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REVIEW ARTICLE

Reversible Cerebral Vasoconstriction Syndrome, Part 2:
Diagnostic Work-Up, Imaging Evaluation, and

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

ABSTRACT

SUMMARY: The diagnostic evaluation of a patient with reversible cerebral vasoconstriction syndrome integrates clinical, labora-
tory, and radiologic findings. Imaging plays an important role by confirming the presence of cerebral vasoconstriction; monitoring
potential complications such as ischemic stroke; and suggesting alternative diagnoses, including CNS vasculitis and aneurysmal
subarachnoid hemorrhage. Noninvasive vascular imaging, including transcranial Doppler sonography and MR angiography, has played
an increasingly important role in this regard, though conventional angiography remains the criterion standard for the evaluation of
cerebral artery vasoconstriction. Newer imaging techniques, including high-resolution vessel wall imaging, may help in the future to
better discriminate reversible cerebral vasoconstriction syndrome from primary angiitis of the CNS, an important clinical
distinction.

ABBREVIATIONS: PACNS � primary angiitis of the CNS; RCVS � reversible cerebral vasoconstriction syndrome; TCD � transcranial Doppler sonography; VWI �
vessel wall imaging

Reversible cerebral vasoconstriction syndrome (RCVS) is a

clinical and radiologic syndrome characterized by the hyper-

acute onset of severe headache and reversible segmental vasocon-

striction of the cerebral arterial vasculature.1-5 In the first part of

this review, we discussed the historical background, possible

pathogenesis, and clinical features of RCVS. In this second part,

we will explore the diagnostic work-up of suspected cases of

RCVS, with an emphasis on the role of imaging in the diagnosis of

the entity and monitoring potential complications. This includes

high-resolution MR vessel wall imaging (VWI), a new technique

that may help differentiate RCVS from alternative diagnoses by

characterizing pathologic changes in the wall of affected cerebral

arteries. Finally, we will discuss how to integrate both clinical and

radiographic features in suspected cases of RCVS to formulate a

tailored differential diagnosis. Special emphasis will be placed on

differentiating RCVS from aneurysmal subarachnoid hemor-

rhage and primary angiitis of the CNS (PACNS).

Diagnostic Work-Up and Imaging Evaluation
Appropriate care of patients suspected of having RCVS begins

with a prompt diagnostic work-up to exclude alternative diagno-

ses, such as aneurysmal subarachnoid hemorrhage and PACNS.6

This includes obtaining a complete medical history, with partic-

ular attention paid to any common RCVS triggers that may be

present; detailed physical examination; CSF analysis; and non-

contrast head CT to evaluate for intracranial hemorrhage.2,7-9

CSF analysis is an important element in the diagnostic work-up of

RCVS, which is reflected in its inclusion in the diagnostic criteria

of the syndrome. In most cases of RCVS, findings of CSF analysis

will be unremarkable, with red and white blood cell counts and

protein levels either within normal limits or only mildly ele-

vated.2,7,9-13 Finally, findings of other laboratory tests, including

serum analysis for markers of inflammation such as erythrocyte

sedimentation rate and C-reactive protein, are also usually within

normal limits in patients with RCVS.2,9,14

The role of neuroimaging in patients with RCVS includes

demonstration of cerebral vasoconstriction, evaluation of al-

ternative diagnoses, and monitoring potential complications

such as intracranial hemorrhage, vasogenic edema, and ischemic

stroke.4,7,9 Although conventional angiography has been the cri-

terion standard for evaluation of cerebral vasoconstriction in sus-

pected cases of RCVS, noninvasive imaging modalities such as

transcranial Doppler sonography (TCD), CT angiography, and

MR angiography are being used with increasing frequency (Table

1).4,5,9,12,15 When present, cerebral vasoconstriction involves

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-
partment of Diagnostic Radiology (M.M.-B.), Section of Neuroradiology, University
of Washington, Seattle, Washington.

Please address correspondence to Dheeraj Gandhi, MD, University of Maryland
Medical Center, Department of Diagnostic Radiology, Room N2W78, 22 South
Greene St, Baltimore, MD 21201; e-mail: Dgandhi@umm.edu

Indicates open access to non-subscribers at www.ajnr.org
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multiple vascular territories and results in a beaded appearance of

medium-to-large cerebral arteries with multifocal areas of nar-

rowing interspersed with normal-caliber segments.1,4,7,12,14 The

severity and distribution of vasoconstriction can fluctuate among

examinations, with some areas improving and others worsen-

ing.1,2,9,16,17 Although the above angiographic findings are highly

suggestive of RCVS in the appropriate clinical setting, they remain

nonspecific and can be encountered with various other types of

CNS vasculopathies and vasculitis.2,14,18-20

The initial angiographic evaluation findings in suspected cases

of RCVS may be unremarkable in the 4 –5 days following patient

presentation.1,2,4,5,21 In fact, cerebral vasoconstriction may not

be visualized in up to one-third of patients with RCVS during

the first week following symptom onset.22 As suggested by Du-

cros and Bousser,2 this finding may be due to segmental vaso-

constriction in RCVS beginning in small, peripheral arterioles

before subsequently proceeding centripetally to involve me-

dium and large cerebral arteries, which are more readily visu-

alized.23 If cerebral vasoconstriction is not demonstrated on

initial vascular imaging and other diagnoses have been ex-

cluded, the patient should be managed as if he or she has pos-

sible or probable RCVS.1

The following sections further explore the various imaging

techniques available for evaluation of suspected cases of RCVS,

followed by a more detailed discussion of alternative diagnoses.

Transcranial Doppler Sonography
TCD has been used to monitor the evolution of vasoconstriction

in patients with RCVS by measuring mean and peak blood flow

velocities in proximal cerebral arteries around the circle of Wil-

lis.9,21,24 A prospective study of 67 patients found that 69% of

patients with RCVS had elevated middle cerebral and internal

carotid artery velocities, with means of 163 and 148 cm/s, respec-

tively.12 Peak mean cerebral flow velocities were typically present

just �3 weeks following symptom onset (22 days). Serial TCD

examinations may be more sensitive for detecting RCVS-related

elevations in cerebral arterial flow than single examinations be-

cause TCD findings may be unremarkable early in the course of

the syndrome.2 Normalization of TCD parameters is typically

seen by 12 weeks, paralleling the delay in resolution of cerebral

vasoconstriction seen with other vascular imaging modalities

such as CT and MR angiography.24,25

However, alterations in TCD parameters do not appear to be

as profound as those seen in patients with aneurysmal subarach-

noid hemorrhage.5,24 Only 13% of patients with RCVS in 1 series

fulfilled the TCD diagnostic criteria for mild vasospasm.24 TCD

may play a role in monitoring potential complications of RCVS.

Chen et al24 noted that transcranial color Doppler sonography

indicators of cerebral vasoconstriction, including elevated mean

flow velocities in the MCA (�120 cm/s) and an elevated Linde-

gaard Index (�3), were associated with an increased risk of devel-

oping posterior reversible encephalopathy syndrome.

Noncontrast CT and CT Angiography
Noncontrast head CT should be the initial examination per-

formed for patients presenting with symptoms suggestive of

RCVS, particularly thunderclap headache. Noncontrast CT is an

effective way to screen patients for the presence of intracranial

hemorrhage, including subarachnoid and intraparenchymal

hemorrhage, as well as ischemic stroke. Subarachnoid hemor-

rhage associated with RCVS is often small in amount and con-

fined to cerebral sulci near the vertex. It may be a subtle finding on

noncontrast CT.10 If subarachnoid hemorrhage is present, the

distribution of blood, cisternal versus sulcal, can help direct fur-

ther diagnostic evaluations. Finally, noncontrast CT may demon-

strate multifocal infarcts of varying ages, which can suggest the

alternative diagnosis of CNS vasculitis.

CT angiography can be used to demonstrate segmental vaso-

constriction suggestive of RCVS.8 It can also serve to evaluate

other potential etiologies of patient symptoms and findings, in-

cluding cerebral aneurysm, pituitary hemorrhage, arterial dissec-

tion, and, occasionally, arterial narrowing and irregularity sugges-

tive of CNS vasculitis. Dual-energy CTA may aid in the diagnosis

of cerebral vasoconstriction in suspected cases of RCVS and the

evaluation of potential alternative diagnoses such as cerebral an-

eurysm, by improved bone removal at the skull base.8 However,

one important drawback of this technique is the increased radia-

tion exposure to the patient.8 Finally, CT venography can also be

performed with CTA with a slightly delayed scan following con-

trast administration, potentially allowing the diagnosis of cortical

vein and/or dural sinus thrombosis.

Brain MR Imaging and MR Angiography
Brain MR imaging is often performed in suspected cases of RCVS,

and findings can appear normal or demonstrate evidence of compli-

cations of the syndrome, such as watershed infarcts or posterior re-

versible encephalopathy syndrome.10,12,14,16 For example, T2

FLAIR-weighted imaging can be used to evaluate for subarach-

noid hemorrhage and cerebral edema, while diffusion-weighted

imaging is helpful in evaluating for watershed infarcts. Suscepti-

bility-weighted imaging can help evaluate the presence of intra-

cranial hemorrhage. Ischemic infarctions in RCVS are typically

watershed in location and bilateral, presumably reflecting im-

paired cerebral blood flow secondary to severe cerebral vasocon-

striction.2,7 In addition, MR imaging can also evaluate potential

alternative diagnoses, including PACNS, dural sinus thrombosis,

Table 1: Role of imaging modalities in the management of RCVS
Role of Imaging Modalities

Transcranial Doppler sonography
Diagnosis of vasoconstriction
Monitoring of vasoconstriction

Noncontrast CT, CT angiography
Detection of cerebral vasoconstriction
Evaluation for complications such as SAH
Provide plausible alternative diagnoses such as cerebral aneurysm

MR imaging, MR angiography
Detection of cerebral vasoconstriction
Evaluation for complications such as ischemic stroke
Provide plausible alternative diagnoses such as cortical vein

thrombosis
Vessel wall imaging

Catheter angiography
Detection of cerebral vasoconstriction, criterion standard
Demonstration of reversibility of vasoconstriction following

intra-arterial vasodilator therapy
Possible treatment with vasodilator or balloon angioplasty
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pituitary apoplexy, cortical vein thrombosis, and arterial

dissection.

Hyperintense vessels along cerebral sulci on T2 FLAIR imag-

ing have been noted in patients with RCVS (22%) and correlate

with more severe vasoconstriction as measured by TCD.16,26-28 In

one study, the presence of hyperintense vessels was associated

with a higher risk incidence of ischemic stroke and posterior re-

versible encephalopathy syndrome.26 Hyperintense vessels on T2

FLAIR imaging have previously been described in association

with other conditions involving severe cerebral artery stenosis

or occlusion, including acute large-vessel ischemic stroke and

Moyamoya disease. The hyperintense vessels are thought to

represent slow flow in either distal cortical arteries or lepto-

meningeal anastomotic collaterals.22,27,28 However, hyperin-

tense vessels on T2 FLAIR imaging must be differentiated from

subarachnoid hemorrhage, which may also be present in pa-

tients with RCVS. SWI may be helpful in this regard by iden-

tifying the latter.16,22

MR angiography is an effective way of diagnosing and moni-

toring the evolution of RCVS-related vasoconstriction, allowing

patients to avoid exposure to ionizing radiation and the small risk

of complications associated with conventional angiography.12,29

Chen et al29 followed a group of patients with RCVS with serial

MRA and showed that the severity of segmental cerebral vasocon-

striction peaked in these patients around

day 16 following symptom onset and

significantly improved in most patients

by 1 month. However, the evolution of

cerebral vasoconstriction was not uni-

form, with some cerebral arteries im-

proving on serial scans and others wors-

ening.29 They also found that combined

segmental vasoconstriction scores in the

M1 and P2 arterial segments were most

closely associated with the complica-

tions of ischemic stroke and posterior

reversible encephalopathy syndrome.29

One limitation of MRA is the evaluation

of small, distal cerebral arteries, which

are better evaluated on conventional an-

giography, given its superior spatial

resolution.29

Vessel Wall Imaging
High-resolution MR VWI is a relatively

new technique that is being increasingly

used in the evaluation of cerebrovascu-

lar disease, including CNS vasculitis,

RCVS, cerebral aneurysms, Moyamoya

disease and syndrome, arterial dissec-

tion, and intracranial atherosclero-

sis.20,30-34 This method can use high-

resolution 2D or 3D imaging, frequently

with pre- and postcontrast T1 or pro-

ton-attenuation sequences.20,32,35-38 In

addition, high-resolution T2-weighted

imaging can be used for multicontrast

imaging.33,39-41 In contradistinction to conventional angio-

graphic imaging techniques that primarily evaluate the blood ves-

sel lumen, such as conventional angiography, this approach pro-

vides information regarding the blood vessel wall itself, which is

typically only 1–2 mm thick in proximal intracranial vessels.42

VWI has been described as black-blood imaging because it

results in low signal in the vessel lumen, thereby aiding in the

visualization of the blood vessel wall. VWI can be technically chal-

lenging to perform however, due to the small caliber and tortuous

course of the intracranial arteries, necessitating high spatial resolu-

tion and thus high-field-strength magnets. Specific blood vessel wall

abnormalities that can be detected by using VWI include vessel wall

thickening, which can be further characterized as smooth versus ir-

regular or concentric versus eccentric; and vessel wall enhancement

and signal characteristics.20,30,31,43

There has been considerable recent interest in using VWI to

help differentiate RCVS from CNS vasculitis, which can overlap

in clinical and conventional imaging features.20,30 Mandell et al30

used VWI to evaluate a small group of patients presenting with

multifocal narrowing of large intracranial arteries, suspicious for

vasculitis or RCVS. They found that while patients ultimately di-

agnosed with both RCVS and CNS vasculitis demonstrated arte-

rial wall thickening, wall enhancement was present only in cases of

CNS vasculitis. The authors hypothesized that this finding was

FIG 1. A 55-year-old woman who presented with severe headache and developed left-sided
weakness. DWI (A) shows multifocal infarcts involving the centrum semiovale and left posterior
parietal lobe. On coronal 3D reformatted TOF MRA (B), there is diffuse narrowing of the bilateral
middle and anterior cerebral arteries (white arrowheads). Parasagittal postcontrast T1 high-res-
olution VWI of the M1 arterial segment of the left MCA (C) shows mild wall thickening and minimal
enhancement (similar findings were noted in the right M1 arterial segment, not shown). The
patient was diagnosed with RCVS, with subsequent resolution of cerebral vasoconstriction (D).
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consistent with pathology results of patients with RCVS who have

undergone biopsy—namely, vasoconstriction without an under-

lying inflammatory vessel wall infiltrate.30

A more recent article by Obusez et al20 compared VWI find-

ings in a larger group of patients diagnosed with RCVS and CNS

vasculitis (n � 13 in each group). They found that 12 of 13 pa-

tients diagnosed with CNS vasculitis demonstrated multifocal,

short-segment vessel wall thickening, with 9 having concentric

and 3 having eccentric wall enhancement (Fig 1). In contradis-

tinction, of the 13 patients diagnosed with RCVS, 10 demon-

strated diffuse uniform wall thickening, of which only 4 had asso-

ciated mild wall enhancement. A minority in each group

underwent follow-up VWI, which demonstrated earlier resolu-

tion of imaging findings in patients with diagnosed RCVS. These

results suggest that VWI may be a useful tool in differentiating

RCVS and CNS vasculitis, though further investigation is needed

(Fig 2).

Perfusion Imaging
Perfusion imaging is being increasingly used in the evaluation and

monitoring of cerebrovascular diseases such as RCVS and can be

performed by using CT or MR imaging techniques.44 CT perfu-

sion is performed by repeatedly imaging

through the brain during the adminis-

tration of an iodine contrast bolus. The

resulting patient radiation exposure is a

potential drawback of this method, par-

ticularly in those patients requiring mul-

tiple scans. MR perfusion techniques in-

clude T1 dynamic contrast-enhanced

and dynamic susceptibility contrast

MR imaging, the latter performed by

rapid, repeat echo-planar imaging of

the brain during the passage of a gad-

olinium contrast bolus, with resulting

loss of intra-arterial signal secondary

to susceptibility effects from the para-

magnetic contrast.44 Alternatively, ar-

terial spin-labeling perfusion is a com-

pletely noninvasive MR imaging

technique that does not require the ad-

ministration of gadolinium contrast

but instead uses an electromagnetic

spin inversion to tag water molecules,

which then serve as a freely diffusible

flow tracer.45

On the basis of our own clinical ex-

perience and a few isolated case reports,

perfusion imaging in RCVS may show

multifocal areas of hypoperfusion that

often include cerebral watershed zones

corresponding to the involved vascular

territories (Fig 3).46,47 These areas of

perfusion abnormality may worsen

acutely and, in some instances, progress

to watershed infarction as previously

discussed.47 Changes in cerebral perfu-

sion may correspond to the evolution of

arterial vasoconstriction, and this information could potentially

be used to track treatment response (eg, vasodilator therapy) and

provide physiologic information regarding the effects of individ-

ual stenoses.46 However, given the relative paucity of published

data, further research into the potential role of perfusion imaging

in the evaluation and monitoring of RCVS is needed.

Catheter Angiography
Conventional angiography remains the imaging criterion stan-

dard for the evaluation of cerebral vasculature and may detect

cerebral vasoconstriction in patients whose initial noninvasive

vascular imaging findings appear unremarkable.12 This is partic-

ularly true in the evaluation of small, distal cortical vessels, which

are suboptimally evaluated by CTA or MRA secondary to their

inferior spatial resolution. Ducros and Bousser2 found that non-

invasive imaging with MRA and CTA demonstrated sensitivity

for detecting RCVS-vasoconstriction of 80% compared with

conventional angiography. In our experience, conventional

angiography has been proved an invaluable tool when clinical

diagnosis is equivocal and noninvasive imaging findings are

normal. For example, it may help evaluate patients with sus-

FIG 2. A 35-year-old man with a history of Behçet vasculitis who presented with left-sided
weakness. DWI (A) demonstrates an acute infarct involving the right thalamus and posterior limb
of the internal capsule (white arrow). Coronal 3D reformat of TOF MRA (B) reveals irregularity and
narrowing of the M1 arterial segment of the right MCA (white arrow) and occlusion or high-grade
stenosis of the P1 arterial segment of the right PCA (curved white arrow). On axial T1 postcontrast
high-resolution VWI (C), there is prominent enhancement and enlargement of the right posterior
cerebral artery (white arrow). Sagittal T1 postcontrast VWI (D) demonstrates typical tram-track,
circumferential enhancement of the right M1 MCA (white arrow), consistent with vasculitic
inflammation.

AJNR Am J Neuroradiol 36:1580 – 88 Sep 2015 www.ajnr.org 1583



pected RCVS who either present in a somewhat atypical fash-

ion (eg, more insidious-onset headache, no obvious risk fac-

tors) or demonstrate a plausible alternative diagnosis (eg,

cerebral aneurysm arising from the circle of Willis). In these

instances, better visualization of the character and distribution

of cerebral artery irregularity and the morphology of any cere-

bral aneurysms present can be helpful.

Additionally, DSA may provide complementary information

to aid the diagnosis, including reversibility of vasoconstriction

following intra-arterial administration of a vasodilator.48-52 Be-

cause diagnostic confirmation of RCVS is usually retrospective

following spontaneous resolution of clinical and angiographic

findings in 1–3 months, there is often a substantial delay in con-

firming the diagnosis. Consequently, demonstration of reversibil-

ity following intra-arterial vasodilator administration can be clin-

ically useful in the early recognition of RCVS, as opposed to the

partial or incomplete improvement often seen with other va-

sospastic disorders.52 At this time, the potential risks of such a

diagnostic challenge remain uncertain and perhaps may be un-

necessary if the clinical and radiologic findings are otherwise sup-

portive of a diagnosis of RCVS.

Although conventional angiography

is generally a safe procedure when per-

formed by experienced operators, a sug-

gestion has been made that there may be

an increased risk of transient ischemic

attack in patients with RCVS. Ducros et

al12 reported a 9% incidence of new

transient neurologic deficits within 1

hour following conventional angiography

in 67 patients. However, Katz et al,53 in

their retrospective study, failed to demon-

strate a similar increased risk of clinical de-

terioration in patients with RCVS under-

going conventional angiography. In our

experience, both published and unpub-

lished, we have found no increase in com-

plication rates following cerebral angiog-

raphy for RCVS.10

Differential Diagnosis
As previously discussed, presenting

symptoms, sequelae, and radiographic

features of RCVS can significantly

overlap other frequently encountered

medical conditions involving the

CNS (Table 2).1,2,7,15,21,23 Further-

more, treatment of some of these alter-

native diagnoses, including aneurysmal

subarachnoid hemorrhage and PACNS,

varies considerably from that of RCVS,

making an accurate diagnosis critical to

ensuring appropriate patient care.13,19

The following section will highlight im-

portant clinical and radiologic findings

that can help differentiate some of these

entities from RCVS.

Cerebral Aneurysm Rupture with Subarachnoid Hemorrhage. Dif-

ferentiating RCVS from aneurysmal subarachnoid hemorrhage

can be challenging due to the overlap in patient symptomatology

and radiographic features.54 In particular, the scenario of thun-

derclap headache, sulcal subarachnoid hemorrhage, and a re-

mote cerebral aneurysm at or near the circle of Willis can be

particularly difficult.55 As previously discussed, the relapsing-

remitting thunderclap headache typical of RCVS would be

highly unusual for patients with aneurysmal subarachnoid

hemorrhage.1,2,11,12,21,29 Although aneurysmal subarachnoid

hemorrhage is overall the most common cause of nonprimary

thunderclap headache, RCVS is the most probable diagnosis in

patients who experience episodic thunderclap headaches for

1–2 weeks.55

Furthermore, patients with aneurysmal subarachnoid hemor-

rhage often demonstrate acute, progressive neurologic decline

following presentation due to complications such as increased

intracranial pressure and communicating hydrocephalus, which,

again, would be atypical for RCVS. A retrospective analysis of

patients with RCVS (n � 38), aneurysmal subarachnoid hemor-

FIG 3. A 55-year-old woman (the same patient as in Fig 1) with RCVS complicated by ischemic
infarcts. Axial CBF pulsed arterial spin-labeling maps (A and B) show multiple regions of diminished
perfusion involving anterior cerebral artery/MCA watershed territories (black arrows), with T2*
DSC perfusion time-to-peak maps (C) demonstrating delayed time-to-peak in these same regions
(white arrows). These areas of perfusion abnormality correspond, in part, to regions of restriction
diffusion/ischemic infarct on DWI (D).
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rhage (n � 515), and cryptogenic subarachnoid hemorrhage (n �

93) by Muehlschlegel et al56 found that among other factors,

younger patient age, less severe neurologic symptoms, and better

clinical grade (ie, lower Hunt and Hess scale score) were predic-

tive of RCVS as opposed to aneurysmal subarachnoid hemor-

rhage. However, one clinical scenario that could more closely

mimic RCVS would be a patient experiencing a small sentinel

hemorrhage from a cerebral aneurysm, which could produce a

similar clinical course with waxing and waning symptoms.55

Imaging can also help differentiate RCVS from aneurysmal (or

perimesencephalic) subarachnoid hemorrhage. First, many pa-

tients with RCVS will have unremarkable findings on a noncon-

trast head CT examination, without evidence of intracranial hem-

orrhage or infarct.2 In cases of RCVS complicated by intracranial

hemorrhage, the pattern has focal subarachnoid hemorrhage

most often confined to superficial cerebral sulci, which is in con-

tradistinction to aneurysmal subarachnoid hemorrhage, in which

blood is most often centered at the basal cisterns/circle of Wil-

lis.2,5,10,15,16 This pattern of subarachnoid hemorrhage may also

help differentiate RCVS from nonaneurysmal subarachnoid hem-

orrhage on angiography, which typically predominate in the per-

imesencephalic region.16

In patients who present with thunderclap headache and local-

ized, sulcal subarachnoid hemorrhage, the presence of a cerebral

aneurysm arising more proximally near the circle of Willis can

pose a diagnostic challenge.15 In these instances, evaluating the

patient’s clinical course and symptomatology may help differen-

tiate the 2 diagnoses. VWI may be useful in these instances by

evaluating the aneurysm for wall enhancement, which would sug-

gest inflammation and possible recent rupture. However, the va-

lidity of this technique remains uncertain.

Differentiating RCVS cerebral vasoconstriction from arterial

vasospasm associated with aneurysmal subarachnoid hemor-

rhage can also be difficult. On the basis of their clinical experience

and review of the literature, Ansari et al10 suggested several diag-

nostic criteria to help differentiate these 2 entities, focusing on the

severity, distribution, and time of onset of cerebral artery narrow-

ing and the relation of these findings to a potential culprit aneu-

rysm (Table 3). Unfortunately, none of these diagnostic criteria,

either alone or in combination, are entirely specific for RCVS

vasoconstriction or arterial vasospasm. For example, although

RCVS vasoconstriction is often noted to involve distal cerebral

arteries, more proximal vessel involvement occurs. In addition,

the delay in the appearance of RCVS vasoconstriction may mimic

the typical time course of arterial vasospasm. Conversely, hyper-

acute vasospasm may occasionally be associated with aneurysmal

subarachnoid hemorrhage.15 Consequently, considering the pa-

tient’s overall clinical picture and radiographic features may be

the most effective way of differentiating these 2 entities.

Primary Angiitis of the CNS. Although differentiating severe

RCVS and PACNS can be challenging because the 2 entities over-

lap in clinical and radiographic features, the distinction is critical

because treatment significantly differs.2,7,13 Patients with PACNS

often experience a fulminant course with a poor prognosis if im-

munosuppressive therapy with steroids and cytotoxic agents is

not initiated early, while these medications are not beneficial in

patients with RCVS and may be harmful.1,2,13,14 Fortunately, a

correct diagnosis can be made in most patients by considering

multiple factors, including the onset and severity of patient symp-

toms, patient demographics, CSF and imaging findings, and spe-

cific disease sequelae.

The headache associated with PACNS is often slowly progres-

sive with an insidious onset, differing markedly from the typical

thunderclap headache of RCVS in both time course and peak

severity.1,2,7,13,16,18,19,57 Patient demographics in these disease

entities also demonstrate significant differences. RCVS is typically

encountered in young-to-middle-aged women, as opposed to

PACNS, which is most often seen in older men.14,18,19 Analysis of

CSF is also helpful because patients with PACNS, in contradis-

tinction to RCVS, typically demonstrate elevations of CSF protein

levels and white blood cell count, with values often �100 mg/dL

and 5–10 cells/mm, respectively.1,2,7,10,16,18 Finally, the early clin-

ical course of the patient can help distinguish these 2 entities.

RCVS generally follows a benign, self-limited course with sup-

portive care, while clinical deterioration would be expected in

PACNS without prompt immunosuppressive therapy.2,18

Nonvascular imaging findings can also help differentiate

PACNS and RCVS. Most patients with PACNS will demonstrate

evidence of multifocal infarcts of varying ages on presentation

(90%), compared with initial MR imaging findings in patients

with RCVS, which are often unremarkable.2,18 This finding is

Table 2: Potential alternative diagnoses
Aneurysmal SAH
Primary angiitis of the CNS
Migraine
Cortical vein thrombosis
Pituitary apoplexy
Amyloid angiopathy
Hypertensive hemorrhage
PRES
Giant cell arteritis
Arterial dissection
Spontaneous intracranial hypotension
Meningitis

Note:—PRES indicates posterior reversible encephalopathy syndrome.

Table 3: Proposed criteria for differentiating RCVS vasoconstriction from SAH vasospasm10

RCVS Vasoconstriction Vasospasm-Aneurysmal SAH
No evidence of ruptured aneurysm or vascular malformation Plausible target lesion identified
Diffuse and disproportionate extent of cerebral vasoconstriction

relative to amount of SAH
Severity of vasospasm correlates with amount of hemorrhage

and is most pronounced in the vicinity of the lesion
Beaded appearance of alternating areas of segmental vasoconstriction

preferentially involving distal 2nd- and 3rd-order cerebral
branches

Smooth, long segmental narrowing for proximal arteries at
circle of Willis

Development of vasoconstriction in first 4–5 days after symptom
onset, or persistence past 3 weeks

Development of vasospasm peaking between 4 and 14 days
after hemorrhage
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consistent with the later timeframe during which ischemic stroke

typically occurs in the course of RCVS, as previously discussed.12

Hemorrhagic complications, including cortical subarachnoid

hemorrhage and concomitant posterior reversible encephalopa-

thy syndrome, which are well-established features of RCVS, are

extremely unusual in cases of PACNS.1,14,18

Imaging of the cerebral vasculature can also assist in the diag-

nostic work-up. Although PACNS can produce a pattern of mul-

tifocal narrowing and irregularity of mid-to-distal cerebral arter-

ies that is indistinguishable from RCVS, most cases will appear

unremarkable on angiographic imaging.2,18-20 This appearance is

true even for the criterion standard of conventional angiography,

which has a reported sensitivity of only 20%– 64% for detecting

CNS vasculitis.7,10,29 Alternatively, cerebral vasoconstriction is

often apparent in cases of RCVS at presentation or shortly there-

after. Some authors have argued that certain angiographic fea-

tures are more characteristic of PACNS, including eccentric lumi-

nal narrowing and abrupt vessel occlusions (Fig 4).2,7,10 However,

the specificity of these findings for PACNS remains uncertain.

Finally, improvement in cerebral artery narrowing following in-

tra-arterial vasodilator therapy has also

been proposed as a feature distinguish-

ing RCVS from PACNS.52

Cortical Vein Thrombosis. Cortical vein

thrombosis is another potential cause of

both thunderclap headache and con-

vexity subarachnoid hemorrhage and

should be considered in the differential

diagnosis with RCVS in the appropriate

clinical setting. Postpartum women are

one specific subgroup of patients who

are at increased risk for both disease en-

tities.1 MR imaging, including suscepti-

bility sequences and MRV, can provide

high specificity for the diagnosis of cor-

tical vein thrombosis. MR imaging can

demonstrate characteristic susceptibil-

ity artifacts associated with a superficial

cortical vein consistent with thrombus.

Both RCVS and cortical vein thrombosis

can lead to ischemic stroke, often a week

or more after the onset of symptoms. As

is the case with primary angiitis of the

CNS, distinguishing RCVS from cortical

vein thrombosis is critical because treat-

ment of the latter often entails anticoag-

ulation, which carries significant risks

and has not been shown to be beneficial

in RCVS.

Migraine Headache and Stroke. The as-

sociation between migraine headache

and RCVS can make differentiating

these 2 entities challenging.1,5,16 Both

entities can present with thunderclap

headache, associated photo- and pho-

nophobia, and nausea and vomiting.7

Furthermore, migrainous headaches have rarely even been asso-

ciated with ischemic stroke. However, most patients with a history

of migraine who present with RCVS describe the quality and se-

verity of the pain as being different from that in their typical

migraine.7,15 Ischemic stroke in patients with migraine tends to

be limited to a single vascular territory, as opposed to RCVS, in

which multiterritory involvement is common.7

Amyloid Angiography. Although both amyloid angiopathy and

RCVS can result in lobar intraparenchymal hematoma and corti-

cal subarachnoid hemorrhage, amyloid angiography is encoun-

tered in older individuals and typically does not present with a

thunderclap or acute-onset headache.1,58 Kumar et al58 retrospec-

tively evaluated a group of patients with atraumatic convexity

subarachnoid hemorrhage and found 2 distinct patterns of clini-

cal presentation. In patients younger than 60 years of age, presen-

tation with abrupt, severe headache was common, and most of

these individuals were presumptively diagnosed with RCVS. In

contradistinction, patients older than 60 years of age most com-

monly presented with transitory neurologic deficits and had evi-

FIG 4. A 59-year-old man with a history of seizures, who was subsequently found to have
multifocal infarcts in several vascular territories (not shown). Subsequent catheter angiograms (A
and B) demonstrate marked irregularity of branches of the distal right anterior cerebral artery
(white arrow, A) and left MCA (white arrows, B), with multifocal areas of narrowing and saccular
and fusiform dilation. On axial T1 precontrast high-resolution VWI (C), there is intrinsic T1 mural
hyperintensity in involved MCA (white arrows) and anterior cerebral artery branches. On axial T1
postcontrast high-resolution VWI (D), there are accompanying areas of eccentric vessel wall
enhancement (white arrow, D).
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dence of leukoaraiosis and microhemorrhages on MR imaging.

