelination of major
white matter fiber pathways, such as the
posterior limb of the internal capsule
and the brain stem.13,16 However, evi-
dence from histologic and MR imaging
studies has indicated that some subcor-
tical structures myelinate at �30 weeks
of gestation.14,15,17 Furthermore, TBSS
permits voxelwise statistical analysis of
the entire white matter skeleton, a more
robust technique compared with an
ROI-based approach. Furthermore,
DTI analyses performed by using TBSS
analysis of DTI measures obtained in ne-
onates have demonstrated that altera-
tions in FA with time were associated
with poor outcome.8 Therefore, using
TBSS applied to early-acquired scans
may provide a useful predictive measure

of developmental outcome in the first weeks of life. Earlier pre-
diction of neurodevelopmental outcome is highly relevant to cli-
nicians making essential care decisions.

The aim of the present study was to determine whether TBSS
analysis of early scans would show a similar association, as seen for
term-equivalent-age scans, between white matter microstructure
and neurodevelopmental performance assessed at 18-month cor-
rected age.

MATERIALS AND METHODS
Participants
A total of 180 neonates born very preterm (51% male, 24 –32

weeks’ gestation) who were admitted to BC Women’s Hospital,

Vancouver British Columbia, Canada, were enrolled in the study

between April 2006 and September 2010 (Fig 1), as described

previously.8 The primary inclusion criterion was being born be-

tween 24 and 32 weeks of gestation. Neonates with a congenital

malformation or syndrome, antenatal infection, or sonographic

evidence of a large parenchymal hemorrhagic infarction of �2 cm

were excluded from the study. The Clinical Research Ethics Board

at the University of British Columbia and Children’s and Wom-

en’s Health Centre of British Columbia approved this study, and

written informed consent was obtained from the parent or legal

caregiver of each infant.

MR Imaging
Neonates were scanned on an Avanto (Siemens, Erlangen, Ger-

many) 1.5T MR imaging scanner by using VB 13A software.

The neonates rested quietly or slept inside a MR-conditional

incubator (Lammers Medical Technology, Luebeck, Germany)

FIG 1. Participant flow chart. Neonate data (180 very preterm-born infants of �32 weeks’ gesta-
tion, with 1 or 2 MR imaging scanning sessions including DTI) are separated into 3 groups: group 1,
75 neonates with only 1 early scan near the time of birth (median postmenstrual age at scanning,
32 weeks) (all 75 neonates have neurodevelopmental follow-up data at 18-month corrected age);
group 2, 78 neonates with 2 scans, both early (PMA, 32 weeks) and at term-equivalent age (PMA,
39.7 weeks) (75 neonates have follow-up data); group 3, 27 neonates with a late scan (PMA, 39
weeks) (16 neonates have follow-up data).
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and neonatal head coil (Advanced Imaging Research, Cleve-

land, Ohio). MR images were obtained as soon the neonate was

clinically stable for transport (early scans: median age, 32

weeks; interquartile range [IQR], 30.4 –33.7 weeks) and again

at term-equivalent age (late scans: median age, 39.6 weeks;

IQR, 38.4 – 40.4 weeks). Neonates underwent anatomic imag-

ing (coronal volumetric T1-weighted images: TR, 36 ms; TE,

9.2 ms; FOV, 200 mm; section thickness, 1 mm; no gap) and

axial fast spin-echo T2-weighted imaging (TR, 4610 ms; TE,

107 ms; FOV, 160 mm; section thickness, 4 mm; gap, 0.2 mm),

followed by a DTI sequence (multirepetition, single-shot echo-

planar sequence with 12 gradient directions; TR, 4900 ms; TE,

104 ms; FOV, 160 mm; section thickness, 3 mm; no gap), 3

averages of 2 diffusion weightings of 600 and 700 s/mm2 (b-

values), and an image without diffusion weighting, resulting in

an in-plane resolution of 1.3 mm.

A neuroradiologist (K.J.P.) scored the anatomic images for the

severity of white matter injury (none � 0, minimal � 1, moder-

ate-severe � 2–3 combined) and intraventricular hemorrhage

(IVH) (none � 0, mild � 1–2, and moderate-severe � 3– 4) as

reported previously.8

Image Analysis
DTI analyses were performed by using the fMRI of the Brain

software library (FSL; http://www.fmrib.ox.ac.uk/fsl/).18 Pre-

processing included correction for eddy current effects. All

diffusion-weighted volumes were linearly registered to 1 non-

diffusion-weighted volume for each participant by using affine

transformations.19,20

The estimated diffusion tensor data were masked to include

only the brain by using the Brain Extraction Tool (http://fsl.

fmrib.ox.ac.uk/fsl/fslwiki/BET).21 A diffusion tensor model was

fit to the data at each voxel and to calculate voxelwise fractional

anisotropy, mean diffusivity (average of total diffusion within a

given voxel), axial diffusivity (AD � first eigenvalue: �1), and

radial diffusivity (average of second and third eigenvalues: �2,

�3).

To determine the spatial location of alterations in diffusion

measures (FA, mean diffusivity, AD, RD), we processed volumes

by using the TBSS pipeline.22 FA images were nonlinearly

aligned23,24 to age-appropriate templates (early preterm scans:

n � 24, 27–29 weeks; midpreterm scans: n � 99, 30 –33 weeks; late

preterm scans: n � 34, 34 –36 weeks; term scans: n � 101, 37– 41

weeks) to calculate voxelwise statistics.

Data Analysis of TBSS. Voxelwise regression analyses were per-

formed to assess the association of diffusion measures and out-

come scores of the Bayley Scales of Infant Development, 3rd ed

(Bayley-III) and the Peabody Developmental Motor Scales,

2nd ed (PDMS-2). Cluster-size thresholding was applied to the

data, in which the size of the cluster was determined by 500

permutations by using Randomise v.2.9 within the fMRI of the

Brain Software Library (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/

Randomise). A threshold of P � .05 (95th percentile of the

distribution) was set for the clusters, corrected for multiple

comparisons across space. Average FA, AD, and RD values

were then extracted for the whole brain and an ROI in the

corpus callosum.

Demographic and Clinical Data Collection
A neonatal research nurse and neonatal neurologist collected de-

mographic data and clinical variables systematically. Variables of

interest included gestational age at birth, cord pH, intensity of

resuscitation, days of intubation, any postnatal infections (in-

cluding positive-culture infection, confirmed necrotizing entero-

colitis), patent ductus arteriosus, and chronic lung disease.

Neurodevelopmental Outcomes at 18-Month
Corrected Age
Of the 180 subjects enrolled, 166 children returned for neuro-

developmental follow-up at BC Women’s Hospital. Most of

the children (n � 155) were assessed at 18- to 21-month cor-

rected age (median age, 18.7 months; IQR, 18.3–19.5 months),

but 11 children were seen between 22 and 37 months. Of the

166 preterm-born children, 75 had early scans, 75 had early

and late scans, and 16 were scanned at term-equivalent age.

The children’s neurodevelopmental abilities were assessed by

using the Bayley-III and the PDMS-2 (5 infants were not as-

sessed, total n � 161).

The Bayley-III cognitive, motor, and language composite

scores (mean, 100 � 15) were calculated. Only the cognitive and

language scales were used in the subsequent TBSS analyses. Motor

abilities were also assessed by using the PDMS-2, which comprises

6 subtests and generates a Gross Motor and Fine Motor and Total

Motor Quotient.

RESULTS
Clinical Characteristics
The median gestational age at birth of the 180 neonates included

in the study was 27.7 weeks (IQR, 26 –29.7 weeks), and the median

birth weight was 1022 g (IQR, 820 –1281.3 g). The neonates were

grouped on the basis of the number of scans that were included in

the final TBSS analyses (group 1, early scans; group 2, early and

late scans; group 3, late scans, Fig 1). The details of the clinical

characteristics for the groups based on gestational age at MR im-

aging are listed in Table 1.

Diagnostic MR Imaging Findings
On the anatomic images, white matter injury was present in up to

one-quarter of the most premature babies, but severe IVH was

uncommon in this cohort. Diagnostic imaging findings for the

groups of neonates stratified by postmenstrual age at the time of

the MR imaging are listed in Table 2.

Neurodevelopmental Outcome
The median age at which the neonates returned for neurodevel-

opmental follow-up was 18.7-month (IQR, 18.3–19.5 months)

corrected age. The median scores on the Bayley-III and on the

PDMS-2 were in the normal range. However, between 6% and

21% of neonates scored 1 SD or below (�84) on the Bayley-III or

the PDMS-2 (6%, Bayley-III: cognitive; 21%, Bayley-III: lan-

guage; 19%, PDMS-2: Gross Motor Quotient; 6%, PDMS-2: Fine

Motor Quotient; 16%, PDMS-2: Total Motor Quotient). The re-

sults of the standardized neurodevelopmental assessment scores

stratified into groups based on the postmenstrual age at scanning

are described in Table 3.
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Diffusion Measures and Neurodevelopmental Outcome

Cognitive and Language Outcome. The TBSS analysis performed

on the diffusion data acquired in neonates scanned at early post-

menstrual ages (27–29 weeks, 30 –33 weeks, 34 –36 weeks) indi-

cated no significant positive or negative association between cog-

nitive and language outcomes and FA, AD, or RD values in the

white matter skeleton (P � .05).

The TBSS analysis applied to the diffusion data from neonates

scanned at 37–41 weeks showed a positive association between FA in

a number of white matter tracts and cognitive scores (Fig 2, P � .02).

Specifically, neonates scanned at a postmenstrual age of 37–41 weeks

showed a positive relationship between cognitive outcome and FA

values in the superior portion of the corona radiata, corticospinal

tracts, genu of the corpus callosum, internal capsule, external/ex-

treme capsules, optic radiations, and cerebral peduncle. No voxels

demonstrated a negative correlation be-

tween FA and cognitive scores. The mean

AD and RD values were extracted from the

regions showing a significant association

between FA and cognitive outcome and

are plotted in Fig 2. Results indicated that

FA (R � 0.3, P � .03) and RD (R � �0.2,

P� .03) excluding AD (R��0.1, P� .2),

were associated with cognitive outcome

scores based on Spearman � correlations.

TBSS applied to the non-FA images indi-

cated a significant negative association

with cognitive outcome scores and RD

images (P � .04). No association between

cognitive outcome scores and AD images

was found. Results were maintained when

removing the data from neonates who had

a moderate-severe white matter injury

and/or severe IVH (On-line Fig 1). FA val-

ues were not significantly associated with

language outcomes in neonates scanned at

37–41 weeks (P � .13).

Motor Outcome
In neonates scanned at early time peri-

ods (30 –33 weeks), AD and RD images

were positively associated with fine mo-

tor scores on the PDMS-2, specifically in

the territories of the corpus callosum and internal, external/ex-

treme capsules and extending to the cerebral peduncles in the

midbrain (P � .05). No association between fine motor scores

and FA was evident in neonates scanned at a PMA of 30 –33 weeks

(P � .1). Additionally, gross and total motor scores were not

predicted by diffusion parameters (all P � .05).

Neonates scanned at later postmenstrual ages (37– 41 weeks)

also showed a significant positive association of FA with total

motor scores in the superior portion of the corona radiata, corti-

cospinal tracts, and the genu of the corpus callosum (P � .02). FA,

AD, and RD values were not significantly positively or negatively

associated with gross or fine motor scores (P � .05).

In smaller subsets of neonates scanned at other postmenstrual

ages (27–29 weeks, 34 –36 weeks), FA, AD, and RD were not sig-

nificantly associated with motor scores (P � .05).

Table 1: Clinical characteristics: separated into groups based on the postmenstrual age at scanninga

27–29 Weeks
(n = 24) (Median)
(IQR) or (No.) (%)

30–33 Weeks
(n = 99) (Median)
(IQR) or (No.) (%)

34–36 Weeks
(n = 34) (Median)
(IQR) or (No.) (%)

37–41 Weeks
(n = 101) (Median)
(IQR) or (No.) (%)

Birth GA (wks) 27.3 (26.1–27.8) 29.3 (27.5–30.6) 26.1 (25–27.7) 26.9 (25.9–29.7)
Age at MRI (wks) 29 (28.5–29.4) 32 (30.9–32.9) 35.1 (34.5–36.3) 39.7 (38.6–40.6)
Sex (male) 12 (50%) 57 (57%) 16 (47%) 54 (53%)
Birth weight (g) 1022.5 (911.5–1171.3) 1140 (957.5–1377.5) 749 (607.5–1002.5) 970 (805–1270)
Days of mechanical ventilation 2 (1–5.8) 3 (1–10.5) 37.5 (20.5–51.3) 11.5 (2–51)
Infectionb 11 (46%) 31 (31%) 19 (56%) 49 (49%)
Patent ductus arteriosus 9 (38%) 38 (38%) 27 (79%) 47 (47%)
Chronic lung disease 5 (21%) 10 (10%) 17 (50%) 27 (27%)

Note:—GA indicates gestational age.
a One hundred eighty neonates participated. Seventy-five neonates had early scans (near birth), 78 neonates were scanned early and late (birth, term-equivalent age), and 27
neonates were scanned late (term-equivalent age), for a total of 258 scans.
b Infection, culture-positive infection, confirmed necrotizing enterocolitis.

Table 2: Radiologic findings: separated into groups based on the postmenstrual age at
scanninga

27–29 Weeks
(n = 24)

(No.) (%)

30–33 Weeks
(n = 99)

(No.) (%)

34–36 Weeks
(n = 34)

(No.) (%)

37–41 Weeks
(n = 101)
(No.) (%)

WMI (moderate/severe)b 6 (25%) 15 (15%) 4 (12%) 12 (12%)
IVH (grade 1/2)c 10 (42%) 40 (40%) 18 (53%) 33 (33%)
IVH (grade 3/4)c 1 (4%) 2 (2%) 1 (3%) 2 (2%)
Cerebellar hemorrhage 2 (8%) 11 (11%) 5 (15%) 12 (12%)

Note:—WMI indicates white matter injury.
a One hundred eighty neonates participated. Seventy-five neonates had early scans (near birth), 78 neonates were
scanned early and late (birth, term-equivalent age), and 27 neonates were scanned late, for a total of 258 scans.
b WMI defined as foci exhibiting T1 hyperintensity without T2 hypointensity or by low-intensity T1 foci.
c IVH was graded (none � 0, mild � 1–2, and moderate-severe � 3– 4) using the Papile system.

Table 3: Neurodevelopmental outcome: separated into groups by postmenstrual age at
scanninga

27–29 Weeks
(n = 22)

(Median) (IQR)

30–33 Weeks
(n = 93)

(Median) (IQR)

34–36 Weeks
(n = 32)

(Median) (IQR)

37–41 Weeks
(n = 94)

(Median) (IQR)
Age at follow-up (mo)b 18.7 (18.4–19.2) 18.7 (18.3–19.7) 18.6 (18.3–19.1) 18.8 (18.4–19.4)
Bayley-III cognitivec 105 (100–110) 110 (100–115) 102.5 (92.5–110) 105 (95–110)
Bayley-III languagec 101.5 (83.5–111.3) 100 (91–109) 95.5 (83–109) 100 (86.8–108.3)
Bayley-III motorc 98.5 (88.8–105.3) 100 (91.8–107) 92.5 (84.3–104) 97 (88–107)
PDMS-2 Gross Motorc 91 (87–96) 94 (87–98) 89 (79–96) 91 (87–98)
PDMS-2 Fine Motorc 100 (97–106) 100 (97–103) 97 (89.5–103) 100 (94–103)
PDMS-2 Total Motorc 96 (90–101) 96 (92–98) 92 (84–97) 94 (89–98)

a One hundred sixty-six neonates returned for neurodevelopmental follow-up. DTI data were acquired in 75 of the
neonates early and in 75 of the neonates at early and late time points (150 scans). Sixteen neonates had late scans for
a total of 241 scans.
b Age corrected for prematurity.
c The mean composite score in a normative population is 100 � 15.
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DISCUSSION
Using TBSS analysis of diffusion-tensor images, we demonstrated

that FA values can be used to predict cognitive outcome at 18

months (corrected age) in preterm-born neonates at term age.