Most of these patients were diagnosed with cerebral amyloid

angiopathy.

CONCLUSIONS
Imaging plays a critical role in the diagnosis and management of

RCVS. Noninvasive techniques such as MR angiography are being

increasingly used in clinical practice, though cerebral angiogra-

phy remains the criterion standard for the detection of cerebral

vasoconstriction. Clinical and imaging features of RCVS can

overlap other disorders of the central nervous system consider-

ably, particularly primary angiitis of the CNS. However, newer

imaging techniques, particularly vessel wall imaging, may offer

increased specificity for the diagnosis.
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ABSTRACT

BACKGROUND AND PURPOSE: Gadobenate dimeglumine (MultiHance) has higher r1 relaxivity than gadoterate meglumine (Dotarem)
which may permit the use of lower doses for MR imaging applications. Our aim was to compare 0.1- and 0.05-mmol/kg body weight
gadobenate with 0.1-mmol/kg body weight gadoterate for MR imaging assessment of brain tumors.

MATERIALS AND METHODS: We performed crossover, intraindividual comparison of 0.1-mmol/kg gadobenate with 0.1-mmol/kg gad-
oterate (Arm 1) and 0.05-mmol/kg gadobenate with 0.1-mmol/kg gadoterate (Arm 2). Adult patients with suspected or known brain tumors
were randomized to Arm 1 (70 patients) or Arm 2 (107 patients) and underwent 2 identical examinations at 1.5T. The agents were injected in
randomized-sequence order, and the 2 examinations were separated by 2–14 days. MR imaging scanners, imaging sequences (T1-weighted
spin-echo and T1-weighted high-resolution gradient-echo), and acquisition timing were identical for the 2 examinations. Three blinded
readers evaluated images for diagnostic information (degree of definition of lesion extent, lesion border delineation, visualization of lesion
internal morphology, contrast enhancement) and quantitatively for percentage lesion enhancement and lesion-to-background ratio.
Safety assessments were performed.

RESULTS: In Arm 1, a highly significant superiority (P � .002) of 0.1-mmol/kg gadobenate was demonstrated by all readers for all end points.
In Arm 2, no significant differences (P � .1) were observed for any reader and any end point, with the exception of percentage enhancement
for reader 2 (P � .05) in favor of 0.05-mmol/kg gadobenate. Study agent–related adverse events were reported by 2/169 (1.2%) patients
after gadobenate and by 5/175 (2.9%) patients after gadoterate.

CONCLUSIONS: Significantly superior morphologic information and contrast enhancement are demonstrated on brain MR imaging with
0.1-mmol/kg gadobenate compared with 0.1-mmol/kg gadoterate. No meaningful differences were recorded between 0.05-mmol/kg
gadobenate and 0.1-mmol/kg gadoterate.

ABBREVIATIONS: GBCA � gadolinium-based contrast agent; LBR � lesion-to-background ratio; SI � signal intensity; T1GRE � T1-weighted high resolution
gradient-echo; T1SE � T1-weighted spin-echo

A series of large-scale, multicenter, intraindividual, crossover

studies have shown that gadobenate dimeglumine (Multi-

Hance; Bracco Diagnostics, Princeton, New Jersey) is superior to

gadopentetate dimeglumine (Magnevist; Bayer HealthCare,

Wayne, New Jersey),1,2 gadodiamide (Omniscan; GE Healthcare,

Princeton, New Jersey),3 and gadobutrol (Gadavist; Bayer

HealthCare)4 for enhanced MR imaging of central nervous sys-

tem tumors when administered at an equivalent approved dose of

0.1 mmol/kg body weight. The superior imaging performance (ie,

significantly greater lesion enhancement and diagnostic informa-
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CZ-12808 Prague 2, Czech Republic; e-mail: man.van@post.cz

Indicates open access to non-subscribers at www.ajnr.org
EBM
1 Evidence-Based Medicine Level 1.

http://dx.doi.org/10.3174/ajnr.A4468

AJNR Am J Neuroradiol 36:1589 –98 Sep 2015 www.ajnr.org 1589

http://orcid.org/0000-0002-8784-7997
http://orcid.org/0000-0001-9167-3435
http://orcid.org/0000-0003-0775-6516
http://orcid.org/0000-0002-1736-2310
http://orcid.org/0000-0001-9188-5374
http://orcid.org/0000-0001-5774-9651
http://orcid.org/0000-0002-2040-1894
http://orcid.org/0000-0002-8035-0144
http://orcid.org/0000-0001-5412-8307
http://orcid.org/0000-0002-4502-7851
http://orcid.org/0000-0002-0059-6081
http://orcid.org/0000-0003-4453-0612
http://orcid.org/0000-0001-7661-797X
http://orcid.org/0000-0002-8003-6446
http://orcid.org/0000-0001-5803-7867


tion) can be ascribed to the higher r1 relaxivity of gadobenate in

vivo,5 which translates into greater signal-intensity (SI) enhance-

ment on T1-weighted images. An early study in 23 patients sug-

gested that 0.1-mmol/kg gadobenate may provide superior con-

trast enhancement compared with 0.1-mmol/kg gadoterate

meglumine (Dotarem; Guerbet, Aulnay-sous-Bois, France), an-

other gadolinium-based contrast agent (GBCA) with lower r1 re-

laxivity.6 However, the sample size was too small to draw firm

conclusions. Another more recent study has demonstrated supe-

riority in the quality of visualization of brain lesions for a three-

quarter (0.075-mmol/kg) dose of gadobenate over a full 0.1-

mmol/kg dose of gadoterate in patients undergoing cranial MR

imaging.7 These results suggest that better or similar SI enhance-

ment and similar imaging performance may be achieved with a

reduced gadobenate dose.

The purpose of this multicenter, multinational study in 177

patients referred for morphologic brain MR imaging was first to

confirm previous findings6 in demonstrating imaging superiority

for 0.1-mmol/kg gadobenate over 0.1-mmol/kg gadoterate in a

properly sized and powered clinical study; and second, to ascer-

tain whether half-dose (0.05-mmol/kg) gadobenate provides sim-

ilar diagnostic information to full-dose (0.1-mmol/kg) gadoterate

when these agents are administered in 2 otherwise identical MR

imaging examinations at 1.5T using a rigorous, double-blind,

randomized, intraindividual, crossover study design.

MATERIALS AND METHODS
The study was compliant with the Health Insurance Portability

and Accountability Act, was conducted according to Good Clin-

ical Practice standards, and was registered at www.clinicaltrials.

gov (NCT02070380). Ethics committee approval was obtained

from all investigating centers, and all patients signed an approved

informed consent form before enrollment.

Patients
One hundred seventy-seven patients referred for contrast-en-

hanced MR imaging for known or suspected brain tumors were

prospectively enrolled in a consecutive manner at 14 participating

centers between February 2014 and February 2015 and underwent

at least 1 contrast-enhanced MR imaging examination. Two cen-

ters enrolled 30 patients each, while a further 8 centers enrolled

between 7 and 26 patients. The remaining 4 centers enrolled be-

tween 1 and 4 patients. Patients were ineligible if they received any

investigational drug within 30 days before study agent adminis-

tration. Subjects were also excluded if they were to receive any

treatment between the 2 examinations that could affect lesion

visualization (eg, radiation therapy, steroids, or chemotherapy).

Patients were also ineligible if they were pregnant or nursing or

had impaired renal function, congestive heart failure, claustro-

phobia, history of reaction to prior gadolinium contrast agent

administration, a cardiac pacemaker, or other contraindications

to MR imaging.

The 177 enrolled patients were prospectively randomized to 1

of 2 study arms by means of a central computer-generated ran-

domization code list that was provided to each site before patient

enrollment for the assignment of a study arm and an investiga-

tional product. To maintain the study blind, a drug-dispensing

person was selected at each site for the duration of the study. The

drug-dispensing person was responsible for dispensing the 2 in-

vestigational products to the appropriate personnel, according to

the randomization list. Arm 1 saw 70 patients (29 men, 41 women;

mean age, 55.3 � 15.2 years; range, 19 – 86 years) randomized to

receive equivalent 0.1-mmol/kg doses of gadobenate and gadot-

erate in 2 otherwise identical examinations, while in Arm 2, 107

patients (55 men, 52 women; mean age, 58.3 � 13.1 years;

range, 26 – 86 years) received randomized doses of 0.05-

mmol/kg gadobenate and 0.1-mmol/kg gadoterate. Gado-

benate was administered first to 31 and 53 patients (Arms 1 and 2,

respectively), while gadoterate was administered first to 39 and 54

patients, respectively.

MR Imaging
MR imaging was performed on 1.5T systems from several vendors

(Avanto/Aera, n � 67; Siemens, Erlangen, Germany; Achieva/

Intera, n � 66; Philips Healthcare, Best, the Netherlands; HDxt/

Excite, n � 44; GE Healthcare, Milwaukee, Wisconsin) by using a

multichannel head coil. Despite the benefits of 3T systems, par-

ticularly for advanced imaging techniques, 1.5T systems were

used in this study because they are still more commonly used

throughout the United States, Europe, and other areas worldwide.

A rigorously controlled imaging protocol comprising T1-

weighted spin-echo (T1SE), T2-weighted fast spin-echo , and T2-

weighted FLAIR acquisitions before contrast injection and T1SE

and 3D T1-weighted high-resolution gradient-echo (T1GRE) ac-

quisitions after injection ensured protocol uniformity across sites

and within individual patients. Sequence parameters varied

within predefined ranges necessitated by the use of different im-

aging systems. However, the same MR imaging scanner, imaging

planes, section prescriptions, and sequence parameters were used

for both examinations in each patient. Scan parameters were as

follows: for the T1SE sequence: TR � 400 –707 ms, TE � 8 –15

ms, excitations � 1–2, section thickness � 4 –5 mm, FOV � 22 �

17–24 � 24 cm; for the T1GRE sequence: TR � 6 –2200 ms, TE �

2–5 ms, flip angle � 8°–30°, excitations � 0.8 –1, section thick-

ness � 1–3 mm, FOV � 23 � 18 –29 � 29 cm. Parallel imaging

was not used for any patient. Axial scans were all acquired along

the inferior callosal plane to ensure image comparability between

scans within patient comparisons and across patients.

IV contrast agent administration to patients in Arm 1 was

performed identically for both examinations at 0.1 mmol/kg of

body weight (0.2 mL/kg for both agents) by using either manual

bolus injection (n � 57) or a power injector (n � 13). Contrast

administration to patients in Arm 2 was performed at 0.1

mmol/kg for gadoterate but at 0.05 mmol/kg (0.1 mL/kg) for

gadobenate, again by manual bolus injection (n � 83) or a power

injector (n � 24). All injections were followed by a saline flush of

up to 30 mL. To maintain the study blind, an independent drug-

dispensing person administered each agent in the order deter-

mined by the randomization list.

Postcontrast image acquisition began at a prespecified time

between 3 and 10 minutes after injection but could vary within

this range depending on the site-specific protocol. However, the

timing and order of postcontrast sequences were mandated to be

identical for both examinations within each patient. The interval
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between MR imaging examinations was �48 hours to avoid car-

ryover effects but �14 days to minimize the chance of disease

progression.

Image Evaluation
All images were evaluated by 3 independent neuroradiologists

(A.B., C.C., S.L.; 34, 35, and 7 years of neuroradiology experience,

respectively) who were unaffiliated with the study centers and

blinded to the contrast agent used, patient clinical and radiologic

information, and interpretations by on-site investigators. Each

reader evaluated all patient images independently on a multimon-

itor workstation (AquariusNET Server, Version 4.4.1.4; Tera-

Recon, San Mateo, California) in terms of qualitative and quan-

titative end points.

Qualitative and quantitative assessment of images from each

patient in each study arm was performed with images presented in

global matched-pairs fashion. For each randomized patient num-

ber, all images from examination 1 were displayed simultaneously

with the images from examination 2. Each reader could perform

all routine interactive image manipulation functions (ie, window/

level, zoom, pan) on both image sets. If the postinjection images

from either examination were considered technically inadequate

by any of the 3 readers (eg, if artifacts compromised interpretabil-

ity), no further assessment was performed for that patient by that

reader. Once the readers’ assessments were recorded and signed

on an electronic case report form, the data base for that reading

was automatically locked.

Qualitative Assessment
Technically adequate images were evaluated qualitatively for di-

agnostic information and scored in terms of overall diagnostic

preference and quality of the following: 1) lesion border delinea-

tion, 2) definition of extent of disease, 3) visualization of lesion

internal morphology, and 4) lesion contrast enhancement com-

pared with surrounding normal tissue. All assessments were per-

formed by using 3-point scales from �1 (examination 1 better)

through 0 (examinations equal) to �1 (examination 2 better). For

the various end points, superiority for 1 examination was re-

corded if it allowed better separation of �1 lesion from surround-

ing tissue, structures, or edema; better definition of lesion extent;

clearer depiction of intralesion features; better contrast between

lesions and surrounding normal tissue; or the ability to identify

�1 lesion seen only on that examination.

Quantitative Assessment
Quantitative evaluation was also performed by each reader, inde-

pendently, by using a simultaneous matched-pairs approach. SI

measurements were made by using ROIs positioned on up to 3

enhancing lesions per patient identified on postcontrast images

from both examinations and on areas of normal brain paren-

chyma in the same section. To ensure that ROIs of equal size

(placed to include the largest possible area) were positioned at

identical coordinates on all corresponding image sets, each ROI

placed on the selected postinjection image from one examination

appeared simultaneously on the corresponding image from the

other examination. Minor adjustments to the ROI position were

permitted to allow for slight differences in patient alignment, al-

ways taking care to avoid the inclusion of vessels. When multiple

lesions were present, ROIs were placed on up to 3 of the largest,

most conspicuous lesions. SI values determined on a pixel-by-

pixel basis were used to calculate the percentage enhancement

(E%) of lesions and the postcontrast-precontrast lesion-to-back-

ground ratio (LBR) on T1SE sequences by using the equations

below:

E% �
SI of lesion 	postcontrast
 � SI of lesion 	precontrast


SI of lesion 	precontrast


� 100,

LBR �
SI of lesion

SI of brain

Safety Assessments
Monitoring for adverse events was performed from the time the

patient signed the informed consent form until 24 hours after

administration of the first study agent and then from the moment

the second study agent was administered until 24 hours after ad-

ministration of the second agent. Events were classified as serious

according to the definitions of the US Food and Drug Adminis-

tration in the Code of Federal Regulation Title 21, Volume 5 Re-

vised, as of April 1, 2014 (http://www.accessdata.fda.gov/scripts/

cdrh/cfdocs/cfcfr/cfrsearch.cfm?fr�312.32). Decisions on event

severity and its relationship to the study agent (has reasonable

possibility or not) were made by the investigating radiologist.

Statistical Analysis
Power determination was based on the primary efficacy assump-

tion that gadobenate is superior to gadoterate according to reader

preference. Sample sizes were determined (nQuery Advisor, Ver-

sion 7.0; Statistical Solutions, Cork, Ireland) on the basis of the

results of a previous study that had a similar crossover design.3 For

the full-dose gadobenate arm (Arm 1) assuming an “equal” re-

sponse in 50% of cases, a ratio of preference for either agent of 4:1,

and an effect size of 0.18, evaluation of 61 subjects was considered

necessary to demonstrate the difference in preference with 85% of

power at an � level of .05. Considering a drop-out rate of 15%,

enrollment of approximately 72 subjects was needed. For the half-

dose gadobenate arm (Arm 2), again assuming an “equal” re-

sponse in 50% of cases but with a ratio of preference for either

agent of 3:1 and an effect size of 0.125, evaluation of 88 subjects

was considered necessary for 85% of power at an � level of .05. If

one assumed a drop-out rate of 15%, enrollment of approxi-

mately 104 subjects was needed.

Differences in demographic characteristics between the 2 ad-

ministration orders within each study arm were tested by using

the t test for continuous variables or the Fisher exact test for cat-

egoric variables.

Analysis of blinded-reader evaluations was performed by us-

ing the statistical software package SAS, Version 9.2 (SAS Insti-

tute, Cary, North Carolina). The distribution of reader prefer-

ences in diagnostic information end points was tested statistically

by using the Wilcoxon signed rank test. Interreader agreement for

diagnostic findings was presented as percentage agreement for the

3 readers and assessed by using generalized � statistics. Agreement
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was classified as excellent (� � 0.8), good (� � 0.61– 0.8), mod-

erate (� � 0.41– 0.6), fair (� � 0.21– 0.4), or poor (� � 0.2).

Differences between gadobenate and gadoterate in terms of

quantitative parameters were analyzed by using a mixed-effects

model. The change from predose was the response variable, and

factors included in the model were patient, sequence, study agent,

and predose score; “patient” nested within “sequence” was the

random effect. “Study period” was also included to test for poten-

tial carryover effects. The Fisher exact test was used to compare

the incidence of adverse events for the 2 agents. All statistical tests

were conducted at a significance level of P � .05.

RESULTS
Patients
All 177 enrolled patients who underwent at least 1 contrast-en-

hanced MR imaging examination were included in the overall

safety population. Seven patients randomized to Arm 1 and 11

patients randomized to Arm 2 were excluded from efficacy eval-

uations because of protocol violations. These 18 patients included

10 who prematurely discontinued after the first examination

(withdrawal of consent [n � 5], surgical intervention [n � 2],

change of hospital [n � 1], steroid therapy initiated and CT per-

formed [n � 1], and stroke detected on examination 1 [n � 1])

and 8 who were excluded after undergoing both examinations

(began chemotherapy after examination 1 [n � 1], stroke [n � 2],

differences of �2 minutes between injection and postdose acqui-

sition start times [n � 2], steroid therapy initiated shortly before

examination 1 [n � 1], contrast extravasation [n � 1], and higher

contrast dose (42%) administered for examination 2 [n � 1]).

The final efficacy populations therefore comprised 63 patients in

Arm 1 (23 men, 40 women; mean age, 56.2 � 14.9 years; range,

19 – 86 years) and 96 in Arm 2 (49 men, 47 women; mean age,

58.2 � 13.4 years; range, 26 – 86 years).

There were no meaningful between-

sequence differences in either study arm

for sex (P � 1.0, P � .841; Arms 1 and 2,

respectively), age (P � .634, P � .038),

age group (18 – 64 years, �65 years; P �

.274, P � .283), weight (P � .467, P �

.212), height (P � .281; P � .333), or

race (P � 1.0; P � .496) distribution.

The diagnoses of the 159 patients evalu-

ated are presented in Table 1. Intra-axial

lesions represented approximately 71%

of all patient diagnoses in Arm 1 and

79% of patient diagnoses in Arm 2.

Qualitative Image Assessment
Tables 2 and 3 present the results of the 3

blinded readers for global diagnostic

preference, lesion-border delineation,

disease extent, internal morphology,

and qualitative assessment of contrast

enhancement for patients in Arms 1 and

2, respectively. Highly significant (P �

.0023) superiority for gadobenate over

gadoterate was noted by all readers for

all qualitative assessments in patients re-

ceiving 0.1-mmol/kg doses of both agents (Table 2). Conversely,

no significant differences were noted by any reader for any qual-

itative parameter among patients receiving 0.05-mmol/kg gado-

benate and 0.1-mmol/kg gadoterate (Table 3). Agreement among

the 3 blinded readers was high for all assessments in Arm 2, rang-

ing from 63.4% of patients for global diagnostic preference to

84.9% of patients for visualization of internal lesion morphology.

Slightly lower levels of agreement were noted for assessments in

Arm 1. Examples of comparative enhancement between gado-

benate and gadoterate are shown in Figs 1 and 2.

Quantitative Evaluation
Readers 1, 2, and 3 recorded lesion SI measurements relative to

normal brain parenchyma for 63, 66, and 54 lesions (Arm 1) and

84, 89, and 78 lesions (Arm 2), respectively, on T1SE images and

for 60, 61, and 51 lesions (Arm 1) and 82, 85, and 75 lesions (Arm

2), respectively, on T1GRE images. No lesions below 5 mm were

measured by any of the readers. Analysis of quantitative SI data

revealed no carryover effects across readers for any assessment

(P � .05). The mean percentage signal enhancement of lesions on

T1SE images was significantly (P � .0006) higher for gadobenate

compared with gadoterate for all 3 readers in patients given 0.1-

mmol/kg doses of both agents (Arm 1), while no meaningful dif-

ferences were noted between 0.05-mmol/kg gadobenate and 0.1-

mmol/kg gadoterate (Arm 2) (Fig 3A).

Similar results were obtained for determinations of LBR (Fig

3B); all 3 readers reported significantly (P � .0001) higher values

for LBR with 0.1-mmol/kg gadobenate compared with 0.1-

mmol/kg gadoterate, while no differences were noted between

0.05-mmol/kg gadobenate and 0.1-mmol/kg gadoterate. LBR

findings on T1GRE images were similar: all 3 readers noted sig-

Table 1: Final lesion diagnoses

Lesion Diagnosis

Arm 1: 0.1-mmol/kg
Gadobenate vs 0.1-mmol/kg

Gadoterate (n = 63)

Arm 2: 0.05-mmol/kg
Gadobenate vs 0.1-mmol/kg

Gadoterate (n = 96)
Anaplastic astrocytoma 1 1
Pilocytic astrocytoma – 2
Low-grade astrocytoma 3 1
Oligoastrocytoma 1 3
High-grade glioma 1 1
Glioblastoma multiforme 10 18
Oligodendroglioma 2 –
Malignant lymphoma 1 3
Metastatic tumors, total 26 47

Lung 13 23
Breast 6 4
Melanoma 4 2
Ovarian – 2
Kidney 1 3
Other 1 7
Unknown 1 6

Tumor (unknown origin) – 3
Ependymoma 2 –
Meningioma 11 7
Schwannoma 2 1
Hemangioblastoma 1 5
Cystic craniopharyngioma 1 1
Acute disseminate encephalomyelitis 1 –
Neurofibromatosis – 1
Capillary telangiectasia – 1
Subdural hematoma – 1
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nificantly (P � .0001, all 3 readers) higher postcontrast LBR val-

ues for 0.1-mmol/kg gadobenate compared with 0.1-mmol/kg

gadoterate (reader 1: 1.67 � 0.46 versus 1.41 � 0.29; reader 2:

1.62 � 0.5 versus 1.33 � 0.35; reader 3: 1.69 � 0.46 versus 1.4 �

0.32), whereas no reader noted significant differences between

0.05-mmol/kg gadobenate and 0.1-mmol/kg gadoterate (reader

1: 1.4 � 0.32 versus 1.41 � 0.31, P � .76; reader 2: 1.35 � 0.29

versus 1.33 � 0.31, P � .229; reader 3: 1.42 � 0.29 versus 1.4 �

0.29, P � .471).

Safety
In Arm 1, no patients (0/65; 0%) reported any adverse events that

were considered related to 0.1-mmol/kg gadobenate, whereas 1

patient (1/70; 1.4%) reported 1 nonserious event (headache of

moderate intensity) that was considered related to 0.1-mmol/kg

gadoterate. In Arm 2, two patients (2/104; 1.9%) reported 1 ad-

verse event each (dizziness of mild intensity, nausea of moderate

intensity) that was considered related to 0.05-mmol/kg gado-

benate, whereas 4 patients (4/105; 3.8%) reported 5 adverse

events (injection site swelling, injection site pruritus, dysgeusia,

headache, pruritus; all of mild intensity) that were considered

related to 0.1-mmol/kg gadoterate. There were no significant dif-

ferences in the incidence of adverse events in either arm (Arm 1:

P � 1.0000; Arm 2: P � .6829). No serious adverse events were

reported.

DISCUSSION
A recent independent determination of GBCA relaxivity values in

human whole blood has shown that whereas most contrast agents

approved for CNS imaging have r1 relaxivity values between 3.9

and 4.6 L � mmol�1 � seconds�1 at 1.5T, that of gadobenate is

higher at 6.2 L � mmol�1 � seconds�1.5 That differences in r1

relaxivity reflect differences in diagnostic efficacy is borne out by

evidence from numerous large-scale intraindividual crossover

studies.1-4,8-11 These studies have shown that differences in SI en-

hancement and imaging performance reflect differences in r1 relax-

ivity and that the magnitude of the differences in SI enhancement

Table 2: Qualitative assessment of patients with brain tumors: intraindividual comparison of 0.1-mmol/kg gadobenate and 0.1-mmol/
kg gadoteratea

Diagnostic Information
End Point Reader

Gadobenate
Preferred No Difference

Gadoterate
Preferred

Significance
(P Value)b

3-Reader Agreement
� Value (% Agreement)

Global diagnostic preference 1 31 (49.2%) 31 (49.2%) 1 (1.6%) �.0001 0.273 (50.8%)
2 51 (82.3%) 9 (14.5%) 2 (3.2%) �.0001
3 43 (69.4%) 17 (27.4%) 2 (3.2%) �.0001

Lesion-border delineation 1 29 (46.0%) 33 (52.4%) 1 (1.6%) �.0001 0.271 (44.3%)
2 34 (54.8%) 27 (43.5%) 1 (1.6%) �.0001
3 25 (40.3%) 35 (56.5%) 2 (3.2%) �.0001

Definition of disease extent 1 15 (23.8%) 48 (76.2%) 0 �.0001 0.286 (57.4%)
2 18 (29.0%) 43 (69.4%) 1 (1.6%) �.0001
3 15 (24.2%) 45 (72.6%) 2 (3.2%) .0023

Visualization of lesion internal morphology 1 10 (15.9%) 53 (84.2%) 0 .002 0.215 (54.1%)
2 14 (22.6%) 48 (77.4%) 0 .0001
3 23 (37.1%) 38 (61.3%) 1 (1.6%) �.0001

Lesion contrast enhancement 1 31 (49.2%) 31 (49.2%) 1 (1.6%) �.0001 0.249 (49.2%)
2 51 (82.3%) 9 (14.5%) 2 (3.2%) �.0001
3 43 (69.4%) 17 (27.4%) 2 (3.2%) �.0001

a Comparisons based on the number of patients with both postdose T1SE images assessed and technically adequate: n � 63 for reader 1, n � 62 for readers 2 and 3. Numbers
in parentheses, except where noted, represent proportions of patients.
b Wilcoxon signed rank test.

Table 3: Qualitative assessment of patients with brain tumors: intraindividual comparison of 0.05-mmol/kg gadobenate and 0.1-mmol/
kg gadoteratea

Diagnostic Information
End Point Reader

Gadobenate
Preferred No Difference

Gadoterate
Preferred

Significance
(P Value)b

3-Reader Agreement
� Value (% Agreement)

Global diagnostic preference 1 14 (14.6%) 75 (78.1%) 7 (7.3%) .13 0.505 (63.4%)
2 18 (19.2%) 56 (59.6%) 20 (21.3%) .75
3 15 (15.8%) 63 (66.3%) 17 (17.9%) .73

Lesion-border delineation 1 11 (11.4%) 76 (79.2%) 9 (9.4%) .824 0.493 (71.0%)
2 12 (12.8%) 66 (70.2%) 16 (17.0%) .46
3 8 (8.4%) 77 (81.1%) 10 (10.5%) .815

Definition of disease extent 1 6 (6.3%) 84 (87.5%) 6 (6.3%) 1.00 0.443 (79.6%)
2 5 (5.3%) 83 (88.3%) 6 (6.4%) 1.00
3 7 (7.4%) 80 (84.2%) 8 (8.4%) 1.00

Visualization of lesion internal morphology 1 4 (4.2%) 88 (91.7%) 4 (4.2%) 1.00 0.459 (84.9%)
2 3 (3.2%) 87 (92.6%) 4 (4.3%) 1.00
3 5 (5.3%) 82 (86.3%) 8 (8.4%) .581

Lesion contrast enhancement 1 10 (10.4%) 77 (80.2%) 9 (9.4%) 1.00 0.531 (66.7%)
2 18 (19.2%) 56 (59.6%) 20 (21.3%) .75
3 14 (14.7%) 64 (67.4%) 17 (17.9%) .598

a Comparisons based on the number of patients with both postdose T1SE images assessed and technically adequate: n � 96 for reader 1, n � 94 for reader 2, and n � 95 for
reader 3. Numbers in parentheses, except where noted, represent proportions of patients.
b Wilcoxon signed rank test.
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reflects the magnitude of the difference in r1 relaxivity.12 Thus,

large-scale, well-controlled, prospective clinical studies have

found minimal differences between GBCAs with similar r1 relax-

ivity (eg, gadopentetate dimeglumine versus gadoteridol8: r1,

�4.2 versus 4.4 L � mmol�1 � seconds�1 or gadoteridol versus

gadobutrol9,10: r1, 4.4 versus 4.6 L � mmol�1 � seconds�1),

slightly improved imaging performance for GBCAs with minimally

higher r1 relaxivity values (eg, gadobutrol versus gadoterate11), and

substantially improved SI enhancement and imaging performance

for GBCAs with markedly higher r1 relaxivity (ie, gadobenate versus

gadopentetate,1,2 gadobenate versus gadodiamide,3 gadobenate ver-

sus gadobutrol4).

Our results fully support these previous findings in confirming

significantly superior imaging performance for gadobenate over

gadoterate for both qualitative and quantitative enhancement when

these agents are administered at equivalent approved doses of 0.1

mmol/kg body weight. In terms of diagnostic preference, readers

1, 2, and 3 preferred gadobenate in 31 (49.2%), 51 (82.3%), and 43

(69.4%) patients, respectively, compared with just 1, 2, and 2

patients for gadoterate (P � .0001, all readers), while highly sig-

nificant (P � .0023) superiority was noted by all readers for all

other qualitative parameters.

The importance of r1 relaxivity is highlighted by the quantita-

tive results of this study compared with those of other studies.

Thus, Anzalone et al11 noted differences in percentage lesion en-

hancement and LBR of �9.9% (97.962 versus 89.164) and �3.6%

(1.596 versus 1.541), respectively, for gadobutrol versus gadoter-

ate, which reflect a difference in r1 relaxivity of �18% based on

values determined by Shen et al.5 In a comparison of gadobenate

and gadobutrol, Siedl et al4 reported differences in percentage

lesion enhancement and LBR of 21.8%–24.7% and 21.4%–25.0%,

respectively, which reflect a greater difference in r1 relaxivity of

�35%. In this study, we determined larger differences in percent-

age lesion enhancement and LBR of 27.6%–31.7% and 29.2%–

38.1%, respectively, for equivalent doses of gadobenate and

gadoterate, which reflect the still greater difference in r1 relax-

ivity of �59%. Notably, in the study by Anzalone et al,11 the

slightly greater r1 relaxivity of gadobutrol compared with gad-

oterate led to improved imaging performance for gadobutrol

for some, though not all, qualitative end points, and not all

blinded readers demonstrated significant preference for

gadobutrol.