Moreover, we demonstrated the utility of using age-specific tem-

plates scanned at both early postmenstrual ages (27–29 weeks,

30 –33 weeks, 34 –36 weeks) and at term age (37– 41 weeks) for

TBSS analysis in very preterm-born neonates. The analytic

method of TBSS offers a number of advantages over hypothesis-

directed ROI analyses, in that it describes changes in white matter

microstructure in a 3D image space.

TBSS applied to scans acquired around term age, 37– 41 weeks’

gestation, showed a robust association between FA values in ma-

jor white matter tracts, with better cognitive and motor perfor-

mance assessed at 18-month corrected age. The significant find-

ings of higher FA values at 37– 41 weeks being correlated with

cognitive outcome was largely driven by decreases in RD. Find-

ings are in agreement with a previous TBSS study with preterm-

born neonates scanned at term-equivalent age that also reported

increased FA in relation to higher cognitive scores and fine motor

skills assessed at 2 years.16 The biologic significance of increased

FA and decreased RD in the absence of changes in AD is thought

to reflect myelination processes leading to reduced permeabil-

ity.9,25 Reductions in RD are associated with the development of

oligodendrocyte precursor cells,26 while AD increases with the

rise in axonal number or increase in axonal caliber. The neonates

with relatively lower FA values and higher RD values with poor

cognitive outcome may have experienced a disruption in premy-

elination or myelination processes.27

The use of TBSS to predict motor outcome was predictive for

neonates scanned as early as 30 –33 weeks. Results indicated that

fine motor scores were negatively associated with AD and RD in

white matter fiber pathways located in subcortical regions and the

brain stem. Neonates with high AD and RD values may be at

higher risk for the development of motor abnormalities. Given

the widespread changes in AD and RD in several white matter

fiber pathways, findings may be reflective of the loss of placental

growth factors and nutrients due to the early exposure to the

extrauterine environment or early systemic illness.

The higher FA values and lower RD values as revealed by using

TBSS applied to scans acquired at 30 –33 weeks and 37– 41 weeks

are consistent with myelination patterns seen during typical de-

velopment.23 Myelination does not occur in a uniform process,

but rather, different sites myelinate at distinctive times during

different time intervals.15 Portions of white matter tracts in the

forebrain begin to myelinate at 28 –29 weeks.23 At 37– 40 weeks of

gestation, the posterior limb of the internal capsule and the lateral

white matter of the cerebellum are myelinated, while regions of

the frontal pole begin to myelinate after 40 weeks.17,18 In the cur-

rent study, FA values in the anterior portion of the corpus callo-

sum extracted from data acquired in neonates scanned at 30 –33

weeks were significantly associated with motor outcome. The

probabilistic analytic method used by TBSS can detect white mat-

ter tracts in areas of low FA, including those regions that are

FIG 2. TBSS analysis of term scans (PMA of 37– 41-weeks). Top: Mean FA map (red-yellow) demonstrating the significant positive linear associ-
ation between cognitive scores on the Bayley-III and FA in the territory of the medial prefrontal cortex (left), the genu of the corpus callosum
(middle), and portions of the inferior fronto-occipital fasciculus (right, P � .05, corrected for multiple comparisons). The mean FA skeleton is
shown in green. Bottom: FA (R � 0.3, P � .03), AD (R � �0.1, P � .2), and RD (R � �0.2, P � .03) values from the significant clusters in the FA map.
Spearman � correlation and an � level are set at .05.
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sparsely myelinated or unmyelinated.24,28 The early-acquired

scans (27–29 weeks) analyzed with TBSS did not predict neuro-

developmental outcome, thus indicating a time lag to detect the

abnormal white matter maturation that is predictive of cognitive

outcome in preterm neonates. The lack of predictive findings

from TBSS applied to the early scans is likely reflective of dysma-

turation of the white matter, which is an important brain abnor-

mality in preterm neonates.27

Language outcomes were not found to be significantly associ-

ated with FA values extracted in any of the postmenstrual age

groups of interest. Language capabilities in infants of 18 –24

months can be strongly influenced by environmental factors.

Therefore, the lack of association between linguistic ability and

diffusion measures of white matter microstructure seen in the

current work may reflect the broad range of language capabilities

in children at 18 months of age. An additional consideration is

that methodologic limitations of TBSS may have affected the res-

olution of the arcuate fasciculus, the main white matter fiber

pathway subserving speech and language.29

CONCLUSIONS
The development of sensitive MR imaging–based measures of white

matter microstructural development in preterm-born neonates is

important for the understanding of neurodevelopmental outcome,

not only for the early diagnosis and treatment of neonatal brain in-

jury and dysmaturation but also to optimize outcomes for preterm

babies. In this study, we have demonstrated that through the devel-

opment of age-appropriate templates, it was possible to use TBSS to

predict motor outcome in scans acquired as early as postmenstrual

age of 30–33 weeks. TBSS analysis applied to earlier-acquired scans

was not found to be predictive of cognitive outcome. However, cog-

nitive and motor outcomes were predicted by TBSS analysis applied

to scans acquired at 37–41 weeks, even when neonates with brain

injury were excluded. White matter dysmaturation is increasingly

recognized as the primary pathology in contemporary cohorts of

preterm neonates.27 Thus, the full extent of white matter abnormal-

ities in the preterm neonate may not be apparent on early scans,

necessitating follow-up at term-equivalent age.
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ORIGINAL RESEARCH
PEDIATRICS

Radiation Necrosis in Pediatric Patients with Brain Tumors
Treated with Proton Radiotherapy

X S.F. Kralik, C.Y. Ho, W. Finke, J.C. Buchsbaum, C.P. Haskins, and C.-S. Shih

ABSTRACT

BACKGROUND AND PURPOSE: Proton radiotherapy has been increasingly utilized to treat pediatric brain tumors, however, limited
information exists regarding radiation necrosis among these patients. Our aim was to evaluate the incidence, timing, clinical significance,
risk factors, and imaging patterns of radiation necrosis in pediatric patients with brain tumors treated with proton radiation therapy.

MATERIALS AND METHODS: A retrospective study was performed on 60 consecutive pediatric patients with primary brain tumors
treated with proton radiation therapy. Radiation necrosis was assessed by examining serial MRIs and clinical records to determine the
incidence, timing, risk factors, imaging patterns, and clinical significance associated with the development of radiation necrosis in these
patients. Radiation necrosis was defined as areas of new enhancement within an anatomic region with previous exposure to proton beam
therapy with subsequent decrease on follow-up imaging without changes in chemotherapy.

RESULTS: Thirty-one percent of patients developed radiation necrosis with a median time to development of 5.0 months (range, 3–11
months). Risk factors included multiple chemotherapy agents (�3 cytotoxic agents) and atypical teratoid rhabdoid tumor pathology (P �

.03 and P � .03, respectively). The most common imaging patterns were small (median, 0.9 cm) and multifocal (63% of patients) areas of
parenchymal enhancement remote from the surgical site. The median time to complete resolution on imaging was 5.3 months (range, 3–12
months). Among patients with imaging findings of radiation necrosis, 25% demonstrated severe symptoms with medical intervention
indicated.

CONCLUSIONS: Pediatric patients with brain tumors treated with proton radiation therapy demonstrate a high incidence of radiation
necrosis and a short time to development of necrosis. Multiple small areas of necrosis are frequently identified on imaging. Exposure to
multiple chemotherapy agents was a significant risk factor associated with radiation necrosis in these patients.

ABBREVIATIONS: CTCAE � Common Terminology Criteria for Adverse Events; PBT � proton beam radiotherapy

Radiation necrosis is a well-described toxicity that has been

reported over a wide range of tumor pathologies and radia-

tion doses.1 Although histopathology can be used to establish a

diagnosis of radiation necrosis, more commonly a clinicoradio-

logic diagnosis of radiation necrosis is used to avoid surgical mor-

bidity and potential complications. Most of the literature regard-

ing radiation necrosis involves adult patients, but the incidence of

radiation necrosis in the pediatric brain tumor population with

photon radiation therapy has also been described with an inci-

dence of 5% and is potentially exacerbated by chemotherapy so

that radiation necrosis may be attributable to the combination of

radiation therapy and chemotherapy.2,3 Although radiation ther-

apy remains an important form of treatment for pediatric brain

tumors, the brains of young children may respond differently to

radiation therapy compared with adults. Potential etiologies re-

ported from a limited number of animal studies have demon-

strated differences in progenitor cells, local microenvironment,

inflammatory response, and effects on oligodendrocytes and mi-

croglia.4-7 Consequently, there is poor understanding of the effect

of radiation therapy combined with chemotherapy on the normal

brain tissue of pediatric patients. Therefore, continued investiga-

tion of radiation necrosis in pediatric patients remains important

to understand these differences in susceptibility to radiation

injury.

Compared with conventional (photon) radiation therapy,

proton beam therapy (PBT) offers the theoretic advantages of the
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absence of an exit dose, a highly conformal dose distribution, and

a reduced radiation dose to adjacent normal tissue.8 Therefore,

potential benefits of proton radiation therapy in patients with

pediatric brain tumors may include the reduction of negative

long-term effects of radiation, such as cognitive deficits, endo-

crine abnormalities, vascular abnormalities, and secondary ma-

lignancies.9 PBT has been used increasingly to treat pediatric

brain tumors, including craniopharyngiomas, ependymomas,

germinomas, and medulloblastomas; however, limited data exist

regarding radiation necrosis with proton radiation therapy in this

population, with only 1 small series reporting an incidence of

47%.10-14 The purpose of this research was to evaluate the inci-

dence, timing, clinical significance, risk factors, and imaging pat-

terns of radiation necrosis in patients with pediatric brain tumor

with PBT.

MATERIALS AND METHODS
Following institutional review board approval, a search of the

pediatric neuro-oncology patient data base at our institution

identified patients with primary brain tumors who were treated

with PBT, and verification of PBT treatment and doses was ob-

tained from the radiation oncology PBT treatment data base. All

patients were either those with a newly diagnosed primary brain

tumor who were subsequently treated with PBT or those who had

low-grade gliomas without prior treatment with radiation ther-

apy who demonstrated tumor progression on chemotherapy ne-

cessitating treatment with PBT. Therefore, patients were excluded

if there was any history of treatment with photon radiation ther-

apy, including before PBT, concurrent with PBT, or after PBT.

Patients were also excluded if there was �1 course of PBT. Sub-

sequently, a retrospective review of clinical and radiologic data

was performed on 60 consecutive pediatric patients with primary

brain tumors who had undergone cranial PBT from January 11,

2010, to October 25, 2012, and had clinical and MR imaging fol-

low-up performed at our institution. Patients were scanned at

approximately 3-month intervals or sooner with suspicious find-

ings on imaging. Patients without both 6 months of clinical fol-

low-up and MR imaging follow-up from the completion of PBT

were excluded from the statistical analysis for cerebral necrosis,

including if death occurred before 6 months.

PBT treatment doses followed the standard of care in the

United States at a Children’s Oncology Group treatment center

with a continuum of radiation doses ranging from 50 to 60 Gy

total for most. The radiation oncologist (J.C.B.) approved 3D im-

age guidance treatment plans before every single field in real-time

each day in every patient. Typical target volumes with PBT in-

cluded gross tumor volume (any visible residual tumor and/or

resection cavity) to a clinical target volume (area of concern) mar-

gin of 5 mm; and the planning tumor volume (gross tumor vol-

ume plus clinical target volume) margin was set as 2 mm with a

5-mm margin when accounting for additional factors including

smearing. All craniospinal radiation therapy was performed with

PBT, not photon radiation therapy. Twenty-one patients received

craniospinal radiation therapy with doses ranging from 23.4 to 36

Gy, which was performed with 1 treatment per day with no break

right into the boost. Those with medulloblastoma received cra-

niospinal irradiation while the remainder received focal PBT.

Brain MRI consisted of imaging performed with 1.5T or 3T

(Avanto and Verio; Siemens, Erlangen, Germany) MR imaging

units with axial and sagittal T1-weighted TSE, axial T2-weighted

TSE, axial FLAIR, axial DWI, coronal T1-weighted TSE postcon-

trast with fat saturation, and axial T1-weighted MPRAGE pulse

sequences. Postcontrast imaging was performed in all patients

after 0.1-mmol/kg intravenous administration of gadobenate

dimeglumine (MultiHance; Bracco Diagnostics, Princeton, New

Jersey).

Two fellowship-trained, board-certified neuroradiologists

(C.Y.H., S.F.K.) with Certificates of Added Qualification in neu-

roradiology independently evaluated all preoperative, immediate

postoperative, and subsequent follow-up brain MRI of included

patients. All sequences on preoperative and immediate postoper-

ative brain MRI were evaluated for imaging abnormalities, with

particular attention to preoperative tumor location and size, the

presence of multifocal or leptomeningeal tumor, hydrocephalus,

extent of tumor resection (gross total resection or subtotal resec-

tion), and immediate postoperative complications, including cy-

totoxic edema or hemorrhage. A gross total resection was defined

as no MR imaging evidence of residual tumor on postoperative

imaging. Subtotal resection was defined as any evidence of resid-

ual tumor remaining on the postoperative MR imaging. All se-

quences on postradiation therapy MRI were evaluated for imag-

ing abnormalities with particular attention to new areas of

parenchymal enhancement and subsequent changes of the en-

hancement on serial follow-up MRI. New areas of cerebral en-

hancement on postcontrast sequences were evaluated for loca-

tions, diameter of the largest area of enhancement, and serial

changes on follow-up MRI.

Radiation necrosis was defined after consensus agreement be-

tween the 2 neuroradiologists in conjunction with a pediatric

neuro-oncologist and a pediatric radiation oncologist as the fol-

lowing: 1) A new area of contrast enhancement occurs in the brain

parenchyma, which did not demonstrate abnormal signal or en-

hancement before radiation therapy. 2) The enhancement must

either spontaneously decrease or resolve within 6 months of de-

velopment on follow-up MR imaging without additional tumor

treatment intervention and without evidence of an alternate eti-

ology (ie, stroke, hemorrhage, or infection) in conjunction with a

review of clinical records performed by a board-certified pediatric

neuro-oncologist. 3) The area of enhancement is confirmed to be

within an area receiving a radiation dose by a board-certified pe-

diatric radiation oncologist. Patients with subtotal resections

demonstrating enlargement of residual tumor due to new areas of

nonenhancement within the residual tumor followed by a spon-

taneous decrease in the size of the tumor were defined as having

tumoral necrosis rather than radiation necrosis. Timing from the

completion of PBT to the development of radiation necrosis and

timing from the appearance of radiation necrosis to complete

resolution of enhancement were recorded.

Among patients with imaging findings of radiation necrosis,

the clinical significance of radiation necrosis was determined by a

pediatric neuro-oncologist following a review of the medical re-

cords and was graded by using the Common Terminology Crite-

ria for Adverse Events, Version 4.0 (CTCAE) grading scale for

CNS necrosis seen in Table 1.15 Clinical risk factors that were
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recorded included age at the time of radiation therapy, sex, tumor

pathology, tumor location, total radiation therapy dose, cranio-

spinal radiation therapy, and chemotherapy agents. Patients who

received �3 cytotoxic chemotherapeutic agents, not including

biologic agents such as tyrosine kinase or vascular endothelial

growth factor inhibitors, at any time during therapy, whether be-

fore, concurrent, or after proton beam treatment, were defined as

having received “multiple chemotherapeutic agents” for the pur-

poses of determining the statistical significance of chemotherapy

agents as a clinical risk factor associated with radiation necrosis.