Whereas the findings for Arm 1 might be considered unsur-

prising on the basis of previous findings,1-4,6,13-16 those for Arm 2

might also have been anticipated on the basis of these same find-

ings and those of Khouri Chalouhi et al,7 who demonstrated a

markedly better signal-to-noise ratio for a three-quarter dose of

gadobenate compared with a full dose of gadoterate in 31 patients

who underwent cranial MR imaging examinations with both

agents. In our study, all 3 blinded, expert neuroradiologists ex-

pressed no preference for either half-dose gadobenate or full-dose

gadoterate in most cases. In the few cases in which a reader ex-

FIG 1. A 53-year-old man with left parietal glioblastoma. Images acquired before (unenhanced T1SE, A) and after (T1SE, B; T1GRE, C) administration
of 0.1-mmol/kg gadobenate. Images acquired before (unenhanced T1SE, D) and after (T1SE, E; T1GRE, F) administration of 0.1-mmol/kg gadoterate.
Aggressive-appearing mass with inhomogeneous enhancement shows greater lesion enhancement on images obtained with gadobenate. All
blinded readers scored gadobenate images significantly higher for global preference, internal morphology, and contrast enhancement.
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pressed preference, the number preferring 0.1-mmol/kg gadoter-

ate was approximately equal to the number preferring 0.05-

mmol/kg gadobenate. Similar findings were noted for

quantitative enhancement measurements: no significant differ-

ences between 0.1-mmol/kg gadoterate and 0.05-mmol/kg gado-

benate were noted either for mean percentage signal enhance-

ment (apart from reader 2 who noted higher percentage

enhancement with half-dose gadobenate) or for pre- to postdose

changes in LBR. The interreader agreement for assessment of im-

ages was good in all cases (complete agreement for 63.4%– 84.9%

of patients among qualitative end points). Although the inter-

reader agreement for lesion characterization was considered only

moderate (� � 0.44 – 0.53), agreement was determined across 3

blinded readers rather than 2 as has been the case in some stud-

ies17; clearly, complete agreement among 3 readers is less likely

than complete agreement between 2. That the � values and reader

agreement in Arm 2 were higher than those in Arm 1 is due to the

skewed distribution of preferences in Arm 1 with readers prefer-

ring gadobenate in many more patients than gadoterate. Skewed

preferences of this type are known to lower � values.18

In terms of clinical impact, the possibility of obtaining similar

diagnostic information with a half-dose of gadobenate is poten-

tially highly beneficial, not only in patients at risk of delayed ad-

verse reactions such as nephrogenic systemic fibrosis and in light

of recent concerns over intracranial gadolinium (Gd)3� deposi-

tion19-24 but also in patients who require multiple GBCA doses

during either a short-term period (eg, patients undergoing intra-

operative MR imaging) or an extended period (eg, patients re-

quiring regular postoperative follow-up examinations). Although

not evaluated in this study, half-dose gadobenate may also be of

value in patients who require long-term routine evaluation of

disease evolution (eg, patients with multiple sclerosis). In this

latter case, a clear understanding of the differences between

GBCAs in terms of relaxivity and enhancement potential is fun-

damental to avoid misinterpretation of imaging findings (ie, to

avoid interpretations of disease progression or therapy response,

which, in reality, may be due solely to the different enhancement

potential of various agents at equivalent doses).

In regard to the risk of delayed adverse reactions, whereas gad-

oterate has a macrocyclic structure and is widely considered a safe

FIG 2. A 77-year-old man with a left occipital anaplastic astrocytoma. Images acquired before (unenhanced T1SE, A) and after (T1SE, B; T1GRE, C)
administration of 0.05-mmol/kg gadobenate. Images acquired before (unenhanced T1SE, D) and after (T1SE, E; T1GRE, F) administration of 0.1-mmol/kg
gadoterate. A single irregular ring-enhancing mass is clearly seen in both examinations; similar appearances and lesion definition and size are seen in
both. All blinded readers gave similar scores for global preference, border delineation, internal morphology, and contrast enhancement, indicating
equivalence for 0.05-mmol/kg gadobenate versus 0.1-mmol/kg gadoterate.
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GBCA based on in vitro stability data,25 no cases of nephrogenic

systemic fibrosis have yet been reported after the sole administra-

tion of gadobenate,26-28 and gadobenate, like gadoterate, is con-

sidered a low-risk agent for nephrogenic systemic fibrosis by the

American College of Radiology and other regulatory authorities,

including the US Food and Drug Administration.29,30 Moreover,

unlike gadoterate, gadobenate has a dual route of elimination

from the body, meaning that Gd3� is still eliminated via the hepa-

tobiliary pathway in even greater amounts in patients with se-

verely impaired renal function or end-stage renal disease.26,27,31

In regard to the possibility of intracranial Gd3� deposition, the

GBCAs most closely associated with this

phenomenon as yet have been gadodi-

amide and gadopentetate dimeglumine

(ie, the same GBCAs most frequently asso-

ciated with unconfounded cases of neph-

rogenic systemic fibrosis).19-24 In terms of

immediate-type adverse events, both

gadobenate and gadoterate were safe and

well-tolerated in patients with suspected

or confirmed brain pathology, with no se-

rious adverse events reported for either

agent.

In common with previous studies of

this type,1-4,8,11 a principal limitation is

that the clinical impact of gadobenate on

patient management and outcome was

not directly evaluated. Although the

greater diagnostic information available

with full-dose gadobenate would be ex-

pected to benefit therapeutic procedures

by better defining resection margins and

radiosurgical target volumes, further

dedicated studies are required to prove

this point conclusively. A second possi-

ble limitation is that imaging was per-

formed only at 1.5T. On the other hand,

significant superiority for gadobenate
compared with the standard relaxivity

agent gadopentetate dimeglumine has

also been confirmed at 3T,2 while a more

recent study suggests that the potential

benefits of gadobenate also extend to

higher field strength systems.32 Notably,

in this latter study, the lesion enhance-

ment achieved with half-dose gado-

benate at 7T was higher than that

achieved with full-dose gadobenate at

3T, suggesting the possibility for dose re-

duction at higher field strengths.32

However, the use of half-dose gado-

benate for imaging of the CNS would be

considered an off-label application.

CONCLUSIONS
Two conclusions can be drawn from this

study. First, gadobenate is significantly

superior to gadoterate for qualitative and quantitative enhance-

ment of brain lesions when these agents are administered at an

equivalent dose of 0.1 mmol/kg body weight. Second, a half-dose

of gadobenate (0.05 mmol/kg body weight) is equivalent to a full

dose (0.1 mmol/kg body weight) of gadoterate and may prove

advantageous when a clinical requirement is to administer a low

GBCA dose. In demonstrating the value of half-dose gadobenate

for brain tumor imaging, our study supports the findings of nu-

merous previous studies across a range of MR imaging applica-

tions that have confirmed the diagnostic potential of gadobenate

at 0.05 mmol/kg body weight.33-36

FIG 3. Blinded reader comparison of percentage lesion enhancement (A) and LBR (B) after
administration of gadobenate and gadoterate. Highly significant increases in quantitative
enhancement were noted by all readers for patients receiving 0.1-mmol/kg gadobenate
compared with 0.1-mmol/kg gadoterate (Arm 1), while no differences in enhancement were
noted for patients receiving 0.05-mmol/kg gadobenate compared with 0.1-mmol/kg gadot-
erate (Arm 2).
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ORIGINAL RESEARCH
PATIENT SAFETY

Temporal Bone CT: Improved Image Quality and Potential for
Decreased Radiation Dose Using an Ultra-High-Resolution Scan

Mode with an Iterative Reconstruction Algorithm
S. Leng, F.E. Diehn, J.I. Lane, K.K. Koeller, R.J. Witte, R.E. Carter, and C.H. McCollough

ABSTRACT

BACKGROUND AND PURPOSE: Radiation dose in temporal bone CT imaging can be high due to the requirement of high spatial
resolution. In this study, we assessed whether CT imaging of the temporal bone by using an ultra-high-resolution scan mode combined
with iterative reconstruction provides higher spatial resolution and lower image noise than a z-axis ultra-high-resolution mode.

MATERIALS AND METHODS: Patients with baseline temporal bone CT scans acquired by using a z-axis ultra-high-resolution protocol and
a follow-up scan by using the ultra-high-resolution–iterative reconstruction technique were identified. Images of left and right temporal
bones were reconstructed in the axial, coronal, and Poschl planes. Three neuroradiologists assessed the spatial resolution of the following
structures: round and oval windows, incudomallear and incudostapedial joints, basal turn spiral lamina, and scutum. The paired z-axis
ultra-high-resolution and ultra-high-resolution–iterative reconstruction images were displayed side by side in random order, with readers
blinded to the imaging protocol. Image noise was compared in ROIs over the posterior fossa.

RESULTS: We identified 8 patients, yielding 16 sets of temporal bone images (left and right). Three sets were excluded because the patient
underwent surgery between the 2 examinations. Spatial resolution was comparable (Poschl) or slightly better (axial and coronal planes)
with ultra-high-resolution–iterative reconstruction than with z-axis ultra-high-resolution. A paired t test indicated that noise was signifi-
cantly lower with ultra-high-resolution–iterative reconstruction than with z-axis ultra-high-resolution (P � .001), with a mean noise
reduction of 37% (range, 18%– 49%).

CONCLUSIONS: The ultra-high-resolution–iterative reconstruction scan mode has similar or slightly better resolution relative to the
z-axis ultra-high-resolution mode for CT of the temporal bone but significantly (P � .01) lower image noise, which may enable the dose to
be reduced by approximately 50%.

ABBREVIATIONS: IR � iterative reconstruction; UHR � ultra-high-resolution; zUHR � z-axis ultra-high-resolution

Since the introduction of multidetector techniques, CT has be-

come a major diagnostic technique for temporal bone imag-

ing because its high spatial resolution is well-suited to the task of

visualizing the fine anatomic structures of the middle and inner

ear.1-5 To improve spatial resolution, different approaches have

been introduced. One of these is the use of an attenuating comb

filter to reduce the detector aperture in both fan and cone angle

directions, which is referred to as the z-axis ultra-high-resolution

(zUHR) technique.6 This technique, in combination with a flying

focal spot technique, provides nominal image thickness thinner

than the detector cell size at the isocenter.6,7

Due to the requirement for high spatial resolution, the ra-

diation dose in temporal CT can be high, especially with the

zUHR technique because its dose efficiency is reduced as pho-

tons passing through the patient are blocked from the detector

by the comb filters in both fan and cone angle directions.8 A

recent focus of CT imaging has been to reduce patient exposure

to ionizing radiation, following the as low as reasonably

achievable principle.9-13 However, the consequent reduction

in photons can adversely affect image quality and present a

great challenge when imaging small, anatomically complex

structures embedded in attenuating bone, such as those of the

middle and inner ear. Iterative reconstruction (IR) is a prom-

ising reconstruction technique that is superior to standard fil-

tered back-projection reconstructions and theoretically can be
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used to improve resolution at standard radiation doses or to

maintain current resolution by using a reduced radiation

dose.14-17

Recently, a new technique combining a deconvolution tech-

nique and an IR algorithm, referred to as ultra-high-resolution

(UHR)-IR, has been introduced to improve dose efficiency of the

zUHR mode. Phantom studies demonstrated that this technique

improved dose efficiency by removing the comb filter along the

cone (z) direction.8 In this study, we retrospectively reviewed

temporal bone CT examinations in patients who had baseline

studies by using the standard zUHR technique and follow-up ex-

aminations by using UHR-IR to determine whether UHR-IR pro-

vided improved resolution and lower noise than zUHR in the

clinical setting, which could enable reductions in dose.

MATERIALS AND METHODS
Patient Enrollment and CT Scans
This retrospective study was approved by our institutional review

board and was Health Insurance Portability and Accountability

Act– compliant. Patients with temporal bone CT scans acquired

by using a zUHR protocol who underwent a follow-up scan by

using the UHR-IR technique were identified by searching the

electronic medical records. Patients who had not provided autho-

rization for research were excluded from this study. Temporal

bones in which inner ear surgery was performed between the 2

examinations were also excluded.

Baseline scans were acquired on a 64-section CT scanner (Sen-

sation 64; Siemens, Forchheim, Germany) by using the zUHR

mode (12 � 0.3 mm collimation), with a tube potential of 120 kV,

400 effective mAs, 1-second rotation time, and 0.8 helical pitch.

The automatic exposure control was off, and the volume CT dose

index was 88 mGy. Images were reconstructed by using a standard

filtered back-projection algorithm with a special kernel designed

for the UHR mode (U70). Images were reconstructed with

0.4-mm section thickness at 0.3-mm increments. Both the z-axis

and in-plane flying focal spot were used for data acquisition.6,7

The follow-up UHR-IR scans were conducted on a 128-sec-

tion CT scanner (Somatom Definition Flash; Siemens) by using

the UHR scan mode (16 � 0.6 mm collimation), with a tube

potential of 120 kV, 375 effective mAs, 1-second rotation time,

and 0.8 helical pitch. The automatic exposure control was off, and

the volume CT dose index was 82 mGy. Images were recon-

structed by using an IR algorithm (sinogram-affirmed iterative

reconstruction, SAFIRE; Siemens) with a special kernel designed

for the UHR mode (V80). The strength of the IR algorithm was set

at 3 on a scale of 1 (least noise reduction) to 5 (most noise reduc-

tion). The thinnest available image section thickness (0.5 mm)

was used, with an increment of 0.3 mm.

For both original and follow-up examinations, images of the

left and right temporal bones were reconstructed in the axial,

coronal, and Poschl planes, as per our routine clinical protocol.

Assessment of Spatial Resolution
Image quality was independently assessed by 3 fellowship-trained

neuroradiologists experienced in temporal bone image interpre-

tation, with a focus on differences in image sharpness (spatial

resolution) between the 2 techniques. All images were reviewed

on a calibrated monitor used for clinical diagnosis located inside a

darkened room, with ambient light �10 lux. Baseline and fol-

low-up images of the same patient and same side of the head in the

3 planes were displayed side by side in a randomized order, with

the readers blinded to reconstruction parameters. The 3 neurora-

diologist reviewers assessed the spatial resolution on each of the

axial, coronal, and Poschl planes, focusing on the following struc-

tures: round window, incudomallear joint, and basal turn spiral

lamina (axial plane); oval window and scutum (coronal plane);

and the basal turn spiral lamina and incudostapedial joint (Poschl

plane). Readers compared the spatial resolution of the displayed

image on the left with that displayed on the right, and another

investigator (not a reader) determined post hoc which image was

zUHR and which was UHR-IR to apply the following grading

scale to the UHR-IR images (relative to the zUHR images) for

each structure: 1 � inferior resolution with degraded visualiza-

tion, 2 � slightly inferior resolution without affecting visualiza-

tion, 3 � equivalent, 4 � slightly superior resolution without

affecting visualization, 5 � superior resolution with improved

visualization.

Image Noise Measurement
Image noise was measured as the SD of CT numbers inside a

circular ROI placed on the axial images. The ROI size was approx-

imately 0.4 cm2 and was placed over the posterior fossa area, with

locations matched as closely as possible between those of the

zUHR and UHR-IR scans.

Statistical Analysis
The Wilcoxon signed rank test was performed to compare the

scores of image resolution between UHR-IR and zUHR for the

aforementioned individual structures (round window, incu-

domallear joint, oval window, incudostapedial joint, spiral lamina

in the basal turn, and scutum) and reconstruction planes (axial,

coronal, and Poschl). For the comparison of spatial resolution in

reconstruction planes, the averaged score of structures in the

plane was used. A 2-tailed paired t test was used to compare image

FIG 1. Spatial resolution scores for images in the axial, coronal, and
Poschl planes, averaged across individual structures in each imaging
plane. The scale assessed UHR-IR images relative to zUHR images: 1 �
inferior resolution with degraded visualization, 2 � slightly inferior
resolution without affecting visualization; 3 � equivalent, 4 � slightly
superior resolution without affecting visualization, 5 � superior res-
olution with improved visualization. The means are shown as lined
bars, with the value above each bar. Statistical significance was de-
termined with the Wilcoxon signed rank test.
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noise between the 2 techniques. With

both tests, P � .01 was considered a sta-

tistically significant difference. The dif-

ference in image noise between the 2

techniques was calculated, and dose re-

duction was estimated on the basis of the

relationship between image noise and

radiation dose (ie, radiation dose is in-

versely proportional to the square of im-

age noise in CT).

RESULTS
Study Sample
We identified 8 patients (2 male and 6

female; age ranges, 16 –75 years of age)

who had initial examinations with the

zUHR technique and underwent a fol-

low-up scan by using the new UHR-IR

technique. Images from the left and

right side of each patient provided 16

sets of temporal bone CT images. Three

of these datasets were excluded because

the patient had inner ear surgery be-

tween the 2 examinations; this change

left 13 sets of images included in the final

data analysis. The median time interval

between examinations was 12 months

(range, 1–34 months). For the initial ex-

aminations, the principal indications

were the following: hearing loss (n � 4; 2

conductive and 2 sensorineural), in-

flammatory disease (n � 2), trauma

(n � 1), and skeletal dysplasia (n � 1).

For the follow-up examinations, the in-

dications were the following: postopera-

tive evaluation (n � 3; 1 internal audi-

tory canal decompression, 1 cochlear

implant, and 1 ossicular reconstruc-

tion), follow-up or ruling out inflamma-

tory disease (n � 3), further evaluation

of bilateral fractures (n � 1), and fol-

low-up of a presumed mastoid heman-

gioma (n � 1).

Spatial Resolution
Spatial resolution scores showed that the 3

readers found the UHR-IR images to be of

significantly higher quality (P � .01, Wil-

coxon signed rank test) than the zUHR

images in the axial and coronal planes

but not in the Poschl plane (Fig 1). Spa-

tial resolution scores of individual struc-

tures showed that readers found the

UHR-IR images to be of significantly

higher quality (P � .01, Wilcoxon

signed rank test) for the round window,

incudomallear joint, oval window and

scutum (Table). UHR images had

FIG 2. Comparison of spatial resolution of the round window. Representative axial CT images
of the round window of the same patient scanned with the zUHR technique (A) and UHR-IR
technique (B). The UHR-IR technique produced superior spatial resolution and lower image
noise.

FIG 3. Comparison of the spatial resolution of the incudomallear joint. Representative axial
images of the incudomallear joint of the same patient scanned with the zUHR technique (A) and
UHR-IR technique (B). The UHR-IR technique produced superior spatial resolution and lower
image noise.

Spatial resolution scores and P values
Round

Window
Incudomallear

Joint
Basal Turn

Spiral Lamina
Oval

Window Scutum
Incudostapedial

Joint
Mean score 4.05 4.05 2.69 3.71 3.53 3.38
P value �.001 �.001 .0083 .0011 .0037 .0248
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higher quality than zUHR images for the incudostapedial joint,

but the difference was not statistically significant (Table). For

the basal turn spiral lamina, UHR images had a lower quality

than zUHR images (Table). The superior sharpness produced

by the UHR-IR technique can be seen in representative images

at the round window and incudomallear joint (Figs 2 and 3).

Noise and Potential Dose Reduction
In all cases, images obtained with UHR-IR had lower noise than

those obtained with zUHR (all, P � .01; paired t test; Fig 4). In

representative images (Fig 5), the UHR-IR and zUHR techniques

produced similar sharpness, but the UHR-IR images had much

lower image noise in both the axial and coronal planes. The mean

noise reduction by using UHR-IR, relative to zUHR, was 37%

(range, 18%– 49%). This translated to a dose reduction potential

of 61% (range, 33%–74%).

DISCUSSION
Reduction in the ionizing radiation dose has been a major focus of

technology development in diagnostic CT in recent years.9-11,14,18

Temporal bone CT requires a high radiation dose relative to other

diagnostic CT examinations; for example, temporal bone CT by

using the standard technique at our institution (zUHR) results in

a volume CT dose index of 88 mGy, compared with 38 – 69 mGy

for a routine head CT examination. Given that radiation reduc-

tion can adversely affect image quality, techniques that allow dose

reduction without sacrificing image resolution would be exceed-

ingly useful in this area of CT imaging.

In this study, radiation dose reduction was achieved by using 2
techniques: 1) the deconvolution technique, and 2) iterative re-
construction. The deconvolution technique allows removal of the
comb filter along the z-direction compared with zUHR, which
substantially improves the dose efficiency by increasing the num-
ber of photons detected by the detector. Most important, the spa-
tial resolution was preserved, which was substantially better than
that in other scanners without the comb filter techniques.6 Itera-
tive reconstruction has the potential to reduce image noise and
radiation dose compared with standard filtered back-projection
reconstruction algorithms in many studies,14-17 including in the

temporal bone.13 The amount of dose
reduction highly depends on the specific
vendor, scanner platform and imaging
task. Dose reduction in this study was a
combination of these 2 techniques,
similar to that demonstrated in the
previous phantom studies by compar-
ing filtered back-projection–zUHR,
IR-zUHR, and IR-UHR.8

It is important to maintain the spa-
tial resolution while reducing image
noise and radiation dose, especially in
temporal bone CT, in which high spatial
resolution is critical. In this study, we
found that the UHR-IR scan mode by
using a z-deconvolution technique pro-
duced resolutions similar to or slightly
better than those produced by the zUHR
mode, but with significantly (37%)
lower image noise. This reduced image
noise could potentially allow UHR-IR to
be used to reduce the dose by �50% on
the basis of the relationship between im-
age noise and radiation dose in CT. This
study was performed by using the IR-
UHR technique on the second-genera-
tion dual-source scanner (Flash) and
compared to the same patients’ prior ex-
aminations on older scanners. By com-
paring scans from the same patients, we
avoided the potential compounding fac-

FIG 4. Lower image noise in images acquired with UHR-IR. Image
noise was measured at the posterior fossa in axial images from each of
the 13 datasets by using the zUHR and UHR-IR techniques.

FIG 5. Spatial resolution and image noise in images from a representative patient. Axial (A and B)
and coronal (C and D) CT images of the same patient scanned with the zUHR technique (A and C)
and UHR-IR technique (B and D). Substantial noise reduction was achieved by using the UHR-IR
technique.
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tor caused by patient-to-patient variation. The IR-UHR tech-
nique has also been implemented on the third-generation dual-
source scanner, and dose reduction was reported by comparing
scans of different patients randomly assigned to the first-, sec-
ond-, and third-generation dual-source scanners.19 Given the im-
proved source and detector technologies, more dose reduction
may be achievable by using the third-generation dual-source
scanner.

There are several limitations to this study. The first is the small
patient cohort, due to the limited number of patients scanned
with both zUHR and UHR-IR. However, image noise was lower
with UHR-IR for each individual case, and the paired t test
showed this difference to be statistically different. Another limi-
tation is that the retrospective methodology did not permit stan-
dardization of the time interval between examinations. The third
limitation of this study is that the zUHR examinations were per-
formed on a different scanner platform from that of the UHR-IR
examinations. This was because prior examinations were only
available on a different scanner platform and because the new
scanner was only recently available. The amount of dose reduc-
tion could be potentially less if the zUHR examinations were per-
formed on the same new scanner platform.

CONCLUSIONS
This study demonstrated that UHR-IR reduces image noise by

�30% while providing similar or better spatial resolution than

the existing zUHR technique. This may enable a substantial re-

duction in radiation dose without a corresponding loss of resolu-

tion. This is a considerable achievement for temporal bone CT,

which currently requires one of the highest doses in clinical CT

imaging. These preliminary findings need to be corroborated with

further studies performed with a reduced radiation dose.
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FUNCTIONAL VIGNETTE

Memory Part 3: The Role of the Fornix and Clinical Cases
F.D. Raslau, J.C. Augustinack, A.P. Klein, X J.L. Ulmer, V.P. Mathews, and X L.P. Mark

The fornix is the major white matter outflow tract from the

hippocampus, and pathology involving the fornix would be

expected to affect memory. Pathologic processes that affect the

hippocampal formation and parahippocampal gyrus, including

the entorhinal cortex, correlate with specific types of memory

deficits,1-10 but the clinical consequences of lesions of the fornix

have not been emphasized as often. A familiarity with the anat-

omy and imaging of the fornix helps to anticipate the clinical

impact of pathology and treatment that involves this strategic

structure.

The fornix, named for its archlike configuration (Figs 1 and 2),

is formed from the fimbria, which is the fringelike medial contin-

uation of the alveus that sits on the superior surface of the hip-

pocampus just below the ependymal lining on the floor of the

temporal horn of the lateral ventricles (Fig 3). The posterior por-

tion of the fornix, the crus, also forms the posterior medial margin

of the lateral ventricles (Fig 4). The crura are joined across the

midline by the psalterium (lyre or Harp of David), also called

the hippocampal commissure or commissure of the fornix.11 The

body of the fornix is situated at the dome of the fornical archlike

configuration and is connected to the inner surface of the corpus

callosum via the septum pellucidum (Fig 5A). This portion of the

fornix is situated at the upper margin of the velum interpositum,

which is traversed by the internal cerebral veins, and is above the

third ventricle but below the body of the lateral ventricles. The

foramen of Monro forms the anterior border of the velum inter-

positum, which is open at its posterior aspect at the position of the

pineal gland (Fig 5B).

The white matter fibers of the columns of the fornix have a

more superoinferior orientation, forming the anterior portion of

the fornical arch, and are also joined to the posterior margin of the

genu of the corpus callosum via the septum pellucidum (Fig 6). At

the level of the anterior commissure, the columns of the fornix

split, with most of the fibers coursing posterior to the anterior

commissure to form the postcommissural fibers that project to

the mammillary bodies, while the minority of precommissural

fibers run anterior to the anterior commissure to project to the

medial prefrontal cortex, nucleus accumbens, and septal nuclei,

which are located deep to the medial aspect of the frontal lobes

inferior to the rostrum of the corpus callosum. The fornix also

sends smaller fibers to the anterior thalamus.

Clinical and experimental data suggest a functional distribu-

tion of the fornical fibers.12-16 The left fornix primarily carries

verbal memory information, while the right carries visuospatial
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FIG 1. Sagittal T1-weighted image showing the archlike configuration
of the fornix (yellow arrow) at the upper margin of the velum inter-
positum (VI), which is situated between the lateral (LV) and third (3V)
ventricles. The fornix is attached to the septum pellucidum, which in
turn is attached to the inner curving surface of the corpus callosum
(CC). The fornix bifurcates at the level of the anterior commissure (red
arrow), with the postcommissural fibers projecting to the mammillary
bodies (green arrow).
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memory information (Fig 7). In addition, the medial fornix car-

ries fibers from the caudal hippocampus, which processes extero-

ceptive signals and integrates object recognition within a spatial

context (ie, scene learning). The lateral aspect of the fornix is

presumed to carry projections from the more rostral hippocam-

pus, which processes interoceptive signals for emotional and mo-

tivational learning and memory (Fig 8).

Knowledge of this anatomy helps to anticipate clinical deficits

and surgical risks. Figure 9 shows the imaging of a 23-year-old

woman who presented with progressive headaches over a

2-month period. An unusual lesion was noted within the anterior

right lateral ventricle, causing some obstruction of the foramen of

Monro. More important, the mass impinged on and displaced the

columns of the fornices, right more than left. The neurosurgeons

were advised about the close proximity of the fornices to the me-

dial margin of the tumor and the risk of memory impairment. The

patient underwent an endoscopic subtotal resection, in which the

lesion was discovered to be a glioneuronal neoplasm, which was

tightly adherent to the fornical columns. On postoperative day 1,

the patient experienced new memory deficits with no recall of the

surgery or reason for the surgery. Neuropsychological testing

months later showed moderately impaired delayed recall of both

verbal and visuospatial materials.

Figure 10A shows an axial gradient-echo image of a 60-year-

old patient who presented with headaches and memory problems.

A large collection of blood was noted in the cistern of the velum

interpositum, with superior lateral displacement and compres-

sion of the body of the fornices. Cerebral angiography did not

reveal any cause for the hemorrhage, and the patient was then

monitored with serial MR imaging. Figure 10B shows atrophy of

the mammillary bodies, left greater than right, 5 months later. The

hematoma had significantly diminished in size with time, but

FIG 2. High-resolution coronal T2-weighted image of the right hip-
pocampal formation showing the dark signal of the white matter
fibers of the alveus (red arrow) positioned on top of Ammon’s horn
(CA) of the hippocampus and below the CSF of the temporal horn of
the lateral ventricle, which also contains the choroid plexus (not la-
beled). The dentate gyrus (DG) is shown. The alveus thickens at its
medial margin to form the fimbria (yellow arrow).

FIG 3. Schematic overview of the fornix from the side. The fimbria
forms the crus of the fornix, which is joined to the opposite fornix
across the midline by the commissure of the fornix (hippocampal
commissure, psalterium). The body of the fornix (B) at the top of the
fornical arch is connected to the inferior surface of the body of the
corpus callosum by the septum pellucidum. The column of the fornix
(C) has a more superoinferior orientation and is connected to the
posterior margin of the genu of the corpus callosum by the septum
pellucidum. The columns of the fornix are split at the level of the
anterior commissure with most the fibers (postcommissural fibers)
projecting to the mammillary bodies. Published with permission from
the estate of David L. Daniels.

FIG 4. A, Coronal anatomic specimen with a schematic reference
image. The white matter fibers of the crus of the fornix can be seen
forming the inferior medial margin of the posterior aspect of the
body of the lateral ventricles at the level of the splenium of the
corpus callosum. B, Coronal T2-weighted image shows the dark signal
of the crura of the fornices (yellow arrows) forming the inferior me-
dial margin of the posterior lateral ventricles at the level of the pos-
terior aspect of the body of the corpus callosum (CC).
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FIG 6. A, Axial T2-weighted image shows the postcommissural fibers of the fornix (yellow arrows) coursing posterior to the anterior commis-
sure (green arrow). B, Coronal T2-weighted image shows the superoinferior orientation of the columns of the fornix (yellow arrows).

FIG 7. Drawing showing verbal memory information carried primarily
by the left fornix (orange), while the visuospatial memory information
is primarily transmitted by the right fornix (light purple).

FIG 8. Drawing shows the medial aspect of the fornix (light blue)
carrying fibers from the posterior hippocampus for processing of
exteroceptive information for scene learning. The more lateral fibers
(light red), meanwhile, carry fibers from the more rostral portions of
the hippocampus for processing of interceptive signals for emotional
and motivational memory and learning.

FIG 5. A, Coronal T2-weighted image shows the body of the fornices (yellow arrows) attached to the inferior margin of the body of the corpus
callosum (CC) via the septum pellucidum (black arrow). The body of the fornices are at the upper aspect of the velum interpositum, which is
traversed by the internal cerebral veins (green arrow), situated above the third ventricle but inferomedial to the body of the lateral ventricles.
B, Sagittal schematic shows the position of the fornix relative to the velum interpositum. The foramen of Monro (green arrow) forms the
anterior border of the velum interpositum, while the posterior border opens between the splenium of the corpus callosum above and the pineal
gland below into the quadrigeminal plate cistern. The choroid plexus (red) is indicated at the roof of the third ventricle below but not within the
velum interpositum. Published with permission from the estate of David L. Daniels.
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FIG 9. A, T2-weighted axial image shows a glioneuronal tumor (red arrow) within the right lateral ventricle near the foramen of Monro displacing
and distorting the septum pellucidum and columns of the fornices (yellow arrow). B, The intraventricular glioneuronal tumor (red arrow) is
better visualized on the axial FLAIR image. C, Postoperative coronal T2-weighted image shows the intraventricular neoplasm still distorting the
columns of the fornix and septum pellucidum.

FIG 10. A, Gradient recalled-echo image shows hemorrhage (red arrow) in the cistern of the velum interpositum involving the bodies of the
fornices. B, Coronal T1-weighted image 5 months later without treatment shows atrophy of the mammillary bodies, worse on the left (yellow
arrow).
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neuropsychological testing showed that the patient had residual

memory impairment, verbal more than visuospatial. This is ex-

pected given the lateralization of the verbal memory fibers to the

left fornix and its greater involvement by the hematoma as re-

flected in the smaller left mammillary body. Figure 11 shows the

initial imaging of a 56-year-old woman who presented with new

onset of memory loss. She would often repeat the same question

during the appointment with her doctor, not remembering that

her question had already been answered. The infiltrating enhanc-

ing lesion of her mammillary bodies, including much of the re-

mainder of the hypothalamus demonstrated on the MR imaging

examination, proved to be Langerhans cell histiocytosis.