Statistical analysis of radiation necrosis and clinical risk factors

was performed by using a 2-tailed Fisher exact test. A P value of

�.05 was considered statistically significant.

RESULTS
No patients were excluded due to nondiagnostic imaging. Eight

patients were excluded due to not meeting the minimum 6

months of follow-up imaging. Three of these patients (2 with

diffuse infiltrative pontine gliomas and 1 with a large supratento-

rial primitive neuroectodermal tumor) died before 6-month fol-

low-up imaging. Fifty-two patients were evaluated for radiation

necrosis. Patient characteristics are seen in Table 2. Seventeen of

52 (33%) patients had supratentorial tumors involving the pineal

(6, 12%), sella (6, 12%), and parenchyma or meninges (5, 10%).

Thirty-three of 52 (63%) patients had infratentorial tumors with

involvement of the brain stem (3, 6%) and fourth ventricle/cere-

bellar hemisphere (30, 58%). Multifocal tumor occurred in 2/52

(4%). Surgical treatment included gross total resection (28,

53.8%), subtotal resection (23, 44.2%), and none (1, 1.9%). The 1

nonsurgical case involved a brain stem tumor.

Median follow-up imaging following PBT was 18 months (av-

erage, 18.4 months; range, 6 –34 months). Six patients died, in-

cluding the 3 excluded patients who died before 6-month follow

up. The median time from surgery to completion of radiation

therapy was 72 days (average, 104 days; range, 34 – 434 days). Six-

teen of 52 (31%) patients developed radiation necrosis as defined

above with all of these patients (16/16, 100%) demonstrating

areas of enhancement that were not directly adjacent to the

resection cavity. Figures 1 and 2 show examples of patients

with radiologic findings consistent with radiation necrosis.

The median time to the development of radiation necrosis was

5.0 months (average, 5.5 months; range, 3–11 months). One

patient demonstrated tumoral necrosis beginning at 1 month

following PBT, which progressively decreased starting at 4

months following PBT. Two patients demonstrated a combi-

nation of tumoral necrosis and radiation necrosis with the tu-

moral necrosis in both patients beginning at 3 months follow-

ing PBT and progressively decreasing at 9 and 12 months

following PBT, respectively.

Radiation necrosis was identified with multiple tumor pathol-

ogies: medulloblastoma and primitive neuroectodermal tumor

(5/19, 26%), ependymoma (6/12, 50%), atypical teratoid rhab-

doid tumor (3/3, 100%), craniopharyngioma (1/3, 33%), pilo-

cytic astrocytoma (1/2, 50%), and pilomyxoid astrocytoma (1/1,

100%), while the remainder did not demonstrate radiation necro-

sis. Radiation necrosis was identified in multiple intracranial lo-

cations including the brain stem (56%); cerebellum (62%); glo-

bus pallidus and thalamus (31%); hippocampus (13%); and

corpus callosum, periventricular white matter, and corona radiata

(13%). Multiple areas of necrosis were identified in 63% of pa-

tients, while the remainder demonstrated a solitary focus of ne-

crosis. The median size of the largest focus of enhancement mea-

sured 0.9 cm (average, 1.2 cm; range, 0.3–5.7 cm). The median

time to complete resolution of all enhancing areas was 5.3 months

(range, 3–12 months), with complete resolution of enhancement

seen in 50% of patients at 3 months, in 75% of patients at 6

months, and in 100% of patients at 12 months.

Clinical risk factors associated with radiation necrosis are

listed in Table 3. Patients who received multiple chemotherapeu-

tic agents and atypical teratoid rhabdoid tumor pathology were

more likely to develop radiation necrosis (P � .03 and P � .03,

respectively). Chemotherapy details are demonstrated in the On-

line Table. Five patients who received multiple chemotherapeutic

agents before PBT developed radiation necrosis, while 3 patients

who received multiple chemotherapeutic agents before PBT did

not develop radiation necrosis. No patients received �3 chemo-

therapeutic agents during PBT. Among patients with imaging

findings of radiation necrosis, 12/16 (75%) were categorized as

having grade 1(asymptomatic) and 4/16 (25%) had grade 3 (se-

vere symptoms) according to the CTCAE central nervous system

necrosis grading scale. One patient with severe symptoms was

treated with hyperbaric oxygen therapy. Among all patients

treated with PBT, symptomatic radiation necrosis was present in

4/52 (7.7%).

Table 1: Common Terminology Criteria for Adverse Events,
Version 4.0: central nervous system necrosisa

Grade Criteria
1 Asymptomatic; clinical, or diagnostic observations only;

intervention not indicated
2 Moderate symptoms; corticosteroids indicated
3 Severe symptoms; medical intervention indicated
4 Life-threatening consequences; urgent intervention

indicated
5 Death

a Adapted from Department of Health and Human Services.15

Table 2: Patient characteristics
Category Characteristics

Age Average, 7.2 � 5.1 yr (range, 0.8–18 yr)
14/52 (27%) 3 years of age or younger

Sex Male/female, 2.5:1
Tumor pathology Medulloblastoma and PNET (n � 19)

Ependymoma (n � 12)
Germinoma (n � 4)
Brain stem glioma (n � 3)
ATRT (n � 3)
Craniopharyngioma (n � 3)
Mature teratoma (n � 2)
Pilocytic astrocytoma (n � 2)
High-grade neuroepithelial tumor (n � 1)
Pilomyxoid astrocytoma (n � 1)
Pineal parenchymal tumor (n � 1)
Chordoid meningioma (n � 1)

Total cranial radiation Average, 54.0 Gy (range, 21–59.4 Gy)

Note:—ATRT indicates atypical teratoid rhabdoid tumor; PNET, primitive neuroec-
todermal tumor.
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DISCUSSION
The prospective diagnosis of radiation necrosis in patients with

brain tumor remains challenging and strongly reliant on clinical

and radiologic data because biopsy of new imaging findings is

uncommon, particularly in pediatric patients who may develop

new lesions in critical structures such as the brain stem. Because a

myriad of imaging appearances have been described with radia-

tion necrosis, prospectively diagnosing radiation necrosis relies

on a multitude of factors, including the imaging appearance and

timing of necrosis and the larger clinical picture from the multi-

disciplinary care of these patients. In most cases, the confirmation

of radiation necrosis is the result of the serial clinical and radio-

logic follow-up of these patients. The imaging pattern most fre-

quently encountered among our patients treated with PBT was

that of multifocal small areas of parenchymal enhancement not

immediately adjacent to the resection cavity, which resolved at a

median of 5.0 months. These findings are similar to those from a

smaller series of patients treated with PBT by Sabin et al.10 The

imaging pattern we identified may help radiologists avoid misdi-

agnosis of tumor progression or at least consider the diagnosis of

radiation necrosis in pediatric patients with brain tumor with

PBT.

Radiation necrosis has been more extensively evaluated in

adults compared with children. The Quantitative Analyses of

FIG 1. A 2-year-old child with a posterior fossa ependymoma status post gross total resection who developed multiple small foci of abnormal
enhancement (arrows) in the pons and middle cerebellar peduncles, seen on an axial T1WI�C image (A), located within the radiation field (B) at
6 months following completion of PBT. Shown in the radiation treatment image (B) are the target structures of the gross tumor volume (dark
blue filled) and the clinical target volume (darker blue, not filled). The dose lines of the proton beam treatment plan (analogous to the elevation
lines of a topographic map) are shown as percentages of the prescription dose (59.4 Gy) in light purple (105%), red (100%), orange (95%), yellow
(90%), light green (85%), forest green (80%), and cyan (70%).

FIG 2. Examples of radiation necrosis in patients with pediatric brain tumor treated with proton radiation therapy. A, A 4-year-old child with
a posterior fossa ependymoma status post subtotal resection who developed multiple small foci of abnormal parenchymal enhancement
(arrows) in the pons and cerebellum seen on an axial T1WI�C image at 4 months following completion of PBT. B, A 7-year-old child with a
posterior fossa medulloblastoma status post subtotal resection who developed multiple small foci of abnormal parenchymal enhancement
(arrows) in the corpus callosum/periventricular white matter and the cerebellum and left superior cerebellar peduncle seen on a coronal
T1WI�C image at 7 months following completion of PBT. C, A 2-year-old child with a supratentorial ependymoma status post gross total
resection who developed a single small foci of abnormal parenchymal enhancement (arrow) in the right periventricular white matter seen on
an axial T1WI�C image at 11 months following completion of PBT.
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Normal Tissue Effects in the Clinic group reviewed 8 adult stud-

ies, including nearly 3700 patients, and estimated a 5% and 10%

risk of symptomatic radiation necrosis in patients who received

fractionated radiation with total doses of 72 and 90 Gy.16 In con-

trast, there are few reported large series of radiation necrosis in

patients with pediatric brain tumors. In 1 study of 101 children

treated with photon radiation therapy, 5% of patients developed

radiation necrosis based on clinicoradiologic follow-up.2 In an-

other study of 49 patients with malignant brain tumors treated

with photon radiation therapy, high-dose thiotepa, and autolo-

gous stem cell rescue, 37% of patients developed posttreatment

abnormal brain imaging findings, which were defined broadly to

include contrast-enhancing lesions, T2-weighted or FLAIR hy-

perintense lesions, hemorrhage, or subdural fluid, though the

percentage of radiation necrosis was not reported.3 In our series,

31% of patients developed radiation necrosis based on imaging,

indicating a trend toward a higher incidence of necrosis with PBT

compared with the incidence reported for photon radiation ther-

apy, which was similar to the high percentage in a series of 17

patients treated with PBT, of whom 47% developed an imaging

diagnosis of radiation necrosis.10 Our results differed, however,

from those of 2 separate series of pediatric patients treated with

PBT for ependymoma and medulloblastoma/primitive neuroec-

todermal tumor, in which no cases of radiation necrosis were

reported; however, neither series described the methodology for

detection of radiation necrosis to determine the significance of

this difference.12,13

Potential reasons for the differences in the reported incidence

of radiation necrosis between photon and proton radiation ther-

apy include differences in the clinicoradiologic definition, exclu-

sion of patients or certain tumors, and differences in medical or

radiation therapy. We chose to exclude patients who did not have

6-month follow-up imaging because our median timing to devel-

opment of necrosis occurred at 5 months. We chose to require

radiation necrosis to demonstrate contrast enhancement rather

than any new signal abnormality on imaging, which may decrease

the percentage of radiation necrosis in our series. In studies that

rely on a clinicoradiologic diagnosis of radiation necrosis, there is

no strict timeframe in which radiation necrosis must resolve, re-

main stable, or begin to decrease. A time requirement is ultimately

necessary, however, to establish a basis from which a clinicoradio-

logic diagnosis of radiation necrosis is determined. We used a

relatively conservative requirement that the enhancement resolve

or begin to decrease at 6 months, and

this may lower the incidence of radiation
necrosis in our patients. Last, studies re-
lying on a clinicoradiologic diagnosis of
radiation necrosis without histopathol-
ogy cannot be directly compared with
studies describing radiation necrosis on
the basis of histopathology. In our study,
we cannot definitively conclude that

these areas of enhancement represent
radiation necrosis on histopathology
versus an alternate process that is exac-

erbated by the effects of chemotherapy.
Pseudoprogression is one such po-

tential consideration for an alternate

process occurring in these patients. The pathophysiology of pseu-

doprogression is poorly understood, and there is overlap in both

terminology and appearance with radiation necrosis; however,

tissue obtained from patients with pseudoprogression does not

demonstrate the same findings seen in radiation necrosis.17 Pseu-

doprogression typically is defined as occurring within 3 months

after completion of treatment but can range up to 6 months after

therapy completion.17,18 In addition to relatively late timing en-

countered in our patients, the areas of necrosis were not within

areas of resected tumor and were not within adjacent structures in

which tumor growth would characteristically occur, both of

which are atypical for pseudoprogression. Therefore, the current

definition, description, and understanding of pseudoprogression

do not provide an adequate explanation of our findings. If one

recognizes the potential effects of chemotherapy in conjunction with

PBT and the lack of histologic proof in our patients, “treatment-

related cerebral necrosis” may be a more preferable description of the

findings among our patients and more indicative of potential multi-

factorial causes than radiation alone. Ultimately, the major point of

emphasis is that PBT may result in a significant degree of necrosis and

the effects of PBT may be potentiated by additional factors, particu-

larly chemotherapy.

The potential for chemotherapeutic interactions with radia-

tion therapy has been well-documented, albeit not well-under-

stood. For example, as chemosensitizers, temozolomide and bev-

acizumab have been used concurrently with radiation therapy in

high-grade gliomas, and carboplatin has been studied as a radia-

tion sensitizer with medulloblastomas and other CNS tu-

mors.19-22 In addition, chemotherapeutics such as anthracycline

and doxorubicin are commonly avoided during radiation and can

even remotely result in radiation recall with a later insult.23 Fi-

nally, there are many chemotherapeutics that may have direct

CNS toxicity such as methotrexate and ifosfamide, which could

potentiate CNS radiation necrosis. With this in mind, the pres-

ence, timing, and dosage of single or multiple chemotherapeutic

agents in conjunction with radiation may influence the incidence

and severity of radiation necrosis. Although we are not able to

implicate specific agents in our study, due to different treatment

protocols for different tumors, we are able to show that the pres-

ence of multiple chemotherapeutic agents significantly increases

the risk of radiation necrosis in our study. Fifty percent of the

patients in this study received multiple chemotherapeutic agents

and therefore compose a large percentage of our patients who

Table 3: Clinical variables associated with radiation necrosis
Statistically Significant Not Statistically Significant

�3 Chemotherapy agents (P � .03) Age, 2 years or younger (P � .11)
ATRT pathology (P � .03) Age, 3 years or younger (P � .34)

Sex (P � 1.0)
Gross total surgical resection (P � .77)
Medulloblastoma tumor pathology (P � .35)
Ependymoma tumor pathology (P � .15)
Germinomaa (P � .3)
Infratentorial tumor location (P � 1.0)
Pineal tumor locationa (P � .16)
Craniospinal radiation (P � .48)
Total radiation dose (P � .66)

Note:—ATRT indicates atypical teratoid rhabdoid tumor.
a No pineal tumors or germinomas demonstrated radiation necrosis.
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received radiation. Furthermore, the risk factor of atypical tera-

toid rhabdoid tumor pathology may be related to intensive

chemotherapy because all patients with atypical teratoid rhab-

doid tumors received high-dose neoadjuvant chemotherapy

with stem cell rescue before radiation therapy at our institu-

tion. These findings together underscore the importance of

further study in understanding the interaction of chemother-

apy and radiation therapy in the context of designing a brain

tumor treatment plan.

Predicting the timing of radiation necrosis remains challeng-

ing, and a wide range from months to years has been reported.