The effort of investigations in the basic neurosciences will con-

tinue to expand and deepen our knowledge of the processes that

constitute the experience that is memory, and our everyday clin-

ical effort to understand the functional anatomy of the extended

hippocampal network that subserves memory is useful to predict

the dysfunctional implications of strategically located lesions and

enhance the role of the neuroradiolgist in diagnosis and guiding

treatment.
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ORIGINAL RESEARCH
ADULT BRAIN

Early Quantification of Hematoma Hounsfield Units on
Noncontrast CT in Acute Intraventricular Hemorrhage Predicts

Ventricular Clearance after Intraventricular Thrombolysis
J. Kornbluth, S. Nekoovaght-Tak, N. Ullman, J.R. Carhuapoma, D.F. Hanley, and W. Ziai

EBM
2

ABSTRACT

BACKGROUND AND PURPOSE: Thrombolytic efficacy of intraventricular rtPA for acute intraventricular hemorrhage may depend on
hematoma composition. We assessed whether hematoma Hounsfield unit quantification informs intraventricular hemorrhage clearance
after intraventricular rtPA.

MATERIALS AND METHODS: Serial NCCT was performed on 52 patients who received intraventricular rtPA as part of the Clot Lysis
Evaluation of Accelerated Resolution of Intraventricular Hemorrhage trial and 12 controls with intraventricular hemorrhage, but no rtPA
treatment. A blinded investigator calculated Hounsfield unit values for intraventricular hemorrhage volumes on admission (t0), days 3– 4
(t1), and days 6 –9 (t2). Controls were matched uniquely to 12 rtPA-treated patients for comparison.

RESULTS: Median intraventricular hemorrhage volume on admission for patients treated with intraventricular rtPA was 31.9 mL (inter-
quartile range, 34.1 mL), and it decreased to 4.9 mL (interquartile range, 14.5 mL) (t2). Mean (�standard error of the mean) Hounsfield unit
for intraventricular hemorrhage was 52.1 (0.59) at t0 and decreased significantly to 50.1 (0.63) (t1), and to 45.1 (0.71) (t2). Total intraventricular
hemorrhage Hounsfield unit count was significantly correlated with intraventricular hemorrhage volume at all time points (t0: P � .002; t1:
P � .001; t2: P � .001). On serologic and CSF analysis at t0, only higher CSF protein was positively correlated with intraventricular
hemorrhage Hounsfield units (P � .03). In 24 matched patients treated with rtPA and controls, total intraventricular hemorrhage Hounsfield
units were significantly lower in patients treated with rtPA at t2 (P � .02). Higher Hounsfield unit quantification of fourth ventricle
hematomas independently predicted slower clearance of this ventricle (95% CI, 0.02– 0.14; P � .02), along with higher intraventricular
hemorrhage volume (95% CI, 0.02– 0.41; P � .03) and lower CSF protein levels (95% CI, �0.003 to �0.002; P � .001).

CONCLUSIONS: Intraventricular hemorrhage Hounsfield unit counts decrease significantly in the acute phase and to a greater extent with
intraventricular rtPA treatment. Intraventricular hemorrhage Hounsfield units are correlated significantly with CSF protein and not with serum
erythrocyte or platelet concentrations. Hounsfield unit counts may reflect intraventricular hemorrhage clot composition and rtPA sensitivity.

ABBREVIATIONS: CLEAR � Clot Lysis Evaluation of Accelerated Resolution of Intraventricular Hemorrhage; EVD � external ventricular drain; HU � Hounsfield unit; ICH �
intracerebral hemorrhage; IQR � interquartile range; IVH � intraventricular hemorrhage; SEM � standard error of the mean; t0 � admission; t1 � days 3–4; t2 � days 6–9

Intraventricular hemorrhage (IVH) occurs in approximately 45%

of patients following spontaneous intracerebral hemorrhage

(ICH) and is an independent predictor of morbidity and mortali-

ty.1-3 Previous studies demonstrated that administration of intraven-

tricular rtPA in acute is safe and accelerates clot resolution in exper-

imental models and humans.4,5 Evaluation of clot lysis is determined

most commonly by serial CT imaging, in which it is assumed that

high-attenuation blood represents the actual contour of the solid

clot. Less is known about factors that impact the CT attenuation

coefficient (in Hounsfield units [HUs]) of intraventricular blood and

whether CT attenuation is indicative of clot composition or the suc-

cess of intraventricular thrombolysis in acute IVH. An analysis of
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factors that impact intraventricular clot lysis rates in patients with

large IVH causing obstructive hydrocephalus, who were treated with

intraventricular rtPA, found that higher baseline serum plasminogen

and lower platelet counts were independently associated with an in-

crease in clot lysis during the first few days.6 This finding suggests that

intraventricular thrombus composition may impact IVH clot

removal.

In acute ischemic stroke, thrombus composition in large ar-

teries can be evaluated on the basis of HUs detected by thin-

section NCCT.7 HU counts may aid in predicting recanalization

(and resistance to thrombolytics) with intravascular rtPA.7,8 We

sought to assess the change in the CT attenuation coefficient of

IVH in patients treated with intraventricular rtPA (versus an ex-

ternal ventricular drain [EVD] alone) and to determine radioat-

tenuaton characteristics of intraventricular clot based on HU

measurements that may predict the efficacy of thrombolysis.

MATERIALS AND METHODS
Study Design
This was a post hoc analysis of patients chosen from a hospital

ICH registry and from a multicenter trial involving 52 random-

ized adult patients with obstructive hydrocephalus secondary to

IVH and spontaneous ICH volume of �30 mL requiring urgent

EVD. Twelve cases (11 enrolled in the trial plus 1 from the ICH

registry), all treated with intraventricular rtPA, were each

matched to 1 unique patient from the ICH registry, all of whom

received an EVD within 2 days of IVH onset, but no rtPA

(controls).

All except 1 case came from the dose-finding study of The Clot

Lysis Evaluation Accelerated Resolution of Intraventricular Hem-

orrhage trial (CLEAR IVH) (n � 52). Patients were either ran-

domized 1:1 (n � 16) to receive intraventricular rtPA at doses of

0.3 or 1.0 mg q12 hours (CLEAR A) or 1.0 mg q12 hours or q8

hours (n � 36) (CLEAR B). The nonenrolled case received intra-

ventricular rtPA, 1 mg every 12 hours, and was managed in accor-

dance with the study protocol.

Patients and controls were matched according to total IVH

volume, ICH volume, and ICH location. IVH and ICH volumes

were matched within 10 mL on the basis of computerized volu-

metric analysis of the diagnostic CT. Patients receiving placebos

from the CLEAR IVH trials could not be used due to lack of

electronic CT data for this cohort. This study was approved by the

institutional review board of each participating site.

Patient Selection
Inclusion criteria for the trial required that an EVD had been

inserted, a CT scan obtained at least 6 hours later showed no

significant new occurrence or increase in size of any hematoma,

and the first dose of rtPA could be given within 48 hours of diag-

nostic head CT. Patients treated with rtPA had an EVD inserted

within 24 hours of diagnostic CT in 45 patients and on day 2 in 7.

Control patients had an EVD inserted within 24 hours of diagnos-

tic CT in 10 patients and within 48 hours in 2. Exclusion criteria

for study patients included the following: traumatic brain injury,

posterior fossa parenchymal hemorrhage, parenchymal hemor-

rhage volume of �30 mL, suspected intracerebral aneurysm or

arteriovenous malformation (excluded by appropriate diagnostic

studies), any severe complicating illness, active internal bleeding,

current use of heparin (but not antiplatelet agents), coagulopathy

with prothrombin time or partial thromboplastin time outside

the normal range, platelet count of �75 IU/mm3, pregnancy, and

age younger than 18 years. Controls and 1 patient treated with tPA

were not enrolled in the study due to the following: inability to

enroll within the allowed time window (n � 3), baseline ICH

volume of �30 mL (n � 2), consent declined (n � 1), and pre-

sentation while the study was not enrolling patients (n � 7). Only

patients who underwent at least 2 more CT scans after their ad-

mission CT (t0) with at least 1 during days 2– 4 (t1) and days 5–9

(t2) after admission were included.

Patient Management
EVDs were placed by the neurosurgical staff in patients with

symptomatic hydrocephalus and a Glasgow Coma Scale score of

�8. Initial catheters were placed contralateral to side of greatest

IVH volume in 47/65 patients (72%) (37 patients treated with

rtPA, 10 controls) and ipsilateral, in 15 patients (23%). Three

patients had simultaneous bilateral EVDs (5%).

rtPA was delivered after attempting aspiration of at least 4 mL

of CSF. Isovolumetric injection of rtPA was followed by a 2-mL

flush of nonbacteriostatic normal saline. After each injection, the

EVD was closed for 1 hour to allow time for rtPA-clot interaction

and was reopened only if necessary to control medically refractory

intracranial pressure elevation. After the clamping period, the

EVD was reopened to drain CSF at the gradient set by the treating

physician. The first injection of rtPA occurred no sooner than 12

hours but no later than 48 hours after the diagnostic CT and at

least 6 hours after EVD placement. rtPA injections continued at

the specified interval until clearance of hyperattenuated blood

from the third and fourth ventricles was observed on daily head

CT or for a maximum of 12 doses in the CLEAR A and B studies.

In patients and controls, EVDs were kept open, with a drainage

gradient specified by the treating physician (0 –20 mm Hg) until it

was determined appropriate to wean.

Radiologic Assessment
Neuroimaging was performed on fourth-generation CT scanners at

each participating study site. CT scans chosen for analysis were the

following: admission day 1 CT (t0), days 2–4 CT (t1), and days 5–9

CT (t2). CT scans for each interval were chosen as close as possible in

time for each case-control pair. Most CT scans consisted of 4- to

5-mm-thick sections through both the skull base and cerebrum. In

10 patients, 19 CT scans consisted of 10–15 sections of 3-mm thick-

ness for the skull base and 10–12 sections of 6-mm thickness for the

cerebrum. A single blinded researcher (S.N.-T.) manually mapped

out ROIs around the intraventricular and parenchymal hematomas

and around the contour of each ventricle on continuous images from

representative CT scans by using an open-source DICOM viewer

software program for MAC (OsiriX Imaging Software, Version 4.1;

http://www.osirix-viewer.com) (Fig 1). A semiautomated threshold-

based approach with a range of 40–80 HU was used to initially iden-

tify regions and then was manually adjusted to obtain the best delin-

eation of blood clot and avoid artifacts introduced by higher

attenuation CSF. The software adjusts for changes in section thick-

ness and thereby corrects for different CT techniques across centers.
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The volumes and mean HU counts of the IVH and ICH clots and of

the ventricular fluid not containing acute blood were calculated with

this semiautomatic procedure. The HU values were obtained for

each ROI by averaging all voxels within the ROI. IVH ROIs were

analyzed as total IVH values and by component ventricle location

(right and left lateral, third and fourth ventricles).

Data Analysis
We collected demographic and baseline characteristics, including

the following serologic and CSF data at initial presentation or at

EVD insertion: hematocrit, platelet count, prothrombin time,

partial thromboplastin time, plasma fibrinogen level, CSF red

blood cell and white blood cell counts, CSF protein level, and CSF

glucose level. For univariate analysis, we correlated mean HU

counts from all patients in the trial (N � 52) with IVH and ICH

volumes, serologic and CSF data at initial presentation, sex, num-

ber of and total rtPA doses, side of the EVD relative to predomi-

nant IVH volume, and ventricle component across time points by

using Spearman correlation tests and Student t tests as appropri-

ate. In 24 matched patients, demographic variables, baseline char-

acteristics, IVH and ICH volumes, HUs, and serologic and CSF

data were compared between patients treated with rtPA and con-

trols by using the Student t test and �2 or the Fisher exact test as

appropriate. The Wilcoxon signed rank test was used to compare

variables with non-normal distributions. Data are presented as

mean � standard error of the mean (SEM) or median (interquar-

tile range [IQR]) unless otherwise indicated. Statistical analysis

was performed with STATA 11.0 (StataCorp, College Station,

Texas). A value of P � .05 was significant.

RESULTS
Patients Treated with rtPA
Patient demographics and radiographic findings for patients in

the trial are outlined in Table 1. IVH volume decreased signif-

icantly at both t1 and t2 relative to t0 in patients treated with

rtPA (N � 52) (P � .001 for both). Progression of HU counts

with time (Fig 2) showed that total ventricular HU counts

decreased significantly from 52.14 � 0.59 (t0) to 50.11 � 0.63

(t1) (P � .002) to 45.05 � 0.71(t2) (P � .001; t2 versus t0). The

decrease in HU counts was significant for all ventricular com-

partments when analyzed individually. IVH volume was sig-

nificantly correlated with HU counts at all time points: t0

(Spearman � � 0.41, P � .002); t1 (� � 0.70, P � .001); and t2

(� � 0.64, P � .001).

Time from EVD placement to resolution of casted third or fourth

ventricle clot occurred at a median of 2.7 days (range, 0.29–8.46

days) and 2.2 days (range, 0.23–5.78 days), respectively, and was pos-

itively correlated with third or fourth ventricle HU counts at t0, re-

spectively (third ventricle: � � 0.30, P � .04; fourth ventricle: � �

0.37, P � .02); higher HU correlated with longer time to clot resolu-

tion. The third ventricle failed to clear in 3 patients from t0 to t2.

Factors at t0 independently associated with slower clearance of the

FIG 1. ROI mapping of IVH in a typical patient on days 1, 3, and 8.
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fourth ventricle were higher fourth ventricle HU counts (95% CI,

0.02–0.14; P � .02), larger fourth ventricle IVH volume (95% CI,

0.02–0.41; P� .03), and lower CSF protein levels (95% CI,�0.003 to

�0.002; P� .001). Factors at t0 independently associated with slower

clearance of the third ventricle were larger third ventricle IVH vol-

ume (95% CI, 0.04–0.57; P � .03) and lower CSF protein levels

(95% CI, �0.004 to �0.001; P � .007), but not third ventricle HU

counts (P � .35). Lower initial HU counts were significantly corre-

lated with greater change in IVH volume from admission to t1 (� �

�0.28, P � .048), but not at t2 (P � .11). After adjustment for ad-

mission IVH volume, however, initial HU counts were not signifi-

cantly associated with the change in IVH volume. The decrease in

mean IVH HU counts for all ventricles with time did not correlate

with the number of doses of IVR rtPA at t1 (� � 0.12, P � .43) or t2

(� � �0.23, P � .11). There was no correlation between the side of

EVD placement and the ipsilateral de-

crease in HU over the duration of the in-

vestigation (P � .60).

Matched Pairs
Patients and controls (n � 24) were

well-matched in baseline ICH and IVH

volume (Table 2). t1 and t2 CT scans

were performed at a mean of 3.2 � 0.88

days and 6.2 � 1.4 days after admission,

which was not different between groups

(P � .59 [t1], P � .10 [t2]). IVH volume

decreased significantly faster at both t1

and t2 relative to t0 in patients treated

with rtPA compared with controls. The

mean IVH HU count in the rtPA group

was 52.71 (1.18) at t0 and decreased sig-

nificantly to 49.01 (0.98) at t1, and to

45.05 (1.24) at t2. IVH HU counts in

controls were not significantly different

from those in patients treated with rtPA

at t0 and t1 but were significantly higher

at t2 (49.48 [1.33], P � .02) (Fig 3).

Correlation with Serologic and CSF
Data
There was no significant correlation be-

tween admission CT total IVH HU count

and the admission values of serum platelet

count, prothrombin time, partial throm-

boplastin time, fibrinogen level, hemoglo-

bin level, and hematocrit level or white

blood cell count. Admission ICH HU

count showed a trend correlation with se-

rum hematocrit (� � 0.26, P � .06).

Higher CSF protein (median, 112 g/dL;

range, 2.11–986 g/dL) was significantly

positively correlated with IVH HU (� �

0.42, P � .03). CSF glucose levels and

white blood cell counts were not corre-

lated with IVH HU counts. There was a

weakly positive correlation between CSF

red blood cell count and IVH HU (� �

0.34, P � .07). There were no positive correlations between patient

serologic markers and HU change from t0 to t2.

HU levels of CSF not containing high-attenuation blood (ie,

CSF with HU � 40) decreased nonsignificantly from t0 to t2. No

measured CSF components were correlated with these low-atten-

uation CSF HU counts.

Clinical Outcomes

Adjudicated safety events in the dose-finding studies of the

CLEAR IVH trials on which this study is based totaled 3/52

(5.8%) symptomatic hemorrhages at any time up to 72 hours

after the last dose of rtPA, 1 (2.0%) case of bacterial ventricu-

litis, and 8 (17%) deaths at 30 days. One patient required a

ventriculoperitoneal shunt (2%).

Table 1: Clinical and radiologic characteristics of patients treated with rtPA (N � 52)

rtPA-Treated (N = 52)
P Value (Where

Appropriate)
Clinical characteristics

Age (yr) (mean � SEM) 55.6 � 1.4
Male/female 34:18
Admission GCS (median) (IQR) 8.5 (9.0)

Radiographic characteristics
ICH location (%)

Basal ganglia 8 (15.4)
Caudate 2 (3.8)
Thalamus 25 (48.1)
Lobar 6 (11.5)
Primary IVH 11 (21.2)

Admission Graeb score21 (median) (IQR) 7 (3)
Total IVH volume (cm3) (median) (IQR)

t0 31.94 (34.1)
t1 12.84 (26.23) .001 (t1 vs t0)a

t2 4.86 (14.49) .001 (t2 vs t0)a

Total IVH HU counts (mean � SEM)
t0 52.14 � 0.59
t1 50.11 � 0.63 .002 (t1 vs t0)a

t2 45.05 � 0.71 .001 (t2 vs t0)a

Total CSF HU counts (mean � SEM)
t0 12.37 � 0.37
t1 11.77 � 0.37 .18 (t1 vs t0)
t2 11.30 � 0.33 .01 (t2 vs t0)a

Hematoma (ICH) volume (cm3) (median) (IQR)
t0 7.0 (10.11)
t1 5.35 (9.39) .001 (t1 vs t0)a

t2 5.04 (8.06) .001 (t2 vs t0)a

Hematoma (ICH) HU counts (mean � SEM)
t0 55.06 � 0.82
t1 54.78 � 0.86 .74 (t1 vs t0)
t2 48.42 � 0.84 .001 (t2 vs t0)a

Change in IVH volume (cm3) (median) (IQR)
Days 2–4 (t1–t0) �15.36 (18.13) .001a

Days 5–9 (t2–t0) �17.72 (21.84) .001a

Change in ICH volume (cm3) (median) (IQR)
Days 2–4 (t1–t0) �1.59 (3.22) .001a

Days 5–9 (t2–t0) �1.66 (3.8) .001a

Change in IVH HU counts (mean � SEM)
Days 2–4 (t1–t0) �2.03 � 0.62 .002a

Days 5–9 (t2–t0) �6.89 � 0.74 .001a

Change in ICH HU counts (mean � SEM)
Days 2–4 (t1–t0) �0.28 � 0.86 .74
Days 5–9 (t2–t0) �6.65 � 1.12 .001a

Note:—GCS indicates Glasgow Coma Scale.
a Significant.
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DISCUSSION
We found that intraventricular clot HU counts decreased during

the first week after IVH, both in controls and patients treated with

rtPA, though with significantly greater change in the treated

group. CSF has a HU number of 0 –24 (depending on protein

content), and the range for whole blood is linearly related to he-

matocrit level.9,10 Compared with unclotted whole blood (HU

count of 56 with hematocrit level of 45%), when whole blood

coagulates in vitro, the clot retracts and HU count rises to, for

example, 75 with hematocrit level elevation to 80%.11 It is be-

lieved that the high-attenuation intraventricular cast seen on CT

after spontaneous IVH is solid clot, which has been confirmed by

postmortem examination in a dog model.12 The HU values ob-

served on admission CT scans in this study were similar to those in

unclotted whole blood. Despite “retraction” of parenchymal

clots, ICH HU counts decreased during the observation period as

did IVH HU counts. This finding likely indicates that most retrac-

tion had already occurred within the first few hours of bleeding

and that other factors (ie, fibrinolytic activity and possibly ab-

sorption) were occurring at the t1 and t2 CT times. Lower atten-

uation of ventricular clots with time likely reflects both suspen-

sion of the clot in CSF and fibrinolysis causing solid clot to

become liquid whole blood at least at the surface, which forms a

low-hematocrit, low-attenuation blood-CSF mixture. In vitro, fi-

brinolysis of a solid clot decreases attenuation by 15–20 HU, blur-

ring the margin between solid and liquid blood.13 In CSF where

HU counts changed relatively little during the period of observa-

tion, red blood cells likely fall away from the solid clot and are

removed by the steady flow of CSF, which keeps attenuation val-

ues low and maintains a clear interface between clot and CSF. The

greater decrease in HU counts in patients treated with rtPA com-

pared with controls in Fig 3 likely reflects a combination of in-

creased lytic activity and perhaps improved CSF flow, especially at

t2 when most patients treated with rtPA had opened the lower

ventricular system.

Two factors were significantly correlated with higher admis-

sion ventricular clot HU counts: higher IVH volume and higher

expelled CSF protein. ICH volume was not significantly corre-

lated with ICH HU except at t2. The absolute changes in ICH and

IVH HU counts from t0 to t2 in the whole rtPA-treated group

were similar, but with much smaller change in ICH volume. This

result might mean that decreased attenuation of IVH associated

with clot dissolution is not influenced by rtPA. However, in the

matched-pair data, changes in IVH volume and IVH HU counts

were significantly greater in the patients treated with rtPA versus

controls, whereas the decrease in ICH HU counts was not signif-

icantly different at T2 between groups and decreased by less than

HU in the ventricles. These observations suggest that fibrinolytic

activity is associated with HU counts. Whether intraventricular

rtPA may influence fibrinolytic activity of parenchymal hemato-

mas is not clear from this analysis.

Higher CSF protein was significantly correlated with total ven-

tricular clot HUs; this finding is not surprising given its positive

influence on CSF attenuation. Earlier reports with first-genera-

tion CT scanners described a linear relationship between CSF pro-

tein and the CT attenuation coefficient, though with only a small

variation in HUs across the spectrum from normal to pathologic

values, consistent with our data.10 Therefore we adjusted for both

IVH volume and CSF protein to assess whether HU counts pre-

dict time to clearance of the third and fourth ventricles on CT, a

commonly used end point of intraventricular fibrinolysis that de-

termines the end of dosing. We found that higher HU quantifica-

tion of the fourth, but not the third, ventricle hematoma was

significantly associated with slower clearance of this ventricle in

the setting of intraventricular rtPA administration after adjusting

for compartmental IVH volume and CSF protein.

Intraventricular clots contain varying amounts of fibrin, plate-

lets, and red blood cells. Clots with more red blood cells would be

expected to have a higher concentration of hemoglobin and there-

fore HU counts compared with those with more fibrin and plate-

lets. Prior models of intra-arterial clot have shown that more ra-

dioattenuated clots may contain proportionately more red blood

cells than platelets and may be more amenable to thrombolysis

with rtPA.14 We previously found that a lower serum platelet

count was associated with faster clearance of ventricular clot.6

These results appear to be inconsistent with those in this study,

which found no relationship between admission IVH HU counts

and serum hematocrit or platelet count and only a weak positive

correlation with CSF red blood cell count, findings suggesting that

radioattenuaton characteristics of intravascular and intraventric-

ular clots reflect different properties. HU counts of ventricular

clots may also reflect attenuation of the fibrin mesh network. Dis-

solution of thrombus depends on diffusion and permeation of

thrombolytic into the clot, which may be impaired by a tighter

clot structure associated with a higher attenuation coeffi-

cient, independent of clot size or CSF protein.

Faster clearance of the lower ventricular system (both third and

fourth ventricles) was independently associated with higher CSF pro-

tein at t0, suggesting that higher protein levels may be associated with

greater CSF fibrinolytic activity. Approximately 80% of CSF protein

is serum-derived, and 20% is produced intrathecally.15 However,

bleeding into the ventricles contributes significantly to initial CSF

protein levels, raising the possibility that fibrinolytic enzymes such as

serum plasminogen are contributing to this effect. Higher CSF pro-

tein levels may also be the result of greater clot dissolution and not a

causative factor.

This study was limited in several ways. The sample size was
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FIG 2. Change in total IVH HU counts with time in patients treated
with rtPA.
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relatively small, but all patients were treated with the same proto-

colized approach to imaging and clinical management. We tried

to minimize bias with the matched case-control design for com-

parison of EVD-only versus patients treated with rtPA. Cases and

controls were carefully matched on IVH and ICH volumes and

ICH location to minimize differences between groups. This

matching resulted in a limited pool of patients. Determining the

exact margin of the clot-CSF interface is a potential source of

error, though an HU threshold of 40 was applied similarly by

using a semiautomated approach and all CT scans were evaluated

and mapped by a single blinded researcher. Associations between

HU quantification and change in IVH volumes reflect the most

accurate assessment methods available but may have been af-

fected by disparities in sampling, patient age, and time of EVD

placement. Numerous factors have been shown to influence clear-

ance rates of intraventricular blood after rtPA administration,

including the location of the external

ventricular drain,16 bilateral-versus-sin-

gle EVD,17 the location of intraventric-

ular blood, dose of thrombolytic,18 and

serum and CSF components. Our inves-

tigation examined the radiographic

characteristics that complement these

data.

Finally, it remains to be determined

whether changing intraventricular clot

volume and characteristics translates into

positive outcomes. Several meta-analyses

(on observational studies and small ran-

domized trials) all suggested that intraven-

tricular rtPA may be an effective strategy

for reducing mortality and improving

functional outcome, with the potential for

decreasing permanent shunt rates without

significant increase in complications.19-21

Adverse events in this study were lower

than the reported rates and support data

showing that intraventricular fibrinolysis

does not significantly increase the risk of

rehemorrhage or infection.21 The soon-

to-be-completed Phase III multinational,

randomized controlled trial (Clot Lysis

Evaluation of Accelerated Resolution of

Intraventricular Hemorrhage [CLEAR-

III]) of 500 patients with primary or sec-

ondary spontaneous IVH randomized to

intraventricular fibrinolysis with rtPA or

placebo should provide the highest quality

evidence on the benefits and complica-

tions of this treatment.22

CONCLUSIONS
Attenuation of intraventricular hemor-

rhage is significantly associated with

CSF protein levels and may reflect prop-

erties of IVH clot structure yet to be de-

fined. A significantly greater reduction

in IVH attenuation during the acute

phase occurs with intraventricular rtPA administration compared

with EVD alone. HU measurement on NCCT may be useful in

predicting the effectiveness of intraventricular rtPA, especially in

the fourth ventricle.
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Table 2: Clinical and radiologic data for matched pairs
rtPA-Treated

(N = 12)
Control
(N = 12) P Value

Clinical characteristics
Age (yr) (mean � SEM) 52.8 � 2.0 57.5 � 1.9 .21
Sex, male/female 11:1 7:5 .06
Admission GCS (median) (IQR) 8.5 (6) 5.5 (4.5) .06

Radiographic characteristics
ICH location

Basal ganglia 2 3 .57
Caudate 3 1
Thalamus 7 8

Admission Graeb score (median) (IQR) 8 (1.5) 8 (4) .19
Total IVH volume (cm3) (mean � SEM)12

t0 26.0 � 2.51 26.34 � 3.24 .87
t1 13.56 � 2.70 25.20 � 3.73 .005a

t2 6.26 � 1.36 18.63 � 2.83 .002a

Total ventricular volume (cm3) (mean � SEM)
t0 69.13 � 5.85 84.11 � 8.40 .18
t1 34.78 � 4.96 56.57 � 5.70 .01a

t2 24.80 � 2.67 57.57 � 10.32 .01a

Hematoma (ICH) volume (cm3) (mean � SEM)
t0 12.93 � 3.59 14.29 � 3.23 .39
t1 14.21 � 3.93 14.92 � 2.97 .74
t2 11.17 � 3.64 13.76 � 3.19 .29

IVH HU counts (mean � SEM)
t0 52.71 � 1.18 52.05 � 0.96 .70
t1 49.01 � 0.98 50.42 � 1.55 .35
t2 45.05 � 1.24 49.48 � 1.33 .02

ICH HU counts (mean � SEM)
t0 56.24 � 1.84 54.12 � 1.17 .25
t1 55.79 � 1.08 52.80 � 1.08 .04a

t2 52.06 � 1.28 52.56 � 1.10 .77
Radiologic outcomes

Change in IVH volume (cm3) (median) (IQR)
Days 2–4 (t1–t0) �10.88 (12.84) �1.24 (2.78) .002a

Days 5–9 (t2–t0) �18.65 (14.88) �6.85 (6.36) .002a

Change in ICH volume (cm3) (median) (IQR)
Days 2–4 (t1–t0) 0.24 (1.91) �.06 (2.99) .88
Days 5–9 (t2–t0) �1.98 (3.25) �1.15 (2.33) .27

Change in IVH HU counts (mean � SEM)
Days 2–4 (t1–t0) �3.70 � 1.44 �1.63 � 1.50 .07
Days 5–9 (t2–t0) �7.66 � 1.87 �2.58 � 1.23 .02a

Change in ICH HU counts (mean � SEM)
Days 2–4 (t1–t0) �0.59 � 1.55 �1.31 � 1.51 .63
Days 5–9 (t2–t0) �4.18 � 2.23 �1.55 � 1.39 .25

Note:—GCS indicates Glasgow Coma Scale.
a Significant.
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FIG 3. Change in IVH HU with time in patients treated with rtPA
versus controls (n � 24).
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ORIGINAL RESEARCH
ADULT BRAIN

Neuroradiologic Diagnosis of Minor Leak prior to Major SAH:
Diagnosis by T1-FLAIR Mismatch

S. Oda, M. Shimoda, A. Hirayama, M. Imai, F. Komatsu, H. Shigematsu, J. Nishiyama, and M. Matsumae

ABSTRACT

BACKGROUND AND PURPOSE: In major SAH, the only method to diagnose a preceding minor leak is to ascertain the presence of a
warning headache by interview; however, poor clinical condition and recall bias can cause inaccuracy. We devised a neuroradiologic
method to diagnose previous minor leak in patients with SAH and attempted to determine whether warning (sentinel) headaches were
associated with minor leaks before major SAH.

MATERIALS AND METHODS: We retrospectively evaluated 127 patients who were admitted with SAH within 48 hours of ictus.
Previous minor leak before major SAH was defined as T1WI-detected clearly bright hyperintense subarachnoid blood accompanied
by SAH blood on FLAIR images that was distributed over a larger area than bright hyperintense subarachnoid blood on T1WI (T1-FLAIR
mismatch).

RESULTS: The incidence of warning headache before SAH was 11.0% (14 of 127 patients, determined by interview). The incidence of
T1-FLAIR mismatch (neuroradiologic diagnosis of minor leak before major SAH) was 33.9% (43 of 127 patients). Of the 14 patients with
warning headache, 13 had a minor leak diagnosed by T1-FLAIR mismatch at the time of admission. Variables identified by multivariate
analysis as significantly associated with minor leak diagnosed by T1-FLAIR mismatch included 80 years of age or older, rebleeding after
admission, intracerebral hemorrhage on CT, and mRS scores of 3– 6.

CONCLUSIONS: We conclude that warning headaches diagnosed by interview are not a product of recall bias but are the result of actual
leaks from aneurysms.

ABBREVIATIONS: BHSB � bright hyperintense subarachnoid blood; ICH � intracerebral hemorrhage

A severe, sudden headache, known as a warning or sentinel

headache, sometimes presents during the days or weeks be-

fore aneurysmal SAH.1,2 These warning headaches have been

interpreted as reflecting a minor or warning leak that arises

from the first small bleed from an aneurysm before a major

SAH.3,4 However, in patients who have had major SAH, the

presence of a warning headache can only be determined by

interview and relies on recall, and there are no established

neuroradiologic diagnostic procedures to prove the existence

of a previous minor leak. Accurate diagnosis of previous warn-

ing headaches by interview is difficult because of the inability

to obtain complete information from patients in poor clinical

conditions. One report states that warning headaches are in-

nocuous and unrelated to SAH because an alternative explana-

tion of warning headache is recall bias.5

In the subacute phase of SAH (�3– 4 days after onset), T1WI

depicts subarachnoid blood as high-signal-intensity areas. FLAIR

images depict subarachnoid blood as high-signal-intensity areas

from the acute-to-subacute phase of SAH. In patients with SAH

with T1-detected clearly bright hyperintense subarachnoid blood

(BHSB), we proposed a “T1-FLAIR mismatch” to define patients

who had experienced a prior minor leak: BHSB on T1WI obtained

at admission was considered subacute and FLAIR hyperintense

blood that was more extensive than this was considered acute

(with the T1 clearly BHSB component defined as the subacute

minor leak). Using this diagnostic procedure, we investigated

the association between warning headaches and what was consid-

ered a minor leak on MR imaging (ie, the first SAH, due to a

ruptured aneurysm that occurred before major SAH). Further-

more, we studied the clinical features of patients with SAH with a

neuroradiologically diagnosed minor leak before major SAH.
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MATERIALS AND METHODS
Patient Population
Subjects were selected from the 210 patients in the nontraumatic

aneurysmal acute-phase SAH data base at our hospital between

September 2002 and May 2014. Of these patients, 12 receiving

conservative therapy instead of surgery because of the absence of

brain stem reflexes and 12 with SAH due to ruptured dissecting

aneurysms were excluded from this study. The remaining 186

patients underwent acute-stage aneurysmal surgery by craniot-

omy or an interventional procedure within 72 hours of SAH on-

set. From these 186 patients, we identified 127 who were admitted

within 48 hours of SAH onset and underwent adequate MR im-

aging, including DWI, FLAIR imaging, T1WI, and CT, on admis-

sion. These 127 patients with SAH had stable vital signs reflecting

adequate respiration and circulation and underwent serial MR

imaging and CT after admission. All MR imaging studies were

preceded by the procurement of informed consent by the patient

and/or their relative. Initial MR imaging on admission was per-

formed before conventional angiographic, surgical, or endovas-

cular procedures in all cases.

Clinical and imaging records were evaluated retrospectively.

Study approval was obtained from the Institutional Review Board

for Clinical Research at our university.

Imaging Protocol
For patients with aneurysmal SAH, we routinely performed serial

MR imaging on admission, within 2–7 days after surgery, and

before patients were discharged. Serial MR imaging was per-

formed for the evaluation of primary brain damage, surgical com-

plications, and ischemic lesions due to vasospasm. At all time

points, serial MR imaging included axial conventional T1WI,

FLAIR, DWI, and MRA and was performed by using a 1.5T su-

perconducting magnet (Signa Excite or HDx; GE Healthcare, Mil-

waukee, Wisconsin) with a quadrature head coil. Pulse sequences

were as follows: FLAIR (TR/TE, 8000/120 ms; TI, 2000 ms; sec-

tion thickness/section gap, 7.0/1.0 mm; FOV, 24 � 24 cm;

NEX, 1; matrix, 256 � 224), T1WI (TR/TE, 2000/24 ms; TI,

750 ms; section thickness/section gap, 7.0/1.0 mm; FOV, 24 �

24 cm; NEX, 2; matrix, 256 � 192), and 3D time-of-flight MRA

(TR/TE, 27/6.8 ms; flip angle, 16°; bandwidth, 14.7 Hz; FOV,

18 � 18 cm; slab thickness, 70 mm; section thickness, 1.2 mm;

matrix 256 � 192; NEX, 1). MR imaging was completed within

13–15 minutes. Contrast material such as gadolinium was not

used in this study. In the evaluation of FLAIR images, we care-

fully distinguished the disease or pathologic condition accom-

panied by hyperintensity in the subarachnoid space on FLAIR

images from artifacts such as CSF pulsation or metallic arti-

facts, infectious meningitis, and leptomeningeal metastasis or

anastomosis. For the subjects in this study, we did not perform

highly concentrated oxygen inhalation before or at the time of

the MR imaging.

Plain CT scans were obtained in all patients in whom SAH

was diagnosed by MR imaging on admission. The CT section

thickness was 4 mm. 3D CTA was performed in all patients to

identify ruptured aneurysms and estimate major-vessel early

vasospasm.

Definition of Variables
The clinical grade of each patient was determined on admission

according to the World Federation of Neurological Surgeons

grading system.6 The severity of SAH was classified by using CT

findings according to the Fisher scale.7 Warning headache was

defined as a sudden and unusually severe headache of at least 1

hour followed by a symptom-free interval or marked improve-

ment of symptoms before admission due to major SAH. The pres-

ence of a warning headache was diagnosed by a thorough inter-

view of patients and their relatives or accompanying persons.

Among patients with T1WI-detected clearly BHSB on admis-

sion MR imaging, if the distribution of SAH on T1 (T1 BHSB

component) almost entirely matched the distribution of SAH on

FLAIR (FLAIR hyperintense component), patients were diag-

nosed with subacute SAH not associated with rebleeding and were

thus excluded from the study (Fig 1). In the remaining patients

with T1WI-detected BHSB, if the subarachnoid blood on FLAIR

images was distributed over a larger area than the BHSB on T1WI

(T1-FLAIR mismatch), this finding was taken as an indication of

new, acute SAH. T1WI-detected BHSB in these patients repre-

sents subacute SAH due to a previous minor leak (Fig 2). If

FLAIR-detected SAH had no T1-detected BHSB on admission

MR imaging, SAH was considered acute.

Diagnosis of intracerebral hemorrhage (ICH) was defined as a

blood collection with a diameter of �1 cm detected by CT. Large

intra-Sylvian hematoma was based on the presence of clots of �5

mL. Rebleeding after admission was defined as a definite increase

in the volume of blood visible on CT accompanied by sudden

exacerbation of consciousness compared with baseline MR imag-

ing or CT on admission. Delayed ischemic neurologic deficits

were defined as the appearance of a focal neurologic abnormality

following recovery from the immediate postoperative state. CT

and MR imaging findings were interpreted by at least 2 senior

stroke neurosurgeons (M.S. and S.O.), with 32 and 27 years of

experience, respectively. In the case of disagreement between rat-

ers, diagnosis was obtained by consensus.

Outcome was assessed at 3 months by using the mRS.8 Pa-

FIG 1. A 77-year-old woman with a ruptured right middle cerebral
artery aneurysm who was admitted 5 days after onset. T1WI on ad-
mission shows BHSB in the bilateral Sylvian fissure (A, arrows) that
matches the blood distribution on the FLAIR image (B, arrows). These
findings are typical of subacute SAH with T1-FLAIR-matched SAH that
was not associated with rebleeding. Reprinted with permission from
Shimoda M. Neuroimaging for headache. Journal of Clinical and Ex-
perimental Medicine (IGAKU NO AYUMI) 2012;243:1086 –94; Ishiyaku
Publishers, Inc.
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tients were stratified into favorable outcome (mRS score of

0 –2) and unfavorable outcome (mRS score of 3– 6). Postoper-

ative management was administered according to previously

reported protocols.9

Statistical Analysis
The significance of clinical factors potentially associated with mi-

nor leak before major attack diagnosed by T1-FLAIR mismatch

on admission was determined by the Fisher exact test for categoric

variables and an independent sample

2-tailed Student t test for continuous

variables. Clinical factors with a signifi-

cance level of P � .05 were subjected to

multivariate logistic regression analysis

with the occurrence of minor leak diag-

nosed by T1-FLAIR mismatch on ad-

mission as the dependent variable. Sta-

tistical analyses were performed by using

commercially available software (SPSS,

Version 22.0 for Windows; IBM, Ar-

monk, New York).

RESULTS
Warning Headache and T1-FLAIR
Mismatch
The incidence of warning headache de-

termined by interview was 11.0% (14/

127 patients). Fifty-four patients

(42.5%) reported no history of warning

headache before admission, and the

presence or absence of warning head-

ache was unknown in the remaining 59

patients (Table 1). Among the 14 pa-

tients who had a warning headache be-

fore the major attack, 12 were younger

than 80 years of age.

Adverse events, such as neurologic
deterioration or rebleeding from the an-
eurysm during or immediately after MR

imaging did not occur in any patient.

According to neuroradiologic diagnosis by using T1-FLAIR mis-

match, the overall incidence of minor leak before major SAH was

33.9% (43/127 patients) (Table 1). Of the 14 patients with a his-

tory of warning headache before admission, 13 had previous mi-

nor leak diagnosed by T1-FLAIR mismatch on admission. In the

remaining patient, the diagnosis of minor leak by T1-FLAIR mis-

match was not possible because major SAH developed within 48

hours of the warning headache (minor leak) onset. In the 113

patients without a history of warning headache before admission,

FIG 2. Typical neuroradiologic findings in a patient with minor leak before major SAH attack. Images are from an 80-year-old woman with a
ruptured right middle cerebral artery aneurysm. T1WI on admission shows clearly iso- to mildly hyperintense blood obscuring the right Sylvian
fissure, in addition to the more conspicuous bright T1 foci (A and B, circles). These findings indicate subacute subarachnoid blood due to a minor
leak that occurred before the major attack. FLAIR images on admission show the SAH in the acute phase in the quadrigeminal cistern and left
Sylvian fissure (C and D, circles), in addition to the BHSB on T1WI. We defined this as T1-FLAIR mismatch and used it as a neuroradiologic diagnosis
of minor leak that occurred before major SAH.

Table 1: Clinical features, neurologic status, and CT features on admissiona

Total

T1-FLAIR Mismatch

P ValuePositive Negative
No. of patients 127 43 (33.9) 84 (66.1)
Warning sign

Positive 14 13 (30.2) 1 (1.2) �.001
Negative 54 2 (4.7) 52 (61.9)
Unknown 59 28 (65.1) 31 (36.9)

Mean age (yr) 61.5 � 14.2 66.5 � 13.2 58.9 � 14.0 .004
Age range (yr) 21–89 40–85 21–89
Elderly patients

Older than 80 years 12 10 (23.3) 2 (2.4) �.001
Female sex 89 32 (74.4) 57 (67.9) .541
Rebleeding after admission 28 19 (44.2) 9 (1.7) �.001
WFNS grade on admission

Grades I–II 97 28 (65.1) 69 (82.1) .028
Grades IV–V 28 13 (30.2) 15 (17.9) .120

Fisher group
Group 3 85 30 (69.8) 55 (65.5) .550

Intracerebral hemorrhage 25 19 (44.2) 6 (7.1) �.001
Acute hydrocephalus 61 26 (60.5) 35 (41.7) .060
Aneurysm site

Anterior communicating artery 41 9 (20.9) 32 (38.1)
Anterior cerebral artery 8 4 (9.3) 4 (4.8)
Internal carotid artery 38 12 (27.9) 26 (31.0)
Middle cerebral artery 31 17 (39.5) 14 (16.7)
Posterior circulation 8 0 8 (9.5) .051

Aneurysm size
�5 mm 75 31 (72.1) 44 (52.4) .037
�10 mm 8 3 (7.0) 5 (6.0) 1.000

Note:—WFNS indicates World Federation of Neurological Surgeons.
a Values are No. (%) unless otherwise stated. The “No. of patients” row shows the percentage of the total number of
patients, whereas all other percentages in the “Positive” and “Negative” columns are the percentages of patients with
positive and negative findings, respectively.
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30 (23.6%) had T1-FLAIR mismatch on admission and therefore
had a potential minor leak before admission diagnosed by T1-
FLAIR mismatch.

Pre- and Postoperative Clinical Factors and T1-FLAIR
Mismatch
Tables 1 and 2 summarize the pre- and postoperative clinical fac-

tors that were significantly different between patients with and

without T1-FLAIR mismatch on admission. Two patients had a

major vessel vasospasm detected by 3D CTA or conventional dig-

ital subtraction angiography on admission. Both patients had a

minor leak diagnosed by T1-FLAIR mismatch. In 35 of the 43

patients with T1-FLAIR mismatch on admission (81.4%), MRA

findings were indistinct due to subacute subarachnoid blood

caused by the minor leak, particularly in the vessel around the

ruptured aneurysm. In the 8 patients with minor leak before ad-

mission and without obfuscation of the visibility on MRA, sub-

arachnoid clots on T1WI were small.

In all patients with T1-FLAIR mismatch and ICH, the high-

intensity signal on T1WI was present in the cistern around the

ruptured aneurysm, and ICH was depicted as a high-intensity

signal on FLAIR images (Fig 3).

Ten of the 12 elderly patients with SAH (80 years of age or

older) had a minor leak diagnosed by T1-FLAIR mismatch. In 9 of

these 10 elderly patients with T1-FLAIR mismatch, the presence

or absence of a warning headache could not be determined by

interview due to poor clinical condition.

Multivariate stepwise logistic regression analysis revealed that

80 years of age or older, the presence of rebleeding after admis-

sion, ICH on CT, and mRS scores of 3– 6 were significantly asso-

ciated with the diagnosis of minor leak by T1-FLAIR mismatch on

admission (Table 3).

DISCUSSION
Incidence of Minor Leak in Previous Reports
According to Jakobsson et al,1 the reported incidence of warn-

ing signs in patients with SAH ranges from 13.5% to 60%. They

emphasized that the true incidence of warning signs is difficult

to establish because it is difficult or impossible to obtain com-

plete information from patients in poor clinical condition or

who die before reaching a hospital.1 In addition to headaches,

a previous study noted several nonspecific symptoms as warn-

ing signs,10 the incidences of which greatly differed.1 Thus, the

diagnosis of a minor leak by interview has poor accuracy, and it

is difficult to grasp the clinical significance of an interview-

diagnosed minor leak.

Our results revealed that 13 of 14 patients with a history of

warning headache before admission had a minor leak before

the major attack, as indicated by neu-

roradiologic images on admission.

Therefore, we propose that warning

headaches diagnosed by interview are

not a product of recall bias but are the

result of actual leaks from aneurysms

(ie, a first SAH). In the future, neuro-

radiologic diagnosis could be used to

investigate the clinical significance of

minor leaks that cannot be diagnosed

by interview.

Neuroradiologic Diagnosis of Minor
Leak before Major Attack
The T1 relaxation time of acute sub-

arachnoid blood is relatively shorter

FIG 3. Typical neuroradiologic findings in a case with minor leak before a major SAH attack with intra-Sylvian hematoma. Images are from a
66-year-old woman with a ruptured right middle cerebral artery aneurysm. T1WI shows iso- to mildly hyperintense blood obscuring the right
Sylvian fissure and suprasellar cistern, in addition to the more conspicuous bright T1 foci including the neighboring area of the ruptured
aneurysm. An intra-Sylvian hematoma is depicted as an isointense signal (A circle, B). FLAIR images show the intra-Sylvian hematoma and SAH
(right Sylvian fissure, suprasellar and right ambient cistern) as a high-intensity signal, which indicates acute blood (C and D, circles).

Table 2: Surgery and subsequent eventsa

Total

T1-FLAIR Mismatch

P ValuePositive Negative
No. of patients 127 43 (33.9) 84 (66.1)
Aneurysm operation

Craniotomy 105 36 (83.7) 69 (82.1) 1.000
Coiling 22 7 (16.3) 15 (17.9)

Delayed angiographic vasospasm 35 19 (44.2) 16 (19.0) .003
DIND 22 16 (37.2) 6 (7.1) �.001

Infarction due to delayed vasospasm on DWI 30 17 (39.5) 13 (15.5) .003
Chronic hydrocephalusb 54 23 (62.2) 31 (37.8) .029

mRS score at 3 months
�3–6 41 28 (65.1) 13 (15.5) �.001

Note:—DIND indicates delayed ischemic neurologic deficits.
a The “No. of patients” row shows the percentage of the total number of patients, whereas all other percentages in the
“Positive” and “Negative” columns are the percentages of patients with positive and negative findings, respectively.
b The incidence of chronic hydrocephalus was calculated for the surviving patients.
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than that of normal CSF.11,12 However, T1WI is not useful for the

diagnosis of SAH in the acute phase because the degree of T1

shortening replaces normally black CSF space with isointensity.

Beyond 4 days after SAH onset, conversion of oxyhemoglobin to

methemoglobin increases gradually.13,14 Methemoglobin is a

paramagnetic substance that causes substantial T1 shortening.

Therefore, methemoglobin accumulation causes T1 shortening in

the subacute and chronic phases,15 and T1WI is useful for SAH

diagnosis in these phases.

Recently, several authors have reported that FLAIR and T2*-

weighted imaging sequences are the most sensitive and useful for

detecting SAH in the acute and subacute phases.16-18 However,

FLAIR and T2*-weighted imaging sequences are not useful for the

diagnosis of the onset stage of the subarachnoid blood and cannot

differentiate subarachnoid blood in the subacute and acute

phases. As mentioned above, because subarachnoid blood is de-

picted clearly as BHSB on T1WI around 3 to 4 days after SAH

onset, any BHSB that is detected by T1WI on admission is blood

that is in the subacute phase (ie, occurred before admission). If

there is a mismatch between the distribution of subarachnoid

blood on T1WI and on FLAIR images, the blood depicted on

FLAIR images but not T1WI is the more recent, new acute hem-

orrhage. This hemorrhage is the second hemorrhage (major at-

tack) that resulted in hospitalization. Therefore, the BHSB de-

tected by T1WI is in the subacute phase and must have occurred

before admission. In this study, we interpreted this bleeding as

having arisen from a minor leak.

While it is reasonable to label blood as subacute if it is hyper-

intense on T1WI, acute blood can also show increased T1 sig-

nal.13,19 Mitchell et al19 reported a sensitivity of 50% for T1 hy-

perintensity in the acute stage of SAH. However, their study was of

a small sample (n � 20) and therefore included some patients in

the subacute phase. In these studies, a strict evaluation of the

timing of MR imaging relative to the onset of SAH is necessary.

The acute phase of SAH is usually defined as within 72 hours of

onset. In our study, we excluded patients with SAH who were

admitted 48 –72 hours after onset because this time window rep-

resents a period of oxyhemoglobin-to-methemoglobin conver-

sion. We investigated MR imaging findings only in patients ad-

mitted within 48 hours of major SAH.

Subarachnoid blood can be very heterogeneous, and not all

subacute blood will be T1 hyperintense. Many factors can affect

these characteristics, including subarachnoid blood aging more

slowly than cerebral hematomas (due to higher oxygen tension in

CSF) and likely different proportions of CSF and subarachnoid

blood compounding the picture. From previous studies with

small sample sizes, the sensitivity of T1 hyperintensity in the sub-

acute stage of SAH ranged from 33% to 36%.19,20 Bradley21 re-

ported that it was difficult to diagnose T1 hyperintensity in the

subacute stage of SAH if there was an extremely small hemorrhage

because the red blood cells are likely to have been resorbed by the

time significant methemoglobin formation would have occurred.

That a diagnosis of minor leak by T1-FLAIR mismatch and the

evaluation of the exact staging of subarachnoid blood by the MR

imaging has limitations is unavoidable.

Methemoglobin has high signal intensity on time-of-flight

MRA and obscures signals from vessels and aneurysms.22,23 Ob-

fuscation of the visibility of a ruptured aneurysm on MRA be-

comes a simple neuroradiologic indicator of the presence of sub-

arachnoid blood in the subacute phase due to a minor leak.

Grandin et al23 reported that phase-contrast MRA could easily

overcome these problems of obfuscation in the MRA. However,

to limit the duration of the examination, we did not perform

phase-contrast MRA.

Minor Leaks in Elderly Patients with SAH
From our results and those of a previous report,24 the incidence of

a warning headache before a major attack was low in elderly pa-

tients with SAH. However, the frequency of potential minor leak

according to T1-FLAIR mismatch was high in elderly patients

with SAH. The causes of this result are unknown. We speculate

that the age-associated enlargement of the subarachnoid space

due to cortical atrophy may be 1 reason for the high incidence of

potential minor leaks without warning headache in elderly pa-

tients. In other words, because an increase in intracranial pressure

may not occur even in the presence of an aneurysmal rupture,

symptoms due to minor leak would be milder in elderly patients

than in younger patients with SAH. Therefore, it could be rela-

tively rare that elderly patients with SAH go to the hospital at the

time of the first attack due to minor leak, and they are often only

brought to the hospital for a major SAH attack.

Minor Leaks and ICH due to a Ruptured Aneurysm
Several pathologic studies have reported that ICH due to a

ruptured aneurysm occurs by indirect or direct rupture of an

aneurysm in the brain.25-27 ICH due to indirect rupture in the

brain is caused by obstruction of the subarachnoid space due to

the presence of blood, fibrin, and fibrous arachnoidal adhe-

sions after previous bleeding.27 By contrast, ICH due to direct

rupture into the brain occurs due to the adhesion of the aneu-

rysm sac to the pia mater.25,26 One report also suggested that

the adhesion of the aneurysm sac to the pia mater may be

facilitated by previous bleeding.25 This possibility indicates

that the likelihood of ICH due to aneurysm rupture is in-

creased by the presence of a previous hemorrhage, such as a

minor leak. Indeed, in our study, in all patients diagnosed with

a minor leak and ICH on admission, the high-signal-intensity

lesion on T1WI corresponded to subarachnoid blood in the

neighboring area of the ruptured aneurysm. On the other

hand, ICH was depicted as a high-signal-intensity lesion on

Table 3: Results of multivariate logistic regression analysis for
the presence of a minor leak before admission diagnosed by
T1-FLAIR mismatch

Odds Ratio 95% CI P Value
Preoperative clinical factors

Age older than 80 years 8.475 1.639–43.478 .011
Rebleeding 5.291 2.028–13.889 .001

Associated neuroradiologic
findings on admission

Intracerebral hemorrhage
on CT

7.197 2.457–20.833 �.001

Postoperative factors
mRS score 3–6 6.690 2.548–17.564 �.001
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FLAIR images and DWI on admission and did not show high

signal intensity on T1WI. These findings suggest that the ICH

present on admission was a new, acute lesion.

Minor Leaks and Rebleeding
Previous reports have indicated that a warning headache is a risk

factor for rebleeding, because a fragile aneurysm that ruptured at

the time of the minor leak is prone to rebleeding.28,29 Addition-

ally, existing literature indicates that the rate of rebleeding is

higher in patients with ICH than in patients without ICH.29,30

Our results and previous reports suggest that a minor leak is

related closely to ICH and rebleeding. Therefore, in patients

who experienced a minor leak before the major SAH, emer-

gency surgery should be performed as soon as possible because

these patients have a high probability of both rebleeding and

ICH.28,29

Minor Leak and Prognosis
Unexpectedly, several previous studies have reported that the

presence of a warning leak had no impact on outcome.24,31 In

these studies, the true outcome of patients with SAH with a minor

leak was difficult to establish because of the difficulty of obtaining

complete information on the presence or absence of a warning

headache by interview. Jakobsson et al1 emphasized that out-

comes were particularly unfavorable in patients with a short in-

terval (�3 days) from interview-diagnosed warning headache to

SAH. Although our neuroradiologic diagnostic procedure for a

minor leak cannot be used to identify patients who had �2

days between minor leak and major SAH, our results, com-

bined with those of Jakobsson et al,1 emphasize that the prog-

nosis of patients with SAH with a minor leak before a major

attack is unfavorable.

Limitations
In patients with an extremely small amount of subacute blood,

the sensitivity of the diagnosis of T1 hyperintensity may de-

crease. In addition, this neuroradiologic diagnostic procedure

cannot be used to diagnose minor leaks in patients admitted

�48 hours after major SAH attack. Similarly, this procedure

cannot be used to diagnose minor leaks in patients who had

major SAH within 48 hours of minor leak onset. It is difficult to

distinguish between patients with preceding headache due to

the occurrence of dissection without SAH32 and patients with

minor leak (SAH) due to ruptured dissecting aneurysms.

Therefore, we excluded patients with dissecting cerebral aneu-

rysms from this study.

CONCLUSIONS
In this study, we have proposed a method to define patients who

had a prior minor leak: T1-detected BHSB on admission MR im-

aging was considered subacute, and FLAIR hyperintense blood

that was more extensive than this was deemed the acute compo-

nent. The T1 hyperintense component was defined as a subacute

minor leak. We found that almost all patients with warning head-

ache diagnosed by interview had a minor leak according to our

definition. We conclude that warning headaches are not a product

of recall bias but are the result of actual leaks.
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ORIGINAL RESEARCH
ADULT BRAIN

Aqueductal Stroke Volume: Comparisons with Intracranial
Pressure Scores in Idiopathic Normal Pressure Hydrocephalus

X G. Ringstad, K.E. Emblem, O. Geier, N. Alperin, and P.K. Eide

ABSTRACT

BACKGROUND AND PURPOSE: Aqueductal stroke volume from phase-contrast MR imaging has been proposed for predicting shunt
response in normal pressure hydrocephalus. However, this biomarker has remained controversial in use and has a lack of validation with
invasive intracranial monitoring. We studied how aqueductal stroke volume compares with intracranial pressure scores in the presurgical
work-up and clinical score, ventricular volume, and aqueduct area and assessed the patient’s response to shunting.

MATERIALS AND METHODS: Phase-contrast MR imaging was performed in 21 patients with probable idiopathic normal pressure hydro-
cephalus. Patients were selected for shunting on the basis of pathologically increased intracranial pressure pulsatility. Patients with shunts
were offered a second MR imaging after 12 months. Ventricular volume and transverse aqueductal area were calculated, as well as clinical
symptom score.

RESULTS: No correlations between aqueductal stroke volume and preoperative scores of mean intracranial pressure or mean wave
amplitudes were observed. Preoperative aqueductal stroke volume was not different between patients with shunts and conservatively
treated patients (P � .69) but was correlated with ventricular volume (R � 0.60, P � .004) and aqueductal area (R � 0.58, P � .006) but not
with the severity or duration of clinical symptoms. After shunting, aqueductal stroke volume (P � .006) and ventricular volume (P � .002)
were reduced. A clinical improvement was seen in 16 of 17 patients who had shunts (94%).

CONCLUSIONS: Aqueductal stroke volume does not reflect intracranial pressure pulsatility or symptom score, but rather aqueduct area
and ventricular volume. The results do not support the use of aqueductal stroke volume for selecting patients for shunting.

ABBREVIATIONS: ASV � aqueductal stroke volume; ICP � intracranial pressure; iNPH � idiopathic normal pressure hydrocephalus; MWA � mean ICP wave
amplitude; PCMR � phase-contrast MR imaging

Idiopathic normal pressure hydrocephalus (iNPH) is character-

ized by dementia, incontinence, and gait disturbance1 and can

be treated by ventriculoperitoneal shunt surgery. However, the

disease can be difficult to separate from other neurodegenerative

disorders such as Alzheimer and Parkinson diseases.2 Selection

criteria for surgical shunting have been heterogeneous, and the

clinical response to this treatment has, accordingly, been reported

to range from 29% to 90%.3-5 Previous investigators have, there-

fore, sought to establish noninvasive parameters from MR imag-

ing studies. After Bradley et al6 first reported an increased CSF

flow void in the aqueduct associated with a favorable shunt re-

sponse, studies using phase-contrast MR imaging (PCMR) have

demonstrated aqueductal flow parameters, and in particular the

aqueductal stroke volume (ASV), to be useful in the diagnosis and

selection of patients for shunt surgery7-13 and in the follow-up of

patients with shunts.14 However, other studies do not reproduce

the beneficial utility of measuring aqueductal flow15-18; therefore,

the use of ASV in iNPH remains disputed. Accordingly, compar-

isons with invasive intracranial measurements are warranted.

Continuous monitoring of intracranial pressure (ICP) and

single cardiac-induced ICP waves in patients with iNPH has re-

vealed elevated mean ICP wave amplitudes (MWAs) in those re-

sponding to shunts, compared with those not responding.19,20

Hence, in this hospital, diagnostic preoperative monitoring of

MWA is used routinely and predicts a beneficial shunt response in
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9 of 10 patients with iNPH.19 Elevated MWA is indicative of re-

duced intracranial compliance (ie, reduced pressure-volume re-

serve capacity),21,22 which may be a pathophysiologic mechanism

behind iNPH.19,23-25 Increased ASV in iNPH has been attributed

to reduced intracranial compliance.26 If ASV should express re-

duced intracranial compliance and thereby predict shunt re-

sponse, a positive correlation between ASV and MWA seems

reasonable.

The purpose of this study was therefore to compare ASV from

phase-contrast MR imaging with preoperative ICP scores, clinical

normal pressure hydrocephalus scores, and MR imaging– derived

ventricular volume and aqueductal area in patients with iNPH

before and after shunting.

MATERIALS AND METHODS
Patient Inclusion and Study Design
The study was approved by the institutional review board of Oslo

University Hospital. Inclusion was by written and oral informed

consent.

Of 28 consecutive patients with iNPH undergoing assessment

for probable iNPH within the department of neurosurgery, 7 pa-

tients were excluded because of motion artifacts at PCMR and/or

termination of the examination before completion of the PCMR

sequence. Accordingly, 21 patients with iNPH (10 women, 11

men; range, 56 – 84 years) with successful PCMR were included in

this prospective observational study. The assessment included

clinical examination with determination of iNPH symptom se-

verity, PCMR, and overnight ICP monitoring. The patients with

iNPH who underwent shunt surgery were invited to a second

PCMR after 12 months.

Clinical Management
The assessment of patients with iNPH for shunt surgery fol-

lowed the clinical routine at the department of neurosurgery.

Clinical grading of the severity of symptoms was performed by

using the normal pressure hydrocephalus grading scale of this

department,19 which assesses the combined severity of gait dis-

turbance, urinary incontinence, and dementia. Each compo-

nent is graded from 1 to 5, with a possible total score of 3

(worst) to 15 (best). According to the institutional routine, the

decision for shunt surgery is based on a combination of clinical

assessment, radiologic assessment, and the results of continu-

ous ICP monitoring.19

The shunt response was defined as an increase by at least 2 points

on the normal pressure hydrocephalus grading scale, and the clinical

score was assessed at regular intervals, 3, 6, and 12 months (including

imaging after 12 months) following shunting.

MR Image Acquisition
The techniques for CSF velocity imaging with MR imaging have

previously been described in detail.27

MR imaging was performed on a 3T Achieva system (Philips

Healthcare, Best, the Netherlands). The MR imaging parameters for

aqueductal flow were TR � 24 ms and TE � 16 ms, voxel size �

0.60 � 0.80 � 4.00 mm3, velocity encoding � 10 cm/s, and 30–40

phases with retrospective peripheral cardiac gating. The scan was

obtained in a section perpendicular to the aqueduct (Fig 1C).

The MR imaging protocol also included 3D T1-weighted ul-

trafast gradient echo, acquisition matrix � 256 � 256 � 192 with

voxel size 1.0/1.0/1.0 mm3, flip angle � 7, TR/TE � 8.6/2.3 ms,

which was used for segmentation of the supratentorial ventricles

for the volumetric analysis.

MR Image Postprocessing
All examinations were postprocessed by using Q-flow software

(Philips Healthcare). The aqueduct was manually defined in all

the phase images with an ROI in each section (Fig 1D) by a neu-

roradiologist with 7 years of experience who was blinded to clin-

ical data. Care was taken not to include nonmoving tissue ele-

ments in the imaging plane to avoid background noise in the MR

imaging signal.

ASV was estimated after correction for potential aliasing by

sinusoid curve fitting and was defined as the mean of systolic and

diastolic volumetric CSF flow during 1 cardiac cycle minus net

flow (Fig 1B).

Calculation of supratentorial ventricular volume (referred to as

“ventricular volume”) was performed by a 3D medical image seg-

mentation software ITK-SNAP 2.4 (www.itksnap.org),28 which pro-

vides semiautomatic segmentation by using active contour methods.

For the segmentation, the region competition method by Zhu and

Yuille29 was used. The segmentation result was controlled visually

and, if necessary, corrected manually (in ITK-SNAP).

ICP Monitoring
All patients underwent continuous overnight ICP monitoring. As

previously described in detail,19 an ICP sensor was placed in the

brain parenchyma through a small burr-hole in the skull with the

patient under local anesthesia. Overnight monitoring was done in

the patient ward by using a computerized system (Sensometrics

Technology; dPCom AS, Oslo, Norway) for automatic identifica-

tion of individual cardiac-induced single ICP waves. The ampli-

tude of the ICP wave was identified as the pressure difference

between the systolic maximum and diastolic minimum pressures

(Fig 1A). The mean ICP wave amplitude is determined as the

average of all single ICP waves during consecutive 6-second time

intervals, while the mean ICP is the average of absolute ICP rela-

tive to a zero pressure level. For the patients in this study, the

MWA and mean ICP values were determined for the 6-second

time windows from 11 PM to 7 AM (ie, 4 800 6-second time win-

dows). During this recording period, both the average of MWA

and mean ICP were determined, as well as the percentage of MWA

of �5 mm Hg and the percentage of mean ICP of �15 mm Hg,

during the recording period.