Understanding of the timing to development of necrosis, how-

ever, remains an important factor when imaging findings poten-

tially representing radiation necrosis are encountered. In our se-

ries, radiation necrosis was seen at a median of 5.0 months (range,

3–11 months). This compares with radiation necrosis described at

a median of 1.2 months (range, 0.5– 8.0 months) and 8 months

(range, 2–39 months) in 2 large series of patients with pediatric

brain tumors treated with photon radiation therapy and a median

time of 3.9 months in a smaller series of patients treated with

PBT.2,3 It remains uncertain which factors in patients with pedi-

atric brain tumor account for the difference in time to develop-

ment of radiation necrosis compared with adult patients, which is

more typical at or greater than 12 months.1,24 Based on the pro-

posed pathogenesis of radiation necrosis, there may be differences

in the vascular endothelium, progenitor cells, oligodendrocytes,

microglia, local microenvironment, and inflammatory response

in the developing brain compared with adults accounting for the

differences in timing.4-7 Last, differences in imaging-frequency

practice patterns likely contribute to differences in the reported

timing to the development of radiation necrosis, particularly be-

cause many patients may be asymptomatic. Therefore, the me-

dian time and range of the time to development of radiation ne-

crosis encountered in our patients should be considered an

approximation rather than an absolute time period.

The clinical significance of MR imaging changes suggestive of

radiation necrosis is a common question for the health care pro-

vider and his or her patients. Among our series of patients with

pediatric brain tumors treated with PBT who demonstrated radi-

ation necrosis, 25% demonstrated severe symptoms (based on the

CTCAE grading scale) with medical intervention indicated. On

the basis of these findings, any patient who develops similar MR

imaging findings suggestive of radiation necrosis should raise

high suspicion by the clinician for the current or later develop-

ment of clinical symptoms, though most subjects may remain

symptom-free.

Because radiation therapy remains the mainstay for many

CNS tumor types, it is common for patients to receive fairly stan-

dardized maximum doses, depending on the location of the tu-

mor. Thus, because the given radiation doses were not sufficiently

heterogeneous, we were not able to document dose dependence in

necrosis. However, the target doses typically used for PBT are

frequently based on prescribed doses determined for photon ra-

diation therapy. Whether similar doses using protons is required

to maintain equivalent cure rates or whether lower doses with

equivalent volumes may be as effective with less toxicity is not well

understood.

Limitations
In our center, most patients with pediatric brain tumor are re-

ferred for proton radiation therapy because of the real or per-

ceived benefits from PBT. However, there is still the possibility of

selection bias regarding certain disease types such as glioblastoma

multiforme or diffuse intrinsic pontine glioma that may be rec-

ommended for photon radiation therapy and, thus, not included

in the sample. Our patient population is heterogeneous, and dif-

ferent tumor types necessitate different surgical or medical treat-

ment. While we show that multiple chemotherapeutic agents in-

crease the risk of developing radiation necrosis following PBT,

our study was not able to distinguish whether any particular agent

or combination of agents plays a more or less significant role. An

associated limitation is the possibility that enhancing areas de-

scribed in our study may represent a process that is different from

the previously described histopathology of radiation necrosis and

that this process is affected by chemotherapy. While the total

given radiation dose did not demonstrate a statistically signif-

icant association with the development of radiation necrosis,

further evaluation of the absorbed doses in areas that develop

necrosis will be necessary, but this is beyond the scope of this

study.

CONCLUSIONS
Pediatric patients with brain tumors treated with proton radia-

tion therapy have a high incidence of radiation necrosis, demon-

strating a short timeframe to development, which frequently oc-

curs as multiple small areas of enhancement that are remote from

the tumor site. Knowledge of the timing, incidence, and imaging

appearance of radiation necrosis in patients with pediatric brain

tumor treated with PBT can help with the radiologic differentia-

tion from tumor recurrence. The presence of multiple chemo-

therapeutic agents was found to be a statistically significant risk

factor associated with radiation necrosis. Additional analysis re-

garding the interaction of specific chemotherapeutic agents with

PBT and the further investigation of PBT doses relative to photon

radiation therapy are necessary to reduce these adverse treatment

effects.
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Target® Detachable Coil  

See package insert for complete indications, 
contraindications, warnings and instructions for use.

INTENDED USE / INDICATIONS FOR USE
Target Detachable Coils are intended to endovascularly obstruct or occlude 
blood flow in vascular abnormalities of the neurovascular and peripheral 
vessels.
Target Detachable Coils are indicated for endovascular embolization of:
• Intracranial aneurysms
• Other neurovascular abnormalities such as arteriovenous malformations 

and arteriovenous fistulae
• Arterial and venous embolizations in the peripheral vasculature

CONTRAINDICATIONS
None known.

POTENTIAL ADVERSE EVENTS
Potential complications include, but are not limited to: allergic reaction, 
aneurysm perforation and rupture, arrhythmia, death, edema, embolus, 
headache, hemorrhage, infection, ischemia, neurological/intracranial 
sequelae, post-embolization syndrome (fever, increased white blood cell 
count, discomfort), TIA/stroke, vasospasm, vessel occlusion or closure, 
vessel perforation, dissection, trauma or damage, vessel rupture, vessel 
thrombosis.  Other procedural complications including but not limited to: 
anesthetic and contrast media risks, hypotension, hypertension, access 
site complications.

WARNINGS
• Contents supplied STERILE using an ethylene oxide (EO) process. Do not 

use if sterile barrier is damaged. If damage is found, call your Stryker 
Neurovascular representative.

• For single use only. Do not reuse, reprocess or resterilize. Reuse, 
reprocessing or resterilization may compromise the structural integrity 
of the device and/or lead to device failure which, in turn, may result in 
patient injury, illness or death. Reuse, reprocessing or resterilization 
may also create a risk of contamination of the device and/or cause 
patient infection or cross-infection, including, but not limited to, the 
transmission of infectious disease(s) from one patient to another. 
Contamination of the device may lead to injury, illness or death of the 
patient.

• After use, dispose of product and packaging in accordance with hospital, 
administrative and/or local government policy.

• This device should only be used by physicians who have 
received appropriate training in interventional neuroradiology or 
interventional radiology and preclinical training on the use of this 
device as established by Stryker Neurovascular.

• Patients with hypersensitivity to 316LVM stainless steel may suffer an 
allergic reaction to this implant.

• MR temperature testing was not conducted in peripheral vasculature, 
arteriovenous malformations or fistulae models.

• The safety and performance characteristics of the Target Detachable 
Coil System (Target Detachable Coils, InZone Detachment Systems, 

delivery systems and accessories) have not been demonstrated with 
other manufacturer’s devices (whether coils, coil delivery devices, coil 
detachment systems, catheters, guidewires, and/or other accessories). 
Due to the potential incompatibility of non Stryker Neurovascular 
devices with the Target Detachable Coil System, the use of other 
manufacturer’s device(s) with the Target Detachable Coil System is not 
recommended.

• To reduce risk of coil migration, the diameter of the first and second coil 
should never be less than the width of the ostium.

• In order to achieve optimal performance of the Target Detachable Coil 
System and to reduce the risk of thromboembolic complications, it 
is critical that a continuous infusion of appropriate flush solution be 
maintained between a) the femoral sheath and guiding catheter, b) the 
2-tip microcatheter and guiding catheters, and c) the 2-tip microcatheter 
and Stryker Neurovascular guidewire and delivery wire. Continuous flush 
also reduces the potential for thrombus formation on, and crystallization 
of infusate around, the detachment zone of the Target Detachable Coil.

• Do not use the product after the “Use By” date specified on the package.
• Reuse of the flush port/dispenser coil or use with any coil other than the 

original coil may result in contamination of, or damage to, the coil.
• Utilization of damaged coils may affect coil delivery to, and stability 

inside, the vessel or aneurysm, possibly resulting in coil migration and/
or stretching.

• The fluoro-saver marker is designed for use with a Rotating Hemostatic 
Valve (RHV). If used without an RHV, the distal end of the coil may be 
beyond the alignment marker when the fluoro-saver marker reaches the 
microcatheter hub.

• If the fluoro-saver marker is not visible, do not advance the coil without 
fluoroscopy.

• Do not rotate delivery wire during or after delivery of the coil. Rotating 
the Target Detachable Coil delivery wire may result in a stretched coil 
or premature detachment of the coil from the delivery wire, which could 
result in coil migration.