According to the institutional routine, primarily the MWA is

used for selection to shunting. Threshold levels of MWA repre-

senting an indication for shunting are MWA, on average, of �4

mm Hg and/or the percentage of MWA of �5 mm Hg in �10% of

recording time.

Statistical Analysis
Under the assumption of normal distribution, correlations were

determined by the Pearson correlation coefficient, and pre- and

postsurgical values of ASV and ventricular volume were com-

pared by using a paired-samples t test. Comparison of ASV be-
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tween patients with shunts (shunt group) and conservatively

treated patients (conservative group) was performed with an in-

dependent samples t test. The significance level was set to .05.

Statistical analysis was performed by using SPSS Statistics, Ver-

sion 20 (IBM, Armonk, New York).

RESULTS
Patients
Table 1 presents patient data.

Among the 17/21 (81%) patients selected for shunting, 16/17

patients with shunts (94%) improved clinically (shunt respond-

ers), while 1 (6%) had no clinical improvement (shunt nonre-

sponder). Among the 12 patients with PCMR after shunting, 11

patients (92%) were responders.

MR Imaging Data and ICP Scores
Table 2 presents the PCMR-derived ASV and the ventricular vol-

ume and aqueduct area before/after shunting and the preopera-

tive ICP scores of the 21 patients with iNPH.

As further illustrated in Fig 2, ASV before surgery did not differ

between patients found eligible (shunt group) or noneligible

(conservative group) for shunting (P � .69).

In the shunt group, ASV was reduced from a median of 111

�L before to a median of 68 �L after surgery (P � .01, Fig 2A),

while the ventricular volume was a median of 137 mL before

and a median of 105 mL after surgery (P � .001, Fig 2B). There

was no significant change in the aqueductal area after shunting

(P � .94).

There was a positive correlation between ASV and ventricular

Table 1: Patient data
Idiopathic Normal Pressure Hydrocephalus

Total Population
Median (Range)

Shunt Group
Median (Range)

Conservative Group
Median (Range)

No. 21 17 4
Age (yr) 74 (56–84) 74 (56–84) 74 (60–79)
Sex (female/male) 10:11 8:9 2:2
Preoperative clinical state

NPH score19 10 (4–13) 10 (4–13) 11 (9–13)
Duration of symptoms (yr) 2 (0.5–10) 2 (1.0–10.0) 0.8 (0.5–10.0)

Postoperative clinical state 12 mo after surgery
NPH score 12 (8–15) 12 (8–15) 8

Note:—NPH indicates normal pressure hydrocephalus.

FIG 1. The study compared aqueductal flow– based pulsatility, expressed by ASV, with pressure-based intracranial pulsatility, expressed by
MWA. A, Single cardiac-induced ICP wave, the MWA, is determined as the average of amplitudes from single ICP waves during consecutive
6-second time intervals. B, ASV is defined as the mean of systolic and diastolic volumetric CSF flow in the aqueduct during 1 cardiac cycle (area
under/over the flow curve) minus net aqueductal flow. C, The aqueductal flow curve is based on section orientation (red line) perpendicular to
the aqueduct. D, PCMR with manually drawn ROI (red circle) defines the aqueduct.
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volume before surgery (R � 0.60, P � .004; Fig 3A) and after

shunting (R � 0.73, P � .007; Fig 3B). Moreover, there was also a

positive correlation between ASV and aqueduct area before sur-

gery (R � 0.58, P � .006). We did not find any significant corre-

lation either between ASV and preoperative normal pressure hy-

drocephalus scores (R � 0.29, P � .21) or between ASV and the

duration of iNPH symptoms (R � 0.26, P � .26).

While the mean ICP was comparable between the shunt and

conservative groups, MWA was elevated in the surgery group (Ta-

ble 2). There were no correlations between ASV and mean ICP

(Fig 4A), or ASV and MWA (Fig 4B). In addition, no correlations

between ASV and the percentage of mean ICP of �15 mm Hg or

between ASV and the percentage of MWA of �5 mm Hg were

observed.

DISCUSSION
The main observation of this study was that CSF flow– based

pulsatility expressed by ASV did not compare with intracranial

pressure pulsatility expressed by MWA. On the other hand,

ASV correlated with ventricular volume and aqueduct area.

Even though PCMR-based aqueductal flow has previously

been extensively investigated and advocated by some as a tool

for selection of patients for shunt surgery in iNPH, compari-

sons with invasive intracranial measurements have been very

limited. To our knowledge, there is 1 previous study that com-

pared PCMR-derived ASV with ICP monitoring.30 This study

reported an association between ASV and a temporal subpeak

of the ICP wave, but the result was based on a small cohort of 7

patients and the clinical significance of the findings has been

disputed.31

In our study, a high proportion of the patients in the iNPH

cohort had signs of reduced intracranial compliance by in-

creased MWA after overnight ICP monitoring (17/21). MWA

of �4 mm Hg or the percentage of MWA of �5 mm Hg in

�10% of recording time or both were previously reported to

predict shunt response in iNPH19 and have been considered as

indicative of impaired intracranial compliance.21 Using the

MWA for selection for shunt treatment gave an excellent shunt

response in 16 of 17 (94%) patients in this study. A positive

shunt response can be considered a marker of “true” iNPH,

and the high response rate suggests that our study cohort was

representative of iNPH and contained few patients with dis-

eases that clinically might present similarly, with similar ASV

values.32 We reproduced previous findings of ASV being ele-

vated in patients with iNPH compared with healthy controls33

and in contrast to elderly patients in general, in whom ASV has

been reported to be reduced.34 However, ASV varied over a

wide range in patients found both eligible and noneligible for

surgical shunting on the basis of MWA, and ASV values over-

lapped between the groups. Accordingly, our results question

the clinical utility of the ASV parameter, both with respect to

its ability to diagnose iNPH and its predictive value for a clin-

ically favorable shunt response.

There may be several reasons why ASV does not compare with

MWA. First, as for all PCMR measurements, ASV is obtained

from a time window of just a few minutes, while MWA represents

a mean value from an 8-hour time window with registration of

several thousand single waves, where frequent physiologic pres-

sure fluctuations during the recording period are typically ob-

served.19,35 For ASV to be a valid marker of intracranial pulsatil-

ity, one would have to assume that the limited time window, from

which it is obtained, demonstrates values that are representative

of the underlying condition. To our knowledge, no previous ob-

servations support such an assumption being valid.

Several factors might influence aqueductal flow. It has previ-

ously been suggested that the systolic, inward expansion of the

brain against enlarged ventricles is a fundamental cause of in-

creased ASV, before irreversible atrophy occurs.26 Other contri-

butions might be from the difference in CSF pressure between the

third and fourth ventricles, the heart rate, and the aqueductal

geometry and mainly at which level flow in the aqueduct is as-

sessed.36 In this study, a strong association between aqueductal

area and ASV was found; however, this does not necessarily imply

causality. As pointed out by Chiang et al,33 it seems reasonable

that the aqueduct can adapt to increased flow, similar to the ad-

Table 2: MRI-derived measures and ICP scores
Idiopathic Normal Pressure Hydrocephalus

Total Population (n = 21)
Median (Range)

Shunt Group (n = 17)
Median (Range)

Conservative Group (n = 4)
Median (Range)

MRI measures
Aqueduct stroke volume (�L)

Before shunt 111 (26–417) 109 (26–417) 130 (36–163)
After shunt 68 (17–201) –

Ventricular volume (ml)
Before shunt 138 (41–266) 137 (41–266) 143 (105–152)
After shunt 105 (34–230) –

Aqueductal area (mm2)
Before shunt 14 (9–38) 14 (9–38) 13 (9–36)
After shunt 12 (9–58) –

ICP scores
Mean ICP (mm Hg)

Average 6.1 (�1.8–11.9) 6.1 (�1.8–11.9) 5.8 (3.0–8.8)
Percentage �15 mm Hg 0 (0–2) 0 (0–2) 0 (0–0)

Mean ICP wave amplitude (MWA, mm Hg)
Average 4.5 (3.1–7.9) 4.7 (3.5–7.9) 3.4 (3.1–5.2)
Percentage �5 mm Hg 26 (1–100) 27 (2–100) 3 (1–58)
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aptation of the blood vessel lumen area to maintain a wall shear

stress within a normal range.37

ASV and ventricular volume declined after shunting; this

change is consistent with that in previous studies,14,38 while aq-

ueductal area did not change. While ASV did not reflect the clin-

ical severity of iNPH preshunting and did not compare with any

pressure parameters, reduced ASV after shunting might therefore

be primarily influenced by reduced ventricular size, rather than

reflecting a clinical response, contrary to what has been suggested

previously.14 ASV also correlated positively with ventricular vol-

ume before shunting; this correlation confirms previous observa-

tions33 but is contradictory to a more recent study by Chaarani

et al.36 In our study, the statistical significance of this positive

correlation was dependent on 1 patient with extreme values, both

ASV and ventricular volume.

The lack of correlation between ASV and symptom severity

could theoretically be due to a decline in ASV as a sign of long-

standing progressive cerebral ischemic changes and atrophy,

making the iNPH irreversible, which was postulated by Scollato

et al,39 who followed patients with unshunted iNPH and found a

decline in ASV after typically 18 –20 months of symptom dura-

FIG 2. ASV (A) and ventricular volume (B) are presented for patients
with shunts and iNPH before (n � 17) and after (n � 12) shunting
(surgery group) and for conservatively managed patients with iNPH
(conservative group, n � 4) before management. Significance levels
are presented in the plots.

FIG 3. For patients with iNPH, the correlations between ASV and
ventricular volume before (n � 21) (A) and after (n � 12) (B) shunt
surgery are presented. The Pearson correlation coefficients and sig-
nificance levels are presented in the plots.
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tion. We found no such tendency toward ASV being in the lower

range among patients with long-standing symptoms; however,

the median of symptom duration in our cohort was 2 years, and

hence the number of patients with a longer disease history was

limited.

While MWA was increased in shunt responders in the present

study, as previously reported,19 no such relationship between the

occurrence of so-called B waves and shunt response has been

shown.19,40 In this context, the MWA is computed from the single

cardiac-induced ICP waves, while B waves are short-lasting (� 1

minute) increases in static ICP (mean ICP). It has previously been

reported that occurrences of B waves and single ICP waves (ex-

pressed by the MWA) do not correlate.41

Limitations
Some limitations with this study should be noted. The patients

were too few to determine the accuracy of ASV as a diagnostic test

in iNPH, especially due to the small number of patients in sub-

groups such as the conservatively managed group (n � 4) and the

nonresponsive group with shunts (n � 1). A lack of correlations

between tested variables may have been a reflection of few study

subjects. Finally, the statistical correlations that were demon-

strated in the study do not necessarily imply causality between the

variables.

The reported accuracy of PCMR volumetric flow measure-

ments in pulsatile flow is within 2.8%,42 and calculation of aque-

ductal stroke volume is less sensitive to inaccuracies from manual

selection of ROIs than is the calculation of flow velocity.27,33

However, measurements of aqueductal flow can be influenced by

flow aliasing, which is characterized by its apparent high velocity

in the opposite direction to the average velocity in the defined area

of interest. This was corrected for with the same algorithm applied

to all patients, as described in the “Materials and Methods”

section.

Another limitation might be the PCMR resolution with a pixel

size of 0.60 � 0.80 mm2 in the transverse plane, which is lower

than that in the previous study of Bradley et al,9 supporting ASV

as a shunt predictor. The inability to find the utility of ASV in our

study could therefore have been influenced by inferior image res-

olution. However, other studies demonstrating a beneficial use of

ASV in iNPH have used a pixel size comparable8,10,11,13 or infe-

rior12 to that applied in our study. While reducing the pixel size

would reduce the number of pixels from nonmoving tissue ele-

ments being included in the ROI defining the aqueduct, the use of

larger pixels improves the signal-to-noise ratio and even more by

use of a 3T magnetic field strength, as in our study, compared with

1.5T.

A reference ROI can be placed in the adjacent cerebral pedun-

cle to rule out partial volume effect and mass brain movement

during aqueductal flow measurement with PCMR. Such a correc-

tion was not applied in this study. Contribution from mass brain

movement to the ASV value has been reported to be small

though7 and should not be expected to influence the results of the

current measurements substantially.

CONCLUSIONS
In this cohort of patients with iNPH, ASV was not associated

with invasively measured ICP scores or symptom severity of

iNPH but was correlated with ventricular volume and aque-

duct area. The results do not support the use of ASV as a non-

invasive tool to diagnose reduced intracranial compliance in

patients with iNPH who are candidates for shunting. The com-

position of the study cohort, with a small fraction of nonre-

sponders to shunting and few conservatively treated patients,

did not allow a more direct assessment of ASV as a marker for

shunt responsiveness in iNPH.
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COMMENTARY

Intracranial Pressure versus Phase-Contrast MR Imaging for
Normal Pressure Hydrocephalus

The article by Ringstad et al,1 in this issue of the American

Journal of Neuroradiology suggests that invasive intracranial

pressure monitoring is a better way to select patients for shunting

for normal pressure hydrocephalus (NPH) than phase-contrast

MR imaging. The authors advocated placing an intracranial pres-

sure (ICP) monitor through a burr-hole into the brain paren-

chyma and measuring the mean amplitude of the ICP waves

(MWA) for 8 hours while the patient is sleeping. Phase-contrast

MR imaging (PCMR), on the other hand, is performed noninva-

sively in a few minutes to determine the aqueductal CSF stroke

volume (ASV).2 This technique, when properly performed, allows

the determination of the ASV, which is the average of the cranio-

caudal and caudocranial CSF flow volumes during systole and

diastole, respectively.3

The basis of the elevated MWA is decreased intracranial com-

pliance (ie, a stiffer brain, which is 1 feature of NPH). The basis of

an elevated ASV is a combination of enlarged ventricles and no

atrophy. Because NPH eventually leads to atrophy, the ASV de-

creases and the patient is less likely to respond to ventriculoperi-

toneal shunting.

The authors divided 21 patients with clinical NPH into 2

groups: “shunt” (n � 17) and “conservative” (n � 4) based on

MWA elevation. Sixteen of the 17 patients with shunts responded

favorably during a year of follow-up, improving their NPH scores

from 10 to 12 (zero being the worst and 15 being the best), while

the 4 conservative patients without shunts worsened from 11 to 8

(Table 1). The authors used their finding that the ASV was higher

in the unshunted conservative group (Table 2) to denigrate the

value of PCMR. An alternate explanation of these data might be

that MWA elevation was not useful in distinguishing the patients

who should have been shunted from those who would not have

benefited from a shunt (ie, their conservative group). On the basis

of the elevated ASV, in fact, the patients in the conservative group

with NPH symptoms might have benefited from a shunt rather

than having their conditions deteriorate across time. As pointed

out by the authors, with only 4 patients in the conservative group,

this comparison is hardly statistically significant.

Our group has been using the finding of hyperdynamic CSF

flow through the aqueduct as a predictor of shunt-responsive

NPH for �30 years. In the early days of MR imaging (1983–1984),

we used a marked aqueductal CSF flow void on conventional

proton-attenuation weighted images without flow compensation

to select patients for shunting. We found the association of hyper-

dynamic CSF flow and shunt responsiveness significant (P �

.003).4

With the subsequent ubiquitous use of flow compensation

and fast spin-echo (with the rephasing effects of the multiple 180°

radiofrequency pulses), the CSF flow void sign became less sensi-

tive (though it still remains highly specific). This result led us in

the early 1990s to use PCMR to determine the volume of CSF

flowing up or down over the cardiac cycle (ie, the ASV).2 In the

mid-1990s, we evaluated 19 patients with symptoms of NPH who

were subsequently shunted.3 All 13 patients with an ASV of �42

uL on that particular MR imaging system responded to shunting,

while only half of the 6 patients with an ASV of �42 uL responded

(ie, the ASV as we measured it had a 100% positive predictive

value). While we initially thought that all the patients with ASVs

of �42 uL had atrophy, Scollato et al5 pointed out that some of

these patients may, in fact, have been very early in their disease

because their ASV 6 months later was increased.

Ringstad et al1 pointed out that some investigators have been

unsuccessful in using the ASV to discriminate those patients who

will respond from those who will not respond to shunting for

NPH. Unfortunately, not everyone uses the same technique. Our

technique2,3 uses a 512 � 512 matrix over a 16-cm FOV, yielding

pixels 0.312 mm on a side. Larger pixels (like the 0.6 � 0.8 mm

used in the present study) are more susceptible to partial volume

averaging of stationary tissue in the surrounding midbrain. This

susceptibility may explain why Ringstad et al1 used a velocity-

encoding factor (VENC) of only 10 cm/s, whereas we find that we

need a VENC of 10, 20, and 30 cm/s to maximize accuracy (lower

VENC) and avoid aliasing (higher VENC). While the authors fit

the data to a sinusoidal curve to remove aliasing when present,

this fitting requires manual processing, while our technique using

3 VENCs can be processed with routine flow-analysis software

(eg, ReportCARD; GE Healthcare, Milwaukee, Wisconsin; or

NOVA; VasSol, River Forest, Illinois).

Some investigators have been critical of the specific value of
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42-�L ASV as a discriminator; however, this measurement is un-

fortunately machine- and software-dependent. To diagnose hy-

perdynamic CSF flow, one needs to first determine the normal

ASV in the elderly population. Thus, when we start using a new

MR imaging system for this determination, we always perform the

measurement on 10 –20 elderly patients without enlarged ventri-

cles. We then look for a volumetric flow rate of twice the normal

rate to diagnose hyperdynamic CSF flow. We have found that this

correlates with shunt-responsive NPH in appropriately symp-

tomatic patients.

In regard to using patients without enlarged ventricles to de-

termine the normal ASV, patients who eventually develop NPH

often have had enlarged ventricles for many years before symp-

tom onset.6 We call this “pre-NPH,”6 while Kato et al7 labeled it

“asymptomatic ventricular enlargement with features of idio-

pathic NPH on MR imaging.”

In our institution, our neurologists and neurosurgeons use

PCMR and a high-volume tap test to determine which patients

should be shunted for symptomatic NPH. However, screening

techniques vary around the world. Some sites go beyond the out-

patient tap test and use external lumbar drainage, which is a 3-day

in-patient procedure in which 10 mL of CSF is removed every

hour via a lumbar catheter with gait reassessment at the end.8 In

Sweden, the saline infusion technique is often used to determine

increased resistance to inflow.9 In Japan, a midcoronal MR imag-

ing scan is used to look for the disproportionately enlarged sub-

arachnoid space hydrocephalus (DESH) pattern, which includes an

Evans ratio of �0.3, enlarged Sylvian cisterns, and a tight superior

convexity subarachnoid space.10 In fact, Ishikawa et al11 have re-

ported that the tap test adds nothing to the selection of patients with

NPH for shunting if a DESH pattern is present. Since learning of the

DESH pattern 4 years ago, we have added coronal imaging to our rule

out NPH protocol. Unfortunately, we have had less success with the

DESH sign than the Japanese investigators, with DESH correlating

with neither ASV nor shunt response.

In summary, the diagnosis of shunt-responsive NPH seems to

vary by region and specialty. As demonstrated by Ringstad et al,1

neurosurgeons seem to be comfortable with placing an ICP mon-

itor in the brain to measure compliance. If you are a radiologist,

PCMR to measure the ASV may be the preferred technique. While

these tests are measuring different properties of shunt-responsive

NPH, I suspect, given the choice, that most patients would prefer

the less invasive evaluation.
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REPLY:

We thank Dr Bradley for the Commentary1 on our article2 entitled

“Aqueductal Stroke Volume: Comparisons with Intracranial

Pressure Scores in Idiopathic Normal Pressure Hydrocephalus.”

The purpose behind using aqueductal stroke volume (ASV) as

a predictor of shunt response in normal pressure hydrocephalus

(NPH) should be providing additional value to already measur-

able sizes such as ventricular volume and thereby differentiating

NPH from other types of dementia not expected to benefit from

shunt surgery. Bradley3 and Greitz4 have proposed that the patho-

physiology behind the increased ASV in NPH is due to compres-

sion of the ventricles by the increased inward expansion of the

arterial pulse pressure. Indeed, increased intracranial pressure

pulsatility is a strong indicator of reduced intracranial compli-

ance,5 which is thought to be a main underlying mechanism of

NPH.6 However, the physiologic explanation for a possible link

between the magnitude of ASV and NPH has been called into

question.7 Our comparisons of ASV with intracranial pressure

(ICP) and ICP amplitudes should, therefore, be highly relevant.

A noninvasive tool for selecting patients with NPH for surgery

would certainly be preferable, provided that the method is not infe-

rior to invasive methods in terms of overall patient outcome. The use

of ASV for this purpose was proposed by Bradley et al,8 when a ben-

eficial shunt response was seen in 12/12 shunt responders with ASV

above 42 �L. ASV was also measured in 24 additional patients who

were not shunted, but the range and distribution of these measure-

ments above/below the-42 �L threshold were not reported in the

article. While some studies have supported the use of aqueductal flow

rate for the diagnosis of NPH9,10 and related flow rate to a possible

shunt response,11,12 few other studies have reproduced the beneficial

utility of ASV in identifying patients likely to respond to surgical

shunting,13,14 and the diagnostic sensitivity and specificity of the

method have never been assessed, to our knowledge. In contradis-

tinction, several studies have not been able to demonstrate any asso-

ciation between a clinical improvement after shunting and increased

ASV15-17 or flow rate.18 ASV has, however, been found to be elevated

in several forms of dementia19 and was strongly correlated with ven-

tricular morphology.20

Our study incorporated a previously validated methodology for

predicting shunt response by invasive ICP monitoring as well as mea-

surements of ASV by phase-contrast MR imaging to allow direct

comparison between 2 proposed predictors of shunt response. The

shunt response rate in the study was 94%, indicating “true” NPH.

The results indicate that ASV is related to ventricular size and aque-

ductal area, rather than reflecting the underlying pathophysiology of

reduced intracranial compliance and increased pulsatile ICP or

symptom severity. These results suggest that the ASV parameter

should be used with care, even though ASV is measured noninva-

sively. In particular, the inability of a test to identify patients who

should not undergo surgical shunting is problematic. The current

treatment of NPH is brain surgery (shunt surgery), with a risk of

severe complications such as cerebral bleeds and infection.21-25

Deadly outcome of shunting may be anticipated in approximately

1/100 patients, whereas less serious problems related to shunting are

observed in as many as one-third of shunted patients. In a previous

report of shunting of 130 patients, a threshold of ICP wave ampli-

tudes of �4 mm Hg on average and �5 mm Hg in �10% of record-

ing time had a positive predictive value of 0.93 and negative predic-

tive value of 0.91.22 Thus, among patients with NPH with an ICP

wave amplitude above the threshold, shunt response was seen in 9/10

patients, while it was seen in 1/10 patients with an ICP wave ampli-

tude below the threshold.

We do not share Dr Bradley’s view that all studies opposing the

use of ASV have failed to demonstrate its beneficial use due to tech-

nical flaws. Although the image resolution of our method of 0.6�0.8

mm2 has allowed partial volume averaging at the outer border of the

aqueduct, the large aqueductal lumen area associated with hydro-

cephalus (in our study, the median area was 14 mm2) should contain

a sufficient number of voxels to derive reliable measurements. It is

therefore unlikely that the pixel size used in this study has resulted in

large errors that are on the order of the ASV magnitude. Moreover,

the effect of any residual flow aliasing was further minimized by a

standard aliasing postprocessing correction approach.

Which phase-contrast MR imaging (PCMR) is optimal is a

matter of debate. In the now almost 20-year-old study from

1996,8 still referred to as the main promoter study for the use of

ASV in NPH,1 the loss of a signal-to-noise ratio from high image

resolution had to be (partially) compensated for by reducing the

bandwidth and by using a half-Fourier algorithm. Still, the signal-

to-noise ratio appeared to be substantial, and readers with special

interest in the field are encouraged to retrospectively assess the

original PCMR images presented in the article. Additionally, the

compensations for loss of the signal-to-noise ratio resulted in a

scan time of 14 minutes. From our experience, impairments due

to motion artifacts may be a challenge when a 14-minute scan

time is applied in patients with cognitive decline. In comparison

with our study, the examinations may also have been affected by a

lower magnetic field strength (1.5T versus 3T) and an inferior

temporal resolution (18 frames per cardiac cycle versus 30 – 40).

Obviously, the ASV threshold level of 42 �L established from the

1996 study has been abandoned.1 It is now stated in the Commen-

tary1 to our article that ASV can be measured on any MR imaging

scanner in “10–20 elderly patients without enlarged ventricles,” and

by doubling this calibration value, one would identify shunt-respon-

sive NPH. In our opinion, this approach seems somewhat arbitrary,

and we await the scientific basis for this general recommendation.

Finally, we agree with Dr Bradley that methods for selecting pa-

tients with NPH to undergo surgical shunting vary by region and

specialty. However, ASV measurements have never gained wide-

spread acceptance. Because of the noninvasive nature of this tool, its

use would certainly have been embraced by many if the evidence for

its utility was convincing. It would have been most welcome and

convenient to the neurologic community if the complex pathophys-

iology deciding the shunt response in NPH could be described by 1

single CSF flow parameter obtained from a few-minutes-long time

interval. Our study, unfortunately, suggests this is not the case.
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ORIGINAL RESEARCH
ADULT BRAIN

Cerebral Microbleeds, CSF p-Tau, and Cognitive Decline:
Significance of Anatomic Distribution

G.C. Chiang, J.C. Cruz Hernandez, K. Kantarci, C.R. Jack Jr, and M.W. Weiner; for the Alzheimer’s Disease Neuroimaging Initiative
EBM
2

ABSTRACT

BACKGROUND AND PURPOSE: Cerebral microbleeds are associated with aging, hypertension, and Alzheimer disease. Microbleeds in a
lobar distribution are believed to reflect underlying amyloid angiopathy, whereas microbleeds in the deep gray matter and infratentorial
brain are commonly seen with hypertension. However, it is unknown how microbleeds in either distribution are related to Alzheimer
pathogenesis. The purpose of this analysis was to test whether lobar and deep gray/infratentorial microbleeds demonstrate differential
associations with CSF amyloid-� and phosphorylated tau 181 protein levels and longitudinal cognitive decline.

MATERIALS AND METHODS: A total of 626 subjects (151 cognitively normal, 389 with mild cognitive impairment, and 86 with Alzheimer
disease) from the Alzheimer’s Disease Neuroimaging Initiative who had undergone 3T MR imaging and lumbar puncture were included in
the analysis. The number and location of microbleeds were assessed visually. Associations between lobar or deep gray/infratentorial
microbleeds with CSF amyloid-� levels, abnormal CSF phosphorylated tau 181 protein levels, and longitudinal cognitive decline were
assessed by using ordinary least-squares, logistic, and mixed-effects regression models while adjusting for covariates.

RESULTS: Having �3 lobar microbleeds was associated with lower levels of CSF amyloid-� (P � .001). After adjusting for CSF amyloid-�
level, lobar microbleeds were independently associated with a higher likelihood of having an abnormal CSF phosphorylated tau 181 protein
level (P � .004). Lobar microbleeds were associated with accelerated longitudinal cognitive decline (P � .007). Deep gray/infratentorial
microbleeds revealed no significant associations.

CONCLUSIONS: The distribution of microbleeds revealed different associations with amyloid-� and phosphorylated tau 181 protein
levels and cognition. Lobar and deep gray/infratentorial microbleeds should be considered separately with regard to Alzheimer disease
pathogenesis.

ABBREVIATIONS: A� � amyloid-�; AD � Alzheimer disease; ADAS � Alzheimer Disease Assessment Scale; ADNI � Alzheimer’s Disease Neuroimaging Initiative;
APOE � apolipoprotein E; p-tau � phosphorylated tau 181 protein

Cerebral microbleeds, typically associated with aging, hyper-

tension, and Alzheimer disease (AD), are common findings

on gradient recalled-echo and susceptibility-weighted MR imag-

ing sequences. In a population-based study in which a gradient

recalled-echo sequence at 1.5T was used, approximately 36% of

the people �80 years old were found to have microbleeds, com-

pared with only 7% of the people who were 45–50 years old.1 In a

systematic review of studies that used echo-planar and gradient

recalled-echo sequences at 0.5–3T, hypertensive individuals were

reported to be 4 times more likely than those in the general pop-

ulation to have microbleeds,2 particularly in association with

other signs of small-vessel disease, such as white matter hyperin-

tensities and lacunar infarcts.3,4 In a review of multiple studies

that used gradient recalled-echo and SWI sequences at 1.5T and

3T, people with mild cognitive impairment and Alzheimer disease

were reported to have microbleeds at a prevalence of 20%– 43%

and 18%–32%, respectively, compared with 0%–19% in cogni-
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tively normal individuals.5 In the setting of AD, microbleeds are

associated with global brain amyloidosis, seen with increased up-

take on positron-emission tomography scans by using [18F]flor-

betapir6 and decreased levels of CSF amyloid-� (A�).5

The anatomic distribution of microbleeds is believed to reflect

their underlying pathology. Microbleeds located in the deep gray

matter and infratentorial brain are typically seen in hypertensive

individuals2,7 and correspond to foci of hemosiderin leakage from

small abnormal blood vessels.8 Conversely, microbleeds in the

setting of aging and AD are typically lobar, at the corticosubcor-

tical junction,2,7 and correspond to amyloid-� deposition along

vessel walls,9 also known as amyloid angiopathy. However, it re-

mains unclear whether microbleeds, either from hypertension or

amyloid angiopathy, relate to tau pathology or cognitive changes

that lead to Alzheimer pathogenesis10 independent of global brain

amyloidosis.

The purpose of our analysis was to determine whether the

distribution of microbleeds, either lobar or deep gray/infratento-

rial, has differential associations with downstream events in Alz-

heimer pathogenesis. Specifically, by using data from the multi-

center Alzheimer’s Disease Neuroimaging Initiative (ADNI)

(adni.loni.usc.edu),11 we tested the hypotheses that lobar microb-

leeds 1) are associated with brain amyloidosis, reflected by lower

CSF amyloid-� levels, 2) predict the presence of tau pathology

after overall brain amyloidosis is adjusted for, and 3) predict

greater longitudinal cognitive decline.

MATERIALS AND METHODS
Subjects
The subjects of these analyses were 626 ADNI participants who

had undergone 3T MR imaging and lumbar puncture for CSF

analysis (151 cognitively normal, 389 with mild cognitive impair-

ment, and 86 with AD). The ADNI is a longitudinal multicenter

observational cohort study designed to identify imaging and bio-

chemical biomarkers for the diagnosis and monitoring of AD.12

The study was approved by the institutional review board of each

of the participating institutions. Informed written consent was

obtained from each participant at each site. Each of the subjects

who enrolled in the ADNI-2 or ADNI–Grand Opportunity un-

derwent a T2* gradient recalled-echo sequence, which was used to

enumerate the microbleeds in the brain. Subjects were between

the ages of 55 and 90 years and showed no clinical or structural

evidence of a significant neurologic or psychiatric disease and no

systemic medical illness or laboratory abnormalities that would

interfere with follow-up. To reduce confounding by comorbid

vascular disease, a subject was enrolled in the ADNI only if he or

she had a low modified Hachinski score of �4.13 Cognitive func-

tion was assessed by using the Alzheimer Disease Assessment

Scale (ADAS),14 which is the most widely used measure for clin-

ical trials.

MR Image Acquisition
Each subject underwent a standardized 3T MR imaging protocol,

which included T2* gradient recalled-echo and T1-weighted 3D

MPRAGE sequences (http://adni.loni.usc.edu/methods/documents/

mri-protocols/). This standardized protocol was distributed dig-

itally to all ADNI-certified scanners and included the following

parameters for the gradient recalled-echo sequence: TE, 20 ms;

TR, 650 ms; flip angle, 20°; section thickness, 4 mm; section gap, 0

mm. Before any subject was scanned using this protocol, an ADNI

phantom was used to assess linear and nonlinear spatial distor-

tion, signal-to-noise ratio, and image contrast, which were re-

viewed by a single quality-control center to ensure harmonization

among the sites.15

Microbleeds were quantified visually by a board-certified neu-

roradiologist with subspecialty certification (G.C.C.). Microb-

leeds were defined as hypointense lesions within the brain paren-

chyma that measured �10 mm on the gradient recalled-echo

sequence. Only microbleeds that were considered definite were

included in the analysis.

Microbleeds were classified visually by location as 1) deep gray

matter/infratentorial, if they involved the basal ganglia, thalami,

brain stem, or cerebellum, or 2) lobar, if they involved other re-

gions of the brain parenchyma.

CSF Biomarkers
Each subject included in this analysis underwent lumbar puncture

to obtain CSF samples for quantifying levels of CSF amyloid-�

and phosphorylated tau 181 protein (p-tau).16 Briefly, each lum-

bar puncture was performed with a 20- or 24-gauge spinal needle

at the baseline visit after an overnight fast. The CSF samples were

transferred into polypropylene transfer tubes, frozen on dry ice

within 1 hour after collection, and shipped on dry ice overnight to

a single designated laboratory. After thawing for 1 hour at room

temperature and gentle mixing, 0.5-mL aliquots were prepared

from these samples. The aliquots were then stored in bar-code–

labeled polypropylene vials at �80°C and measured by using the

xMAP Luminex platform (Luminex, Austin, Texas) with INNO-BIA

AlzBio3 (Innogenetics, Ghent, Belgium) immunoassay kit-based

reagents. Monoclonal antibodies specific for A� and p-tau, which

have been found to be useful in predicting AD, were used as re-

agents.17 Total CSF tau level was not included in this analysis,

because it was not available for some of the participants. In addi-

tion, p-tau has a higher specificity and negative predictive value

for ruling out the presence of AD with 90% probability.18

Apolipoprotein E Genotyping
Each participant underwent apolipoprotein E (APOE) genotyping

at the baseline visit. Approximately 6 mL of blood was obtained

from each participant in an ethylenediamine tetraacetic acid tube,

gently mixed by inversion, and shipped at ambient temperature to

a single designated laboratory within 24 hours of collection for

genotyping analysis.

Statistical Analysis
All statistical analyses were programmed in STATA version 13

(StataCorp, College Station, Texas). Comparisons of baseline

variables among the groups were performed by using the Wil-

coxon rank sum, Fisher exact, Kruskal Wallis, or �2 test, depend-

ing on the number of groups and type and distribution of the

variables.

To test the hypothesis that lobar microbleeds are associated

with overall brain amyloidosis, we used ordinary least-squares

regression with age, sex, years of education, history of hyperten-
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sion, APOE2 and APOE4 status, and diagnostic group (normal

cognitive function, mild cognitive impairment, or AD) as covari-

ates. CSF A� values were log transformed for normality and in-

cluded as the outcome variable. Lobar microbleeds were dichot-

omized as 0 or 1 (indicating presence or absence, respectively) and

used as the predictor. The number of lobar microbleeds was then

categorized as an ordinal variable of 0, 1, 2, 3, or �3 to determine

whether increasing numbers of lobar microbleeds were associated

with greater brain amyloidosis, reflected by decreased CSF A�

levels. The regressions were then repeated by using deep gray/

infratentorial microbleeds, categorized as dichotomous or ordi-

nal variables, to differentiate between microbleeds that may have

been associated with hypertension and those associated with am-

yloid angiopathy.

To determine whether lobar microbleeds are associated with

tau pathology, we used logistic regression, adjusting for age, sex,

years of education, history of hypertension, APOE2 and APOE4

status, and diagnostic group. CSF A� level was also included as a

covariate, dichotomized as normal or abnormal on the basis of the

previously published cutoff of 192 pg/mL,19 to determine the ef-

fect of microbleeds independent of global brain amyloidosis. We

then dichotomized abnormal CSF p-tau levels by using a cutoff of

23 pg/mL,19 which was used as the outcome variable. Lobar versus

deep gray/infratentorial microbleeds were again included as the

predictor, either as a dichotomous or ordinal variable. The sensi-

tivity, specificity, positive predictive value, and negative predic-

tive value of lobar microbleeds in predicting an abnormal CSF

p-tau level were also calculated post hoc.

To determine whether lobar microbleeds are associated with a

longitudinal change in cognition, we used the following linear

mixed-effects model: ADASij � (B0 � �0) � �1 MCHi � (�2 � �3

MCHi) tij � covariates � �ij. ADASij represents the ADAS score of

subject i at time point j, MCHi represents the presence or absence

of lobar microbleeds in each subject, and tij represents the time

interval between ADAS tests. B0 and �0 are the coefficients for the

random and fixed variations in baseline ADAS scores, respec-

tively. The coefficient �1 represents the fixed effect of having lobar

microbleeds at baseline. Finally, �2 � �3 are the coefficients for

time-dependent changes in ADAS scores, irrespective or respec-

tive, of the presence of microbleeds. The error term �ij represents

random noise.

RESULTS
Subject characteristics are presented in Table 1. Of the 626 sub-

jects, 407 (65%) had no microbleeds, whereas 219 (35%) had at

least one microbleed. Of the 219 subjects with microbleeds, 192

(88%) had at least one lobar microbleed, and 27 (12%) had only

deep gray/infratentorial microbleeds. As expected, the subjects

with microbleeds were older (P � .001).1 Those with lobar mi-

crobleeds, either alone or in combination with deep gray/in-

fratentorial microbleeds, were more likely to be APOE4 carriers

(P � .03), which has also been described previously.1 Finally,

those with mixed lobar and infratentorial or only infratentorial

microbleeds were more likely to have a history of hypertension

(P � .009).

Having >3 Lobar Microbleeds Was Associated with
Abnormal Levels of CSF A�, Whereas Having Deep Gray/
Infratentorial Microbleeds Was Not
After adjusting for covariates, having at least one lobar microb-

leed was associated with greater brain amyloidosis, reflected by a

lower CSF A� level, though this association did not reach statis-

tical significance (coefficient � �0.04; P � .08). However, ac-

counting for increasing numbers of microbleeds, having 3 (coef-

ficient � �0.30; P � .001) or �3 (coefficient � �0.18; P � .001)

lobar microbleeds was also associated with lower levels of CSF A�

(Table 2). Deep gray/infratentorial microbleeds were not associ-

ated with CSF A� levels (P � .64), and increasing numbers of deep

gray/infratentorial microbleeds also were not associated with CSF

A� levels (P � .29 –.97).

Lobar Microbleeds Are Associated with a Higher
Likelihood of Having an Abnormal CSF p-Tau Level,
Independent of the CSF A� Level; Deep
Gray/Infratentorial Microbleeds Are Not Associated with
Abnormal CSF p-Tau Levels
Using logistic regression after adjusting for the CSF A� level, hav-

ing at least one lobar microbleed was associated with more than

Table 1: Baseline group characteristics

Characteristic
Microbleeds

Absent
P

Valuea

Microbleeds Present

P
Valueb

Lobar Microbleeds
Only

Mixed Lobar and Deep Gray/
Infratentorial Microbleeds

Deep Gray/Infratentorial
Microbleeds Only

No. of subjects 407 163 29 27
Mean age (SD), y 72 (7.6) �.001c 74 (7.0) 77 (6.4) 77 (9.0) .06
Sex, male/female 218:189 .15 100:63 17:12 14:13 .64
Mean education (SD), y 16 (2.6) .24 16 (2.9) 16 (2.9) 16 (2.3) .78
% with HTN 47 .28 46 72 67 .009d

% with APOE4 43 .15 53 52 26 .03d

% with APOE2 allele 7 �.99 6 7 19 .06
% with NL 26 .14 20 10 33 .10
% with MCI 61 .80 61 79 56 .33
% with AD 12 .18 18 10 11 .41

Note:—HTN indicates hypertension; MCI, mild cognitive impairment; NL, normal cognitive function; SD, standard deviation.
a P values compare baseline variables between those without microbleeds and those with microbleeds (combining the 3 groups with different types of microbleeds).
b P values compare baseline variables among the 3 groups with microbleeds.
c Significance according to the Wilcoxon rank sum test.
d Significance according to the �2 test.
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double the odds of having an abnormal CSF p-tau level (P �

.004). The sensitivity and specificity of detecting an abnormal CSF

p-tau level with the presence of at least one lobar microbleed were

35% and 82%, respectively. The positive and negative predictive

values of at least one lobar microbleed for an abnormal CSF p-tau

level were 86% and 29%, respectively.

Having deep gray/infratentorial microbleeds was not associ-

ated with abnormal CSF p-tau levels (P � .97). Unlike with CSF

A� levels, no dose-response relationship was seen; having one

lobar microbleed was most associated with an abnormal CSF

p-tau level, with an odds ratio of 2.8 (P � .001) (Table 3).

Lobar Microbleeds Are Associated with Accelerated
Longitudinal Cognitive Decline
Using a linear mixed-effects model and adjusting for covariates,

including CSF A� level and diagnostic group, having at least one

lobar microbleed was significantly associated with an accelerated

longitudinal change in ADAS score (P � .007) of 1.4 points per

year compared with 0.8 points per year for those without lobar

microbleeds. Furthermore, having �3 lobar microbleeds was sig-

nificantly associated with an increase of 2.3 points per year (P �

.001) (Table 4). Deep gray/infratentorial microbleeds were not

associated with change in ADAS scores (P � .31).

DISCUSSION
The following are the major findings of our analysis: 1) having �3

lobar microbleeds is associated with global brain amyloidosis,

whereas having deep gray/infratentorial microbleeds is not; 2)

lobar microbleeds, unlike deep gray/infratentorial microbleeds,

are associated with elevated CSF p-tau levels but with no dose-

response relationship; and 3) lobar microbleeds, unlike deep gray/

infratentorial microbleeds, are associated with accelerated longi-

tudinal cognitive decline. Overall, the results of our analysis

suggest a differential association of lobar versus deep gray/in-

fratentorial microbleeds with Alzheimer pathogenesis, which re-

veals the importance of lobar microbleeds in prognostication, in-

dependent of CSF A� levels.

The first major finding, that lobar microbleeds are associated

with greater overall brain amyloidosis, is concordant with the

results of previous studies that showed lower CSF A� levels3,20,21

and higher uptake on PET amyloid scans5,6 in people with mi-

crobleeds. Previous studies have also suggested that lobar microb-

leeds are more suggestive of underlying amyloid angiopathy,2,7,9

which is seen concomitantly in 78%–98% of postmortem exam-

inations of the brains of people with Alzheimer disease.22 The

finding that only higher numbers of lobar microbleeds were

found to be associated with abnormal CSF A� levels suggests that

severe amyloid angiopathy is related more to overall brain amy-

loidosis and may contribute to the disease process. On the other

hand, deep gray/infratentorial microbleeds, which are associated

more typically with hypertension, were not associated with CSF

A� levels. Previous work also demonstrated that deep gray, not

lobar, microbleeds are associated with small-vessel disease.23

Therefore, hypertension may produce deep gray/infratentorial

microbleeds and small-vessel changes but is likely involved in

Alzheimer pathogenesis from a nonamyloid pathway, such as de-

creased cognitive reserve.

The second major finding is that having at least one lobar

microbleed, unlike having deep gray/infratentorial microbleeds,

was associated with greater odds of having an abnormal CSF p-tau

level, after adjusting for CSF A� levels. Furthermore, in post hoc

analyses, we found that the presence of at least one lobar microb-

leed had a high positive predictive value for an abnormal CSF

p-tau level. However, the absence of lobar microbleeds had a low

negative predictive value for excluding the presence of an abnor-

mal CSF p-tau level. A recent study in a memory clinic population

found a similar association between microbleeds and CSF total

tau, but not CSF p-tau, levels in individuals without dementia.21

The fact that they did not find an association between microbleeds

and p-tau levels may reflect technical differences in the assay or

the fact that p-tau is more specific for neurodegeneration in

Table 2: Regression model demonstrating association between
lobar microbleeds and CSF amyloid-� level (log transformed)

CSF A�
(Log Transformed) Coefficient (95% CI) P Value

No. of lobar microbleeds
1 �0.005 (�0.057 to 0.047) .85
2 �0.030 (�0.12 to 0.056) .49
3 �0.30 (�0.48 to �0.12) .001
�3 �0.18 (�0.29 to �0.068) .002

Age �0.007 (�0.0098 to �0.0041) �.001
Male sex �0.013 (�0.055 to �0.030) .57
Years of education 0.003 (�0.0046 to 0.011) .40
APOE4 �0.23 (�0.28 to �0.19) �.001
APOE2 0.059 (�0.022 to 0.14) .15
MCI �0.078 (�0.13 to �0.028) .002
AD �0.26 (�0.33 to �0.19) �.001
History of hypertension �0.011 (�0.052 to 0.031) .61

Note:—MCI indicates mild cognitive impairment.

Table 3: Regression model demonstrating association between
lobar microbleeds and likelihood of an abnormal CSF p-tau level

Abnormal CSF p-Tau
Level

Odds Ratio
(95% CI) P Value

No. of lobar microbleeds
1 2.82 (1.52–5.24) .001
2 1.24 (0.51–3.01) .64
3 0.37 (0.081–1.73) .21
�3 3.22 (0.40–25.9) .27

Abnormal CSF A� level 3.40 (2.16–5.34) �.001
Age 1.01 (0.99–1.04) .32
Male sex 0.93 (0.61–1.42) .74
Years of education 0.98 (0.90–1.06) .56
APOE4 2.33 (1.42–3.84) .001
APOE2 1.02 (0.52–2.02) .95
MCI 1.05 (0.67–1.67) .83
AD 3.5 (1.15–10.7) .03
History of hypertension 0.98 (0.65–1.48) .92

Note:—MCI indicates mild cognitive impairment.

Table 4: Mixed-effects regression model demonstrating an
association between lobar microbleeds and longitudinal change
in ADAS

No. of Lobar
Microbleeds

Annual Change in
ADAS (95% CI) P Value

0 0.78 (0.52 to 1.03) �.001
1 1.35 (0.92 to 1.78) .025
2 0.36 (�0.61 to 1.32) .41
3 0.50 (�2.07 to 3.07) .83
�3 2.34 (1.51 to 3.18) �.001
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cohorts with more comorbid vascular disease. Nonetheless, both

of our studies revealed an association between microbleeds and

elevated levels of forms of CSF tau. One hypothesis is that microb-

leeds might reflect damaged microvasculature, resulting in de-

creased blood flow to neurons, ischemia, neuronal degeneration,

and increased tau pathology. In postmortem studies, p-tau seems

to have increased aggregation around arteries and arterioles with

A� in the vessel walls.24 Alternatively, microbleeds might induce

enough inflammation, without duration, to cause an elevated CSF

p-tau level. In an animal model, microhemorrhages were seen to

trigger inflammation and activated microglia, macrophages, and

lymphocytes9,25 rather than cell death or ischemia. This inflam-

mation may be sufficient to produce neuronal release of tau into

the extracellular space. This inflammation may also contribute to

further Alzheimer pathogenesis. Finally, the presence of lobar mi-

crobleeds, reflecting amyloid angiopathy, may suggest that a pa-

tient is farther along in the Alzheimer disease cascade.10 In this

case, lobar microbleeds, in addition to an abnormal CSF A� level,

may signal more severe underlying disease.

The third major finding is that having at least one lobar mi-

crobleed is associated with accelerated longitudinal cognitive de-

cline. Results discussed in the literature evaluating the association

between microbleeds and cognitive decline have been variable,

depending on the cohort studied (community-based popula-

tions,26-29 people with a history of stroke or suspected stroke,30-33

or subjects in a memory clinic who had mild cognitive impair-

ment/AD3,34-38) and whether cognition was being evaluated on a

cross-sectional26,30-32,34,35 or longitudinal27,33,36-39 basis. Most of

these studies demonstrated an association between microbleeds

and either global or executive impairment3,26,28,30-32 cross-sec-

tionally, as well as increased progression of memory impair-

ment,38 greater longitudinal changes in Mini-Mental State Exam-

ination scores,36 higher likelihood of mild cognitive impairment

converting to AD,27 and increased risk of developing incident

dementia.39 One study also found cognitive improvement after

stroke if no microbleeds were present,33 which suggests a detri-

mental role of microbleeds on cognitive recovery. However, none

of these studies adjusted for concomitant Alzheimer pathology,

which may have driven the longitudinal changes in cognition. In

our study, the association between lobar microbleeds and accel-

erated cognitive decline persisted after adjusting for CSF A� lev-

els, which suggests that microbleeds alone, perhaps reflecting

underlying amyloid angiopathy, lead to cognitive impairment.

This finding mirrors that of a postmortem study that found

that moderate-to-severe amyloid angiopathy is associated with

perceptual speed and episodic memory, even after adjusting

for concomitant AD pathology.40 We also found that having

�3 lobar microbleeds was more associated with decreasing

cognition, similar to the results of previous studies that found

greater cognitive decline with �239 or �528 lobar microbleeds.

The finding that deep/infratentorial microbleeds were not as-

sociated with cognitive decline is concordant with results of a

previous study32 but differs from those of another study that

found mixed, not strictly lobar, microbleeds were associated

with cognitive decline.39 Again, the differential effect on cog-

nitive decline secondary to microbleed location may hint at

differing etiologies of microbleeds.

Our study has several limitations. First, the ADNI is not a

community sample. The cohort consisted of more white people,

people who were more highly educated, and people who had

fewer comorbidities than a community population at this age.11

Furthermore, subjects were excluded from the ADNI if they had

significant comorbid vascular disease, reflected by a modified

Hachinski score of �4.13 Therefore, although we did not find a

significant effect on hypertension-related deep gray/infratentorial

microbleeds on tau pathology and cognition, a significant associ-

ation may be found in people with more significant vascular dis-

ease. As a result, generalization of these findings should be ap-

proached with caution, and further validation in prospective

population-based cohorts, particularly those with concomitant

vascular disease, is required.

CONCLUSIONS
The distribution of microbleeds provides clinically significant in-

formation, not only in suggesting differences in underlying etiol-

ogy (ie, amyloid angiopathy versus hypertension) but also in

demonstrating different associations with downstream events in

Alzheimer pathogenesis (ie, tau and cognitive decline). Those

who perform neuroimaging evaluations of older individuals who

are being assessed for cognitive decline should consider microb-

leed distribution in their reports.
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Cerebral Microbleeds in Patients with Dementia with Lewy
Bodies and Parkinson Disease Dementia

S.W. Kim, S.J. Chung, Y.-S. Oh, J.H. Yoon, M.K. Sunwoo, J.Y. Hong, J.-S. Kim, and P.H. Lee

ABSTRACT

BACKGROUND AND PURPOSE: The burden of amyloid � is greater in patients with dementia with Lewy bodies than in those with
Parkinson disease dementia, and an increased amyloid � load is closely related to a higher incidence of cerebral microbleeds. Here, we
investigated the prevalence and topography of cerebral microbleeds in patients with dementia with Lewy bodies and those with Parkinson
disease dementia to examine whether cerebral microbleeds are more prevalent in patients with dementia with Lewy bodies than in those
with Parkinson disease dementia.

MATERIALS AND METHODS: The study population consisted of 42 patients with dementia with Lewy bodies, 88 patients with Parkinson
disease dementia, and 35 controls who underwent brain MR imaging with gradient recalled-echo. Cerebral microbleeds were classified as
deep, lobar, or infratentorial.

RESULTS: The frequency of cerebral microbleeds was significantly greater in patients with dementia with Lewy bodies (45.2%) than in
those with Parkinson disease dementia (26.1%) or in healthy controls (17.1%; P � .017). Lobar cerebral microbleeds were observed more
frequently in the dementia with Lewy bodies group (40.5%) than in the Parkinson disease dementia (17%; P � .004) or healthy control (8.6%;
P � .001) group, whereas the frequencies of deep and infratentorial cerebral microbleeds did not differ among the 3 groups. Logistic
regression analyses revealed that, compared with the healthy control group, the dementia with Lewy bodies group was significantly
associated with the presence of lobar cerebral microbleeds after adjusting for age, sex, nonlobar cerebral microbleeds, white matter
hyperintensities, and other vascular risk factors (odds ratio, 4.39 [95% CI, 1.27–15.25]). However, compared with the healthy control group,
the Parkinson disease dementia group was not significantly associated with lobar cerebral microbleeds.

CONCLUSIONS: This study showed that patients with dementia with Lewy bodies had a greater burden of cerebral microbleeds and
exhibited a lobar predominance of cerebral microbleeds than did patients with Parkinson disease dementia.

ABBREVIATIONS: A� � amyloid �; CMB � cerebral microbleed; DLB � dementia with Lewy bodies; PDD � Parkinson disease dementia; WMH � white matter
hyperintensity

Both dementia with Lewy bodies (DLB) and Parkinson disease

dementia (PDD) are clinically characterized by parkinsonism

and dementia but are distinctive in terms of the temporal rela-

tionship between the onset of dementia and parkinsonism.1,2 In

terms of neuropathology, diffuse cortical Lewy bodies constitute

the main substrate of dementia in both diseases.3 However, the

burden of amyloid � (A�) is greater in patients with DLB than in

those with PDD. A recent neuropathologic study revealed that

patients with DLB had greater plaque density than those with

PDD.4 In some patients with DLB, the density of A� deposits in

the temporal lobe was comparable with that in patients with Alz-

heimer disease.5 A neuroimaging study that used 11C-Pittsburgh

compound-B positron-emission tomography also revealed a

greater A� burden in patients with DLB than in patients with

PDD.6 Thus, concomitant amyloid pathology in patients with
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DLB is considered to contribute to the early development of de-

mentia in addition to diffuse cortical Lewy body pathology.

Cerebral microbleeds (CMBs) are small, rounded, homoge-

neous, hypointense lesions on T2*-weighted gradient recalled-

echo imaging7 and are correlated histologically with hemosiderin

deposits from the breakdown products of blood that leaks from

small vessels.8 Ample evidence suggests that an increased A� load

is closely related to a higher prevalence of CMBs because the ac-

cumulation of A� within vessel walls triggers the vasculopathy of

cerebral amyloid angiopathy in patients with Alzheimer disease.9

In a study of Alzheimer disease pathology, Schrag et al10 found

that CMBs observed in MR imaging were correlated pathologi-

cally to microhemorrhages in areas in which A� had been depos-

ited in adjacent vessel walls. Using 11C-Pittsburgh compound-B

positron-emission tomography, Yates et al11 also reported that

positive 11C-Pittsburgh compound-B positron-emission tomog-

raphy scan results predicted the occurrence of lobar CMBs in

healthy controls. In this study, we tested the hypothesis that a

difference in A� load between patients with DLB and those with

PDD would be associated with variations in the burden and dis-

tribution pattern of CMBs in such patients. Therefore, this study

was performed to explore the prevalence and topography of

CMBs in patients with DLB and those with PDD.

MATERIALS AND METHODS
Subjects
Patient data were collected retrospectively from 3 tertiary referral

hospitals (Severance Hospital and Saint Mary’s Hospital [Seoul,

South Korea] and Ajou University Hospital [Suwon, South Ko-

rea]). Medical and imaging data of 67 patients with DLB (43 from

Severance Hospital, 13 from Ajou University Hospital, and 11

from Saint Mary’s Hospital) and 132 patients with PDD (51 from

Severance Hospital, 31 from Ajou University Hospital, and 50

from Saint Mary’s Hospital) were reviewed. Of these patients, 42

with DLB and 88 with PDD who underwent brain MR imaging

with T2*-weighted gradient recalled-echo were included in the

study to analyze patterns of CMBs.

DLB was diagnosed according to the revised consensus criteria

for DLB,12 and PDD was diagnosed on the basis of Movement

Disorder Society consensus criteria for dementia associated with

Parkinson disease.1 Of 42 patients with DLB, 39 underwent
18Ffluoropropylcarbomethoxyiodophenylnortropane positron

emission tomography scans, and all of them revealed decreased

dopamine transporter uptake in the posterior putamen. In addi-

tion, the other 3 patients underwent cardiac 123I-metaiodoben-

zylguanidine scintigraphy, which in each of them revealed de-

creased uptake in the delayed image. Basic demographic data,

including sex, age, and history of hypertension, diabetes mellitus,

and/or cerebrovascular accident, were analyzed. A history of hy-

pertension was defined as previous physician-diagnosed hyper-

tension with or without prescription of antihypertensive agents,

and a history of diabetes was defined on the basis of self-report or

the use of hypoglycemic agents. A history of cerebrovascular ac-

cident was defined as a transient ischemic attack or stroke diag-

nosed by a physician. Serum levels of cholesterol measured during

the diagnostic work-up were also recorded. Cognitive function

was evaluated by using the Korean Mini-Mental State Examina-

tion. Parkinsonian motor symptoms were assessed by using the

Unified Parkinson’s Disease Rating Scale Part III. Exclusion cri-

teria included the presence of other neurodegenerative diseases

that may account for dementia. Patients with a history of using

drugs that cause parkinsonism (antipsychotics, gastrointestinal

prokinetic drugs, antiepileptic drugs, or L-type calcium channel

blockers) were excluded, and possible medical comorbidities were

excluded by using laboratory tests. Patients with any history of

head trauma were also excluded. Healthy age- and sex-matched

elderly volunteers were included as controls for the imaging anal-

yses. They were recruited by advertisements about the project or

were healthy relatives of patients with movement disorders or

dementia (n � 35; mean age, 73.3 years). The healthy controls

did not have active neurologic disorders or cognitive com-

plaints, and they exhibited normal performance on neuropsy-

chological tests (minimum score of 27 on the Korean Mini-

Mental State Examination). The University of Yonsei

Institutional Review Board approved the research, which ad-

hered to the tenets of the Declaration of Helsinki.

MR Imaging Protocol
Brain MR imaging scans were obtained by using a 3T system (In-

tera Achieva [Philips Healthcare, Best, the Netherlands] or Mag-

netom Trio [Siemens, Erlangen, Germany]). Conventional 2D

T2*-weighted gradient recalled-echo imaging in the axial plane

was obtained for the detection of CMBs with the following param-

eters: matrix, 100 –256 � 100 –256; section thickness, 5 mm; rep-

etition time, 500 –1000 ms; echo time, 15–25 ms; and flip angle,

18°–25°. Axial FLAIR images were also obtained to evaluate white

matter hyperintensities by using the following parameters: ma-

trix, 256 –352 � 192–256; section thickness, 5 mm; echo time,

85–138 ms; repetition time, 9600 –11,000 ms; TI, 2200 –2800 ms;

and flip angle, 90°.

MR Imaging Assessment
CMBs were defined as a small, rounded, homogeneous, hypoin-

tense lesions on T2*-weighted gradient recalled-echo imaging;

these lesions had to be distinct from other findings that mimic

CMBs, and more than half of each lesion had to be surrounded by

brain parenchyma.7 Other potential mimics include vessel flow

voids, calcifications, and iron depositions. According to anatomic

location, CMBs were classified as deep (lesions in caudate, thala-

mus, putamen, globus pallidus, corpus callosum, internal capsule,

and external capsule), lobar (lesions in the frontal, parietal, tem-

poral, occipital lobe, and periventricular area), or infratentorial

(lesions in brain stem and cerebellum).13 The presence of CMBs

in each location was assessed. White matter hyperintensities

(WMHs) were defined as ill-defined hyperintense lesions on

FLAIR images. WMHs were graded according to the rating scale

suggested by Wahlund et al,14 which uses a 4-point scale: 0 (no

lesion), 1 (focal lesion), 2 (beginning confluence), and 3 (diffuse

involvement). Scoring was performed in 5 regions (frontal, pari-

eto-occipital, temporal, infratentorial, and basal ganglia) in the

right and left hemispheres; the sum of scores ranged from 0 to 30.

Brain MR imaging was reviewed independently by 2 raters, both

of whom had a great deal of experience in the assessment of CMBs

and the calculation of WMH scores (S.W.K. and S.J.C.). The 2
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raters were blind to the clinical data. Interrater reliabilities for the

presence in CMBs in deep, lobar, and infratentorial areas were

excellent (� � 0.86, 0.93, and 0.91, respectively), and interrater

reliability for the total WMH scores was good (correlation coeffi-

cients � 0.74). The presence and topography of chronic infarcts

was also assessed on the basis of radiologic reports.

Statistical Analysis
Statistical analyses were performed by using SPSS software (ver-

sion 18.0; IBM, Armonk, New York). Baseline demographic char-

acteristics of the 3 groups were compared by ANOVA and �2 tests

for continuous and categoric variables. Post hoc comparisons

with Bonferroni correction were performed to detect significant

differences between each pair of groups. The �2 or Fisher exact

test was used to compare the number of patients with CMBs be-

tween groups. Logistic regression analyses were performed to as-

sess the contributions of factors to the presence of lobar CMBs.

Covariates considered significant at a P value of �.3 in the uni-

variate model were included in multivariate analysis, and a P value

of �.05 was considered statistically significant.

RESULTS
Of the 67 patients with DLB and 132 patients with PDD, 42 and

88, respectively, were enrolled in the present study. There were no

significant differences in age, sex, vascular risk factors, severity of

Parkinsonian motor symptoms, or general cognition between the

subjects who were and were not enrolled in the study (On-line

Table). The demographic characteristics of the subjects enrolled

in the study are presented in Table 1. The groups did not differ

significantly in age or sex. The frequencies of hypertension, dia-

betes mellitus, and smoking and the level of total cholesterol did

not differ among the groups. The frequencies of both cortical and

lacunar infarcts did not differ significantly among the groups.

WMH scores were significantly higher in patients with DLB (5)

than in healthy controls (1.7; P � .0001) but were not significantly

different from those in the PDD group (3.4; P � .121). Korean

Mini-Mental State Examination scores were significantly lower in

the DLB (19.1) and PDD (20.3) patient groups than in the healthy

controls (28.4; P � .0001) but did not differ between the DLB and

PDD groups.

Table 2 shows the results of CMB analysis among the groups.

The frequency of CMBs was significantly greater in patients with

DLB (45.2%) than in those with PDD (26.1%) and healthy con-

trols (17.1%; P � .017; Figure). According to post hoc analysis,

the frequency of CMBs in the DLB group was significantly higher

than in the PDD (P � .029) and healthy control (P � .009)

groups, whereas the frequency of CMBs in the PDD group did not

differ significantly from that in the healthy control group. The

analysis of CMBs according to location revealed that the frequen-

cies of deep and infratentorial CMBs did not differ among the

healthy control (5.7% and 2.9%, respectively), PDD (12.5% and

8%, respectively), and DLB (19.1% and 11.9%, respectively)

groups, whereas lobar CMBs were observed more frequently in

patients with DLB (40.5%; P � .001) than in those with PDD

(17%) and in healthy controls (8.6%). On post hoc analysis, the

frequency of lobar CMBs was higher in the DLB group than in the

PDD (P � .004) and healthy control (P � .001) groups, whereas

the frequency of lobar CMBs in the PDD group did not differ

significantly from that in the healthy control group.

Of the 17 patients with DLB and lobar CMBs, the CMBs were

observed in the frontal areas in 5 patients (29.4%), the parietal

areas in 7 (41.2%), the temporal areas in 7 (41.2%), and the oc-

cipital areas in 6 (35.3%). Of the 15 patients with PDD with lobar

Table 1: Demographic characteristics of the patients with DLB or PDD and healthy controlsa

Characteristic Controls (n = 35) Patients with DLB (n = 42) Patients with PDD (n = 88) P P1
b P2

c P3
d

Sociodemographics
Age, y 73.3 � 2.4 75.1 � 6.1 73.7 � 7 .117
Sex, male 10 (28.6) 18 (42.9) 32 (36.4) .431

Risk factors
Hypertension 17 (48.6) 25 (59.5) 41 (46.6) .376
Diabetes mellitus 7 (20) 16 (38.1) 18 (20.5) .071
Cigarette smoking 2 (5.7) 4 (9.5) 12 (13.8) .196
Total cholesterol, mg/dl 174.0 � 29.1 160.7 � 30.3 175.6 � 38.3 .083

Cerebrovascular disease
Cortical infarction 0 (0) 3 (7.1) 4 (4.5) .295
Lacunar infarction 7 (20) 14 (33.3) 17 (19.3) .184

WMH score 1.7 � 2.1 5 � 3.7 3.4 � 3.6 .001 �.0001 .082 .121
K-MMSE score 28.4 � 1.1 19.1 � 5.1 20.3 � 4.5 �.0001 �.0001 �.0001 .483
UPDRS-III score 29.2 � 13.7 28.8 � 15.1 .935

Note:—K-MMSE indicates Korean Mini-Mental State Examination; UPDRS-III, Unified Parkinson’s Disease Rating Scale Part III.
a Values are expressed as number (%) of subjects or mean � SD.
b Healthy controls vs patients with DLB.
c Healthy controls vs patients with PDD.
d Patients with DLB vs those with PDD.

Table 2: Prevalence and distribution of cerebral microbleeds in
patients with DLB or PDD and controlsa

Cerebral
Microbleed

Characteristic

Healthy
Controls
(n = 35)

Patients
with

DLB (n = 42)

Patients
with

PDD (n = 88) Pb P1
c,d P2

c,e P3
c,f

Overall 6 (17.1) 19 (45.2) 23 (26.1) .017 .009 .289 .029
Deep 2 (5.7) 8 (19.1) 11 (12.5) .216 .1 .346 .323
Lobar 3 (8.6) 17 (40.5) 15 (17) .001 .001 .230 .004
Infratentorial 1 (2.9) 5 (11.9) 7 (8) .341 .212 .438 .523
a Values are expressed as number (%) of subjects.
b From the �2 or Fisher exact test.
c Bonferroni-corrected P values of the post hoc pair-wise comparison tests.
d Healthy controls versus patients with DLB.
e Healthy controls versus patients with PDD.
f Patients with DLB versus those with PDD.
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CMBs, CMBs were observed in the frontal areas in 4 patients

(26.7%), the parietal areas in 7 (46.7%), the temporal areas in 5

(33.3%), and the occipital areas in 2 (13.3%). The topography of

lobar CMBs did not differ significantly between the patients with

DLB and those with PDD.

Logistic regression analyses were performed to investigate the

independent determinants of lobar CMBs. When the analyses

were unadjusted, DLB and WMHs were significantly associated

with the presence of lobar CMBs relative to the healthy control

group. After adjusting for age, sex, hypertension, diabetes melli-

tus, nonlobar CMBs, and WMHs, DLB was found to be signifi-

cantly and independently associated with the presence of lobar

CMBs relative to the control group (odds ratio, 4.39 [95%

confidence interval, 1.27–15.25]; P � .02). However, PDD was

not significantly associated with lobar CMBs relative to the

healthy control group (Table 3).

DISCUSSION
This study showed that patients with DLB had a greater burden of

CMBs with lobar predominance than did patients with PDD. In

addition, DLB, but not PDD, was independently associated with

the presence of lobar CMBs. These data suggest that apart from

Lewy bodies, the pathologic correlates responsible for DLB may

be attributable to more frequent lobar CMBs in patients with DLB

than in those with PDD.

In terms of the patterns of CMB distribution, hypertensive

vasculopathy usually affects small perforating arterioles in the

deep gray matter, thus resulting in CMBs in the basal ganglia,

thalamus, and brain stem.8 In the present study, patients with

FIGURE. Examples of cerebral microbleeds observed in axial MR imaging obtained with conventional 2D T2*-weighted gradient recalled-echo.
A, MR imaging from a patient with DLB showing multiple CMBs (white arrows) in the bilateral thalamus, bilateral parietal lobe, and right temporal
lobe. Also shown are MR images from a patient with PDD, showing a right periventricular CMB (B; white arrow), and from a healthy control,
showing a right periventricular CMB (C; white arrow).

Table 3: Multivariate analysis of determinants for lobar CMBs

Variable

Univariate Multivariatea

OR (95% CI) P OR (95% CI) P
Group

Controls Reference Reference
Patients with DLB 5.5 (1.66–18.2) .005 4.39 (1.27–15.25) .02
Patients with PDD 1.63 (0.5–5.28) .417 1.41 (0.42–4.73) .577

Hypertension 1.79 (0.85–3.78) .124 1.85 (0.52–6.6) .342
Diabetes mellitus 1.91 (0.74–4.98) .184 1.31 (0.35–4.89) .688
Smoking 0.24 (0.3–1.93) .317
CVA 1.33 (0.33–5.41) .687
Cholesterol 0.99 (0.98–1.01) .53
Nonlobar CMBs 2.23 (0.84–6.27) .097 0.97 (0.11–8.82) .975
WMH 1.31 (1.12–1.53) .001 1.44 (1.14–1.81) .002

Note:—CVA indicates cerebrovascular accident.
a On multivariate analysis, data were adjusted for age and sex.
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DLB did not differ from those with PDD with respect to the CMBs

located in deep or infratentorial structures, which suggests that

the burden of hypertensive vasculopathy may be similar in pa-

tients with these conditions. In contrast to hypertensive vascu-

lopathy, cerebral amyloid angiopathy usually involves leptomen-

ingeal and cortical arterial vessels, which leads to a lobar

distribution of CMBs.15 In the present study, patients with DLB

exhibited a higher frequency of lobar CMBs than did healthy con-

trols or those with PDD. Additional analysis of the topography of

lobar CMBs revealed that the distribution of lobar CMBs did not

differ significantly between patients with DLB and those with

PDD. However, although statistical significance was not attained,

lobar CMBs tended to be more frequent in the occipital areas of

patients with DLB than in those with PDD. Similarly, CMBs in

patients with Alzheimer disease and those with cerebral amyloid

angiopathy exhibit occipital predominance.16,17 These findings

suggest that there may be an association between DLB and cere-

brovascular amyloid deposition.

The high prevalence and lobar predominance of CMBs in pa-

tients with DLB are consistent with the results of a previous neu-

ropathologic study,18 in which cerebral mini-bleeds (bleeding le-

sions found mainly around small vessels, evident on microscopic

examination but not visible macroscopically) were observed more

frequently in patients with Alzheimer disease and those with DLB

than in those with frontotemporal dementia and controls. Fur-

thermore, mini-bleeds were frequently observed in the cerebral

cortex and subcortical white matter of patients with DLB, and

amyloid deposition in the vessels of brains with DLB was also

greater than that in controls.18 Other pathologic studies also in-

directly supported the relationship between DLB and CMBs.

High cortical amyloid burdens and/or plaque densities were evi-

dent in patients with DLB, and these features are closely associated

with CMBs.11 Ballard et al4 reported that patients with DLB had

greater plaque density than those with PDD, and Deramecourt et

al19 reported that patients with DLB had a considerable A� bur-

den, comparable to that in patients with Alzheimer disease. Thus,

concomitant Alzheimer disease pathology, frequently accompa-

nied by cerebral amyloid angiopathy, may lead to an increased

likelihood of CMBs in patients with DLB. On the other hand, the

relationship between CMBs and PDD has not been studied in

detail. Although the results of pathologic studies of cortical A�

plaque load or cerebral amyloid angiopathy pathology in patients

with PDD have been inconsistent, the A� burden is regarded as

less severe in patients with PDD than in those with DLB.4 Imaging

studies that used 11C-Pittsburgh compound-B positron-emis-

sion tomography, which can detect cerebral amyloid angiopa-

thy and diffuse plaque and neuritic plaque, showed a low am-

yloid burden in patients with PDD, which was comparable to

those in Parkinson’s disease and in healthy controls.20 Burack

et al21 performed a neuropathologic examination of 3 patients

with PDD who underwent 11C-Pittsburgh compound-B posi-

tron-emission tomography within 15 months of death, and

cerebral amyloid angiopathy was absent in 2 and only mild in

the third.

Another factor that may explain the higher prevalence of

CMBs in patients with DLB relative to those with PDD may be

differences in characteristics of the amyloid plaque. Both neu-

ritic dense-core plaques and diffuse plaques are found in pa-

tients with DLB, whereas diffuse plaques are more prevalent in

those with PDD.2,21,22 According to pathologic studies, com-

pared with the diffuse plaques that are usually less harmful,

dense-core plaques are known to be associated with vessel walls

and to enclose vessels.23 Furthermore, a neuropathologic study

in patients with Alzheimer disease and patients with Down

syndrome revealed a close relationship between senile plaque

and hemosiderin deposits, suggesting that dense-core plaques

may be sites of microhemorrhage.24 Thus, the high proportion

of dense-core plaques in patients with DLB may have contrib-

uted to the higher prevalence of CMBs in the DLB group in the

present study.

The limitations of this study need to be addressed. Its ret-

rospective design is one of the main limitations, and it is

possible that selection biases affected the choice of study pop-

ulation. Second, we used conventional 2D T2*-weighted gra-

dient recalled-echo, which is less sensitive than accelerated 3D

T2*-weighted gradient recalled-echo for detecting CMBs.25

Moreover, susceptibility-weighted imaging, which is more

sensitive for detecting CMBs than conventional T2*-weighted

gradient recalled-echo,26 has become possible. Thus, conven-

tional 2D T2*-weighted gradient recalled-echo may have

caused us to underestimate the number of CMBs. Third, the

MR imaging platforms and sequence parameters used in this

study were not uniform. However, the rates of CMBs in pa-

tients with DLB and in those with PDD were similar across the

3 participating hospitals (47.4%, 45.5%, and 41.7% in the DLB

group and 26.5%, 28.1%, and 22.7% in the PDD group at

Severance Hospital, Saint Mary’s Hospital, and Ajou Univer-

sity Hospital, respectively). Finally, other measures of A� load

(CSF A� and positron-emission tomography) and Apolipopro-

tein E status were not available because of the retrospective

study design.

CONCLUSIONS
The present study showed that the burden and topography of

CMBs differed between patients with DLB and those with PDD.

Patients with DLB had a greater burden of CMBs than did patients

with PDD, and they exhibited a lobar predominance of CMBs.

Furthermore, DLB, but not PDD, was significantly associated

with the presence of lobar CMBs.
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ORIGINAL RESEARCH
ADULT BRAIN

Effects of Type 2 Diabetes on Brain Structure and Cognitive
Function: African American–Diabetes Heart Study MIND

C.T. Whitlow, K.M. Sink, J. Divers, S.C. Smith, J. Xu, N.D. Palmer, C.E. Hugenschmidt, J.D. Williamson, D.W. Bowden,
B.I. Freedman, and J.A. Maldjian

ABSTRACT

BACKGROUND AND PURPOSE: Rates of type 2 diabetes are higher among African Americans compared with individuals of European
ancestry. The purpose of this investigation was to determine the relationship between MR imaging measures of brain structure (volume of
GM, WM, WM lesions) and cognitive function in a population of African Americans with type 2 diabetes. These MR imaging measures of
brain structure are affected by type 2 diabetes–associated macrovascular and microvascular disease and may be associated with perfor-
mance on tasks of cognitive function in the understudied African American population.

MATERIALS AND METHODS: African Americans with type 2 diabetes enrolled in the African American–Diabetes Heart Study MIND study (n �

263) were evaluated across a broad range of cognitive domains and imaged with brain MR imaging. Associations between cognitive parameters
and MR imaging measures of whole-brain GM, WM, and WM lesion volumes were assessed by using adjusted multivariate models.

RESULTS: Lower GM volume was associated with poorer performance on measures of general cognitive function, working memory, and
executive function. Higher WM lesion volume was associated with poorer performance on a smaller subset of cognitive domains
compared with GM volume but included aspects of working memory and executive function. There were no statistically significant
associations with WM volume.

CONCLUSIONS: Markers of cortical atrophy and WM lesion volume are associated with cognitive function in African Americans with
type 2 diabetes. These associations are described in an African American cohort with disease control similar to that of individuals of
European ancestry, rather than underserved African Americans with poor access to health care. Interventions to reduce cortical atrophy
and WM disease may improve cognitive outcomes in this understudied population.

ABBREVIATIONS: T2D � type 2 diabetes; HbA1c � hemoglobin A1c; MMSE � Mini-Mental State Examination; MoCA � Montreal Cognitive Assessment; DSC �
Digit Symbol Coding Task; VFA � verbal fluency for animals

The number of individuals with type 2 diabetes (T2D) is in-

creasing throughout the world, and the prevalence of this dis-

ease is projected to rise during the next several decades. Estimates

indicate that diabetes will affect 366 million people in 2030, com-

pared with 171 million in 2000.1 T2D results in microvascular and

macrovascular disease that produces end-organ damage leading

to high morbidity and mortality.2 Microvascular damage within

the brain is associated with cerebral atrophy and other changes

thought to underlie T2D-associated cognitive impairment.3-6

Furthermore, evidence is growing that the central nervous system

effects of T2D may accelerate the rate of cognitive decline among

the elderly and increase the risk of developing dementia and Alz-

heimer disease.7-9

Rates of T2D are higher among African Americans compared

with individuals of European ancestry.10 As such, the prevalence

of T2D-associated central nervous system and cognitive sequelae

among African Americans may also be higher. Few studies, how-

ever, have characterized the association between brain structure

and cognitive function in a large comprehensively phenotyped
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cohort of African Americans with T2D, particularly those with

relatively well-controlled vascular disease risk factors (hyperten-

sion and hyperlipidemia) and access to adequate health care.11

The purpose of this investigation was to determine the relation-

ship between MR imaging measures of brain structure and cogni-

tive function in an African American population with T2D en-

rolled in the African American–Diabetes Heart Study MIND. We

hypothesized that lower brain volume and a higher burden of

WM disease would be associated with poorer performance on

tests spanning a variety of cognitive domains.

MATERIALS AND METHODS
Participants
The Wake Forest University Health Sciences institutional review

board approved this study, and all participants provided written

informed consent. A cohort of 263 unrelated African Americans

with T2D were recruited for this investigation as part of the Afri-

can American–Diabetes Heart Study MIND, funded by the Na-

tional Institutes of Health. The objectives of the African Ameri-

can–Diabetes Heart Study MIND are to improve our

understanding of the risk factors for impaired cognitive function

and abnormalities of cerebral architecture in the understudied

African American population with T2D.

Participants included in this study were diagnosed with T2D

in the absence of diabetic ketoacidosis with the onset of clinical

disease after 30 years of age on the basis of the following: 1) active

medical treatment (insulin and/or oral hypoglycemic agents), 2)

nonfasting blood sugar of �200 mg/dL, 3) fasting blood sugar of

�126 mg/dL, or 4) hemoglobin A1c (HbA1c) of �6.5%. Fasting

measures of glucose, HbA1c, low-density lipoprotein cholesterol,

high-density lipoprotein cholesterol, triglycerides, thyroid stimu-

lating hormone, and vitamin B12 were acquired. Medical and ed-

ucational histories, vital signs, and active medications were also

recorded.

Cognitive Testing
The cognitive battery was organized to evaluate a broad range of

cognitive domains known to be associated with brain microvas-

cular disease, which can be present in the setting of T2D.12,13 A

single investigator (K.M.S.) was responsible for quality control

and training, certification, and assessment of study staff respon-

sible for conducting cognitive tests. General cognitive function

was assessed with the modified Mini-Mental State Examination

(MMSE) and Montreal Cognitive Assessment (MoCA).14-16 We

included the MoCA in addition to the modified MMSE due to its

added measures of executive function and increased sensitivity for

detecting early cognitive impairment. The Rey Auditory Verbal

Learning Test is a word list recall task that evaluates verbal learn-

ing and memory17 and has been reported to correlate strongly

with executive function.18 The Digit Symbol Coding Task (DSC)

is a subtest of the Wechsler Adult Intelligence Scale (3rd ed) that is

used to assess visual motor speed, sustained attention, and work-

ing memory,19 which have been associated with future cognitive

decline.20,21 Additional aspects of executive function were evalu-

ated with the verbal fluency for animals (VFA) task and the Stroop

test.22-26 Depression and anxiety represent possible confounding

variables that may affect the relationship between cognitive func-

tion and brain structure. Depression and anxiety were evaluated

with the Center for Epidemiologic Studies Depression scale27 and

the Anxiety Brief Symptom Inventory,28 respectively.

Brain MR Imaging

MR Imaging Acquisition. Scanning for the initial 73 subjects was

performed on a 1.5T Excite HD scanner (GE Healthcare, Milwau-

kee, Wisconsin) with twin-speed gradients by using a neurovas-

cular head coil (GE Healthcare). High-resolution T1 anatomic

images were obtained by using a 3D volumetric inversion recov-

ery echo-spoiled gradient-echo sequence (TR � 7.36 ms, TE �

2.02 ms, TI � 600 ms, flip angle � 20°, 124 sections, FOV � 24

cm, matrix size � 256 � 256, 1.5-mm section thickness). FLAIR

images were acquired in the axial plane (TR � 8002 ms, TE �

101.29 ms, TI � 2000 ms, flip angle � 90°, FOV � 24 cm, matrix

size � 256 � 256, 3-mm section thickness). Because of a change in

MR imaging equipment at the Wake Forest University Health

Sciences Center for Biomolecular Imaging, scanning of the sub-

sequent 190 participants was performed on a 3T Magnetom Skyra

MR imaging scanner (Siemens, Erlangen, Germany) by using a

high-resolution 20-channel head/neck coil (Siemens). T1-

weighted anatomic images were obtained by using a 3D volumet-

ric MPRAGE sequence (TR � 2300 ms, TE � 2.99 ms, TI � 900

ms, flip angle � 9°, 192 sections, voxel dimension � 0.97 �

0.97 � 1 mm). FLAIR images were acquired by using a 3D sam-

pling perfection with application-optimized contrasts by using a

different flip angle evolution (Siemens) inversion recovery se-

quence (TR � 6000 ms, TE � 283 ms, TI � 2200 ms, flip angle �

120°, 160 sections, voxel dimensions � 1.1 � 1.1 � 1 mm).

Image Segmentation. Structural T1 images were segmented

into GM, WM, and CSF and normalized to Montreal Neuro-

logical Imaging space by using the Diffeomorphic Anato-

mical Registration Through Exponentiated Lie Algebra high-

dimensional warping (http://www.neurometrika.org/node/

34) and the SPM8 software (http://www.fil.ion.ucl.ac.uk/spm/

software/spm8)29 new-segment procedure, as implemented in

the VBM8 toolbox (http://dbm.neuro.uni-jena.de/vbm.html).

Total GM and WM volume and intracranial volume (compris-

ing GM � WM � CSF) were determined from the VBM8 au-

tomated segmentation procedure, which outputs a text file

with values for native space total GM, WM, and CSF volumes.

Whole-brain volumes (GM and WM) are reported milliliters.

GM and WM volumes adjusted for intracranial volume were

used in the linear regression models.

White Matter Lesion Segmentation. White matter lesion seg-

mentation was performed by using the Lesion Segmentation

Toolbox (http://www.academia.edu/2729347/LST_A_Lesion_

Segmentation_Tool_For_SPM _)30 for SPM8 at a threshold (k) of

0.25.31 Normalization to Montreal Neurological Imaging space

was accomplished by coregistration with the structural T1 and

applying the normalization parameters computed in the VBM8

segmentation procedure. The white matter lesion was determined

by summing the binary lesion maps and multiplying by the voxel

volume; it was reported in milliliters.
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Statistical Analyses

Interscanner Variability. Fifteen study participants underwent

scanning by using both 1.5T and 3T MR imaging to account for

between-scanner variation. Both datasets for each participant

were processed by using identical methods. Adjustments were

made to account for any systematic differences in volumetric

measures between scanners.32,33 Linear regression was used to

estimate calibration equations between the 1.5T and 3T measure-

ments. These equations were used to determine the correspond-

ing 3T MR imaging value from an MR imaging scan performed on

a 1.5T scanner. R2 values obtained from the calibration equations

also provide an estimate of the reliability of 1.5T measurements as

predictors of the 3T MR imaging values.

Linear models were fitted to test for associations between mea-

sures of cognitive performance (independent variables) and brain

MR imaging measures (dependent variables). GM and WM vol-

umes were adjusted for intracranial volume (comprising GM �

WM � CSF). The Box-Cox method33 was applied to identify the

appropriate transformation best approximating the distribu-

tional assumptions of conditional normality and the homogene-

ity of variance of the residuals. This method suggested taking the

natural logarithm of WM lesion volume and the squared value of

the intracranial volume–adjusted WM and GM volumes. Models

were run unadjusted and successively adjusted for age, sex, body

mass index, T2D severity (HbA1c), and level of education (1 �

less than high school, 2–5 � number of years in high school,

5 � graduate, 6 –9 number of years in college [9 � graduate], 10 �

postgraduate degree). Adjusted results refer to the model testing

for the association between MR imaging variables and cognitive

function after adjustment for all 5 covariates. An � level of �.05

was used for all statistical tests.

RESULTS
Tables 1 and 2 present demographic and laboratory characteris-

tics of the cohort, and Table 3 contains results of brain MR imag-

ing and cognitive function measurements. The reliability coeffi-

cient between MR imaging measures obtained on the 1.5T and 3T

scanners ranged between 98% for the intracranial volume and

92% for the GM volume. Unadjusted and adjusted analyses were

performed to determine the relationships between continuous

measures of cerebral anatomy and cognitive function (On-line

Table). Results of the fully adjusted models, including the effects

of age, sex, body mass index, HbA1c, and level of education, fol-

low. No significant relationships were detected between glycemic

control assessed by HbA1c with WM lesion volume, GM volume,

or WM volume (P � .51, P � .36, and P � .35, respectively; data

not shown). There were also no statistically significant associa-

tions between MR imaging measures and the depression and anx-

iety evaluations (P � .05).

As shown in the On-line Table, the modified MMSE had a

positive association with GM volume (P � .0023) but no statisti-

cally significant association with WM volume (P � .18) or WM

lesion volume (P � .15). The MoCA had a positive association

with GM volume (P � .022), but no significant association with

WM volume (P � .43) or WM lesion volume (P � .82). DSC had

a positive association with GM volume (P � .015) and a negative

association with WM lesion volume (P � 6.7 � 10�4), but no

significant association with WM volume (P � .12). Stroop inter-

ference had a negative association with GM volume (P � .035)

and a positive association with WM lesion volume (P � 4.6 �

10�3), but no significant association with WM volume (P � .26).

The Rey Auditory Verbal Learning Test, VFA, and Stroop errors

were not significantly associated with any of the brain MR imag-

Table 1: Demographic and laboratory results in African
American–Diabetes Heart Study MIND participants (N � 263)

Variable Mean SD
Age (yr) 60.4 9.6
Duration of diabetes (yr) 14.3 8.9
Age of diabetes diagnosis (yr) 46.0 11.0
Body mass index (kg/m2) 34.1 7.9
Glucose (mg/dL) 147.5 60.3
HbA1c (%) 8.2 2.1
LDL cholesterol (mg/dL) 109.1 37.7
HDL cholesterol (mg/dL) 47.2 11.9
Triglycerides (mg/dL) 115.7 72.3
Systolic blood pressure (mm Hg) 131.2 18.6
Diastolic blood pressure (mm Hg) 75.4 10.8
Thyroid stimulating hormone (�IU/mL) 2.0 1.6
Vitamin B12 (pg/mL) 690.0 417.3

Note:—LDL indicates low-density lipoprotein; HDL, high-density lipoprotein.

Table 2: Group characteristics in African American–Diabetes
Heart Study MIND (N � 263)

Variable No. (% of Total Cohort)
Female 165 (62.7%)
Hypertension 87 (33.1%)
Insulin use 108 (41.1%)
Lipid medication 93 (54.7%)
Smoking

Never 117 (44.7%)
Former 91 (34.7%)
Current 54 (20.6%)

Education
Less than a high school diploma 27 (10.3%)
High school diploma 76 (28.9%)
Some college or a college diploma 115 (43.7%)
Graduate education 45 (17.1%)

Table 3: MRI and cognitive function measures in African
American–Diabetes Heart Study MIND

Variable Mean SD No.
MRI results

GM volume, unadjusted (mL) 732.2 57.7 263
GM/ICV (%)a 43.3 2.8 263
WM volume, unadjusted (mL) 629.6 46.7 263
WM/ICV (%)a 37.3 2.3 263
WM lesion volume (mL) 7.9 14.7 263

Cognitive function measures
3MSE (score, 0–100) 84.6 9.0 256
MoCA (score, 0–30) 19.9 3.9 261
RAVLT (score, 0–75) 38.0 9.0 263
DSC (score, 0–133) 48.1 15.9 262
VFA 15.7 4.6 262
Stroop errors 3.4 6.3 258
Stroop interference (seconds; trial 3 to trial 2) 31.6 16.1 256
CESD 8.0 5.3 262
BSI-Anxiety 4.9 4.5 262

Note:—ICV indicates intracranial volume; 3 MSE, modified MMSE; RAVLT, Rey Audi-
tory Verbal Learning Test; CESD, Center for Epidemiologic Studies Depression Scale;
BSI-Anxiety, Brief Symptom Inventory.
a Whole-brain measures adjusted for total ICV.
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ing measures (P � .05). Measures of effect size are provided in the

last columns of the On-line Table for lower GM and WM and

higher WM lesion volume associated with cognitive test perfor-

mance. The subcolumns labeled “Absolute” and “%” report the

absolute and percentage differences from the mean cognitive

score computed for each 1 SD change in MR imaging measure.

For example, 1 SD lower GM volume corresponds to lower modi-

fied MMSE (“Absolute,” “%”: �10.7, �12.6%), MoCA (�1.2,

�6.2%), and DSC (�2.7, �5.5%) scores and a higher Stroop inter-

ference (2.1, 6.8%) score compared with group mean scores reported

in Table 3. A 1-SD higher WM lesion volume corresponds to lower

DSC (“Absolute,” “%”: �3.3, �6.9%) and higher Stroop interfer-

ence (2.9, 9.0%) scores compared with group mean scores reported

in Table 3.

DISCUSSION
The African American-Diabetes Heart Study MIND was designed

to improve our understanding of T2D-associated risk factors for

impaired cognitive function and abnormalities of cerebral archi-

tecture in the understudied African American population with

levels of disease control similar to those of individuals of Euro-

pean ancestry. In general, lower whole-brain GM volume and

higher WM lesion volume were associated with poorer cognitive

performance in this cohort. Measures of GM atrophy, as charac-

terized by lower GM volume, were associated with the greatest

number of cognitive domains evaluated, including a variety of

general measures of cognitive function, working memory, and

executive function. WM lesion volume was associated with a

smaller subset of cognitive domains compared with GM volume,

including aspects of working memory and executive function. In

contrast to measures of GM atrophy and WM lesion volume,

there were no statistically significant associations between any

measures of cognitive function and WM volume. Furthermore, a

few measures of cognitive function demonstrated no associations

with measures of cerebral anatomy. Specifically, there were no

statistically significant associations with verbal fluency, as mea-

sured with VFA, and any of the brain MR imaging measures.

As opposed to prior studies of brain anatomy and cognition in

African Americans with T2D, participants in the African Ameri-

can–Diabetes Heart Study MIND had relatively good access to

health care.34,35 This is reflected by high rates of statin use and

mean blood pressures, universal treatment for hypertension, and

HbA1c and lipid profiles reflecting a level of control seen in stud-

ies comprising subjects with European ancestry. As such, the re-

sults of this study may not be generalizable to African Americans

with T2D that is poorly monitored and/or controlled. T2D is

known to be associated with structural changes in the brain, sim-

ilar to those reported in our study, including cerebral atrophy and

WM lesions that correlate with the presence of microvascular and

macrovascular ischemic disease.36-41 Other cross-sectional stud-

ies of T2D have reported associations among brain atrophy, WM

lesion burden, and diminished cognitive function. In 1 study, MR

imaging variables were used in a stepwise regression model that

demonstrated the strongest relationship between GM atrophy

and cognitive function, with WM volume and WM lesion volume

demonstrating relatively smaller effects on the model.6

These findings may have relevance in the context of our data in

which GM volume was associated with the greatest number of

cognitive domains evaluated and WM lesion volume was associ-

ated with a smaller subset of cognitive functions. Such findings

regarding brain anatomy and cognitive function are important

because it is thought that T2D-associated changes in the brain

may underlie the increased risk of developing dementia among

this population, including a reported 50%–100% increased risk of

developing Alzheimer disease.42-44 Very likely many factors link

MR imaging measures of cerebral anatomy and cognitive func-

tion. However, adjustment for age, sex, body mass index, T2D

severity (HbA1c), and level of education did not affect these rela-

tionships in this study. These findings suggest that the impact of

diabetes on brain volume, WM lesion load, and cognitive func-

tion that we report was not directed through these pathways.

Our results provide an extensive characterization of brain

structure and cognitive function focused solely on the understud-

ied African American population with T2D and well-controlled

cardiovascular disease risk factors. Strengths include the relatively

large sample size of African Americans with diabetes and the

breadth of cognitive functions evaluated, which included a variety

of domains previously shown to be affected by T2D. This study

also used quantitative structural MR imaging measures that have

been applied in numerous studies of T2D. However, this study

adds to the previous literature by using fully quantitative mea-

sures of WM lesion volume previously validated in this cohort,31

rather than qualitative and semiquantitative measures of WM le-

sion load.

The limitations of this study include the lack of a nondiabetic

control group, cross-sectional design, and lack of covariates that

could be related to potential mechanisms, such as medication use

and inflammatory markers. This study also focused on whole-

brain MR imaging measures rather than evaluating individual

brain ROIs such as the hippocampus and frontal lobes, which may

more specifically underlie performance in the cognitive domains

evaluated. Such investigations of specific ROIs will be conducted

in the future once data collection for the entire African American–

Diabetes Heart Study MIND cohort is completed.

CONCLUSIONS
Results from the African American–Diabetes Heart Study MIND

cohort reveal that cognitive function is associated with markers of

cortical atrophy and WM lesion volume, independent of diabetes

severity in African Americans with T2D. These associations be-

tween brain structure and cognitive function are described in a

cohort of African Americans with disease control similar to that of

individuals of European ancestry, rather than underserved Afri-

can Americans with poor access to health care. Taken together,

our data suggest that interventions to reduce cortical atrophy and

white matter disease may have the potential to improve cognitive

outcomes in this understudied population.
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ORIGINAL RESEARCH
ADULT BRAIN

Repeatability of Standardized and Normalized Relative CBV in
Patients with Newly Diagnosed Glioblastoma

M.A. Prah, S.M. Stufflebeam, E.S. Paulson, J. Kalpathy-Cramer, E.R. Gerstner, T.T. Batchelor, D.P. Barboriak, B.R. Rosen, and
K.M. Schmainda

ABSTRACT

BACKGROUND AND PURPOSE: For more widespread clinical use advanced imaging methods such as relative cerebral blood volume must
be both accurate and repeatable. The aim of this study was to determine the repeatability of relative CBV measurements in newly
diagnosed glioblastoma multiforme by using several of the most commonly published estimation techniques.

MATERIALS AND METHODS: The relative CBV estimates were calculated from dynamic susceptibility contrast MR imaging in double-
baseline examinations for 33 patients with treatment-naïve and pathologically proved glioblastoma multiforme (men � 20; mean age � 55
years). Normalized and standardized relative CBV were calculated by using 6 common postprocessing methods. The repeatability of both
normalized and standardized relative CBV, in both tumor and contralateral brain, was examined for each method with metrics of
repeatability, including the repeatability coefficient and within-subject coefficient of variation. The minimum sample size required to
detect a parameter change of 10% or 20% was also determined for both normalized relative CBV and standardized relative CBV for each
estimation method.

RESULTS: When ordered by the repeatability coefficient, methods using postprocessing leakage correction and �R2*(t) techniques
offered superior repeatability. Across processing techniques, the standardized relative CBV repeatability in normal-appearing brain