• Verify there is no coil loop protrusion into the parent vessel after coil 
placement and prior to coil detachment. Coil loop protrusion after coil 
placement may result in thromboembolic events if the coil is detached.

• Verify there is no movement of the coil after coil placement and prior to 
coil detachment. Movement of the coil after coil placement may indicate 
that the coil could migrate once it is detached.

• Failure to properly close the RHV compression fitting over the delivery 
wire before attaching the InZone® Detachment System could result in 
coil movement, aneurysm rupture or vessel perforation.

• Verify repeatedly that the distal shaft of the catheter is not under stress 
before detaching the Target Detachable Coil. Axial compression or 
tension forces could be stored in the 2-tip microcatheter causing the tip 
to move during coil delivery. Microcatheter tip movement could cause 
the aneurysm or vessel to rupture.

• Advancing the delivery wire beyond the microcatheter tip once the coil 
has been detached involves risk of aneurysm or vessel perforation.

• The long term effect of this product on extravascular tissues has not 
been established so care should be taken to retain this device in the 
intravascular space.

Damaged delivery wires may cause detachment failures, vessel injury or 
unpredictable distal tip response during coil deployment. If a delivery wire 
is damaged at any point during the procedure, do not attempt to straighten 
or otherwise repair it. Do not proceed with deployment or detachment. 
Remove the entire coil and replace with undamaged product.

• After use, dispose of product and packaging in accordance with hospital, 
administrative and/or local government policy.

CAUTIONS / PRECAUTIONS
• Federal Law (USA) restricts this device to sale by or on the order of a 

physician.
• Besides the number of InZone Detachment System units needed to 

complete the case, there must be an extra InZone Detachment System 
unit as back up.

• Removing the delivery wire without grasping the introducer sheath and 
delivery wire together may result in the detachable coil sliding out of the 
introducer sheath.

• Failure to remove the introducer sheath after inserting the delivery wire 
into the RHV of the microcatheter will interrupt normal infusion of flush 
solution and allow back flow of blood into the microcatheter.

• Some low level overhead light near or adjacent to the patient is required 
to visualize the fluoro-saver marker; monitor light alone will not allow 
sufficient visualization of the fluoro-saver marker.

• Advance and retract the Target Detachable Coil carefully and smoothly 
without excessive force. If unusual friction is noticed, slowly withdraw 
the Target Detachable Coil and examine for damage. If damage is 
present, remove and use a new Target Detachable Coil. If friction or 
resistance is still noted, carefully remove the Target Detachable Coil and 
microcatheter and examine the microcatheter for damage.

• If it is necessary to reposition the Target Detachable Coil, verify under 
fluoroscopy that the coil moves with a one-to-one motion. If the coil does 
not move with a one-to-one motion or movement is difficult, the coil may 
have stretched and could possibly migrate or break. Gently remove both 
the coil and microcatheter and replace with new devices.

• Increased detachment times may occur when:
 – Other embolic agents are present.
 – Delivery wire and microcatheter markers are not properly aligned.
 – Thrombus is present on the coil detachment zone.

• Do not use detachment systems other than the InZone Detachment 
System.

• Increased detachment times may occur when delivery wire and 
microcatheter markers are not properly aligned.

• Do not use detachment systems other than the InZone Detachment 
System.
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Trevo® XP ProVue Retrievers 
See package insert for complete indications, 
complications, warnings, and instructions for use.

INDICATIONS FOR USE
The Trevo Retriever is intended to restore blood flow in the 
neurovasculature by removing thrombus in patients experiencing ischemic 
stroke within 8 hours of symptom onset. Patients who are ineligible for 
intravenous tissue plasminogen activator (IV t-PA) or who fail IV t-PA 
therapy are candidates for treatment. 

COMPLICATIONS
Procedures requiring percutaneous catheter introduction should not be 
attempted by physicians unfamiliar with possible complications which may 
occur during or after the procedure. Possible complications include, but are 
not limited to, the following: air embolism; hematoma or hemorrhage at 
puncture site; infection; distal embolization; pain/headache; vessel spasm, 
thrombosis, dissection, or perforation; emboli; acute occlusion; ischemia; 
intracranial hemorrhage; false aneurysm formation; neurological deficits 
including stroke; and death.

COMPATIBILITY
3x20 mm retrievers are compatible with Trevo® Pro 14 Microcatheters 
(REF 90231) and Trevo® Pro 18 Microcatheters (REF 90238).  4x20 mm 
retrievers are compatible with Trevo® Pro 18 Microcatheters (REF 90238). 
Compatibility of the Retriever with other microcatheters has not been 
established. Performance of the Retriever device may be impacted if a 
different microcatheter is used. The Merci® Balloon Guide Catheters are 
recommended for use during thrombus removal procedures. Retrievers 
are compatible with the Abbott Vascular DOC® Guide Wire Extension 
(REF 22260).

WARNINGS
• Contents supplied STERILE, using an ethylene oxide (EO) process. 

Nonpyrogenic.
• To reduce risk of vessel damage, adhere to the following recommendations:

 – Take care to appropriately size Retriever to vessel diameter at 

intended site of deployment. 
 – Do not perform more than six (6) retrieval attempts in same vessel 

using Retriever devices.
 – Maintain Retriever position in vessel when removing or exchanging 

Microcatheter.
• To reduce risk of kinking/fracture, adhere to the following 

recommendations:
 – Immediately after unsheathing Retriever, position Microcatheter 

tip marker just proximal to shaped section. Maintain Microcatheter 
tip marker just proximal to shaped section of Retriever during 
manipulation and withdrawal.

 – Do not rotate or torque Retriever.
 – Use caution when passing Retriever through stented arteries.

• Do not resterilize and reuse. Structural integrity and/or function may be 
impaired by reuse or cleaning.

• The Retriever is a delicate instrument and should be handled carefully. 
Before use and when possible during procedure, inspect device carefully 
for damage. Do not use a device that shows signs of damage. Damage 
may prevent device from functioning and may cause complications.

• Do not advance or withdraw Retriever against resistance or significant 
vasospasm. Moving or torquing device against resistance or significant 
vasospasm may result in damage to vessel or device. Assess cause 
of resistance using fluoroscopy and if needed resheath the device to 
withdraw. 

• If Retriever is difficult to withdraw from the vessel, do not torque 
Retriever. Advance Microcatheter distally, gently pull Retriever back into 
Microcatheter, and remove Retriever and Microcatheter as a unit. If undue 
resistance is met when withdrawing the Retriever into the Microcatheter, 
consider extending the Retriever using the Abbott Vascular DOC 
guidewire extension (REF 22260) so that the Microcatheter can be 
exchanged for a larger diameter catheter such as a DAC® catheter. 
Gently withdraw the Retriever into the larger diameter catheter.

• Administer anti-coagulation and anti-platelet medications per standard 
institutional guidelines.

PRECAUTIONS
• Prescription only – device restricted to use by or on order of a physician.
• Store in cool, dry, dark place.
• Do not use open or damaged packages.
• Use by “Use By” date.
• Exposure to temperatures above 54°C (130°F) may damage device and 

accessories. Do not autoclave.
• Do not expose Retriever to solvents.
• Use Retriever in conjunction with fluoroscopic visualization and proper 

anti-coagulation agents.
• To prevent thrombus formation and contrast media crystal formation, 

maintain a constant infusion of appropriate flush solution between guide 
catheter and Microcatheter and between Microcatheter and Retriever 
or guidewire.

• Do not attach a torque device to the shaped proximal end of DOC® 
Compatible Retriever. Damage may occur, preventing ability to attach 
DOC® Guide Wire Extension.
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Smooth and Stable
Whether you are framing, filling or finishing, Target Detachable Coils deliver  
consistently smooth deployment and exceptional microcatheter stability.  
Focused on design, Target Coils feature a host of advantages to ensure the  
high-powered performance you demand.

For more information, please visit www.strykerneurovascular.com/Target
or contact your local Stryker Neurovascular sales representative.
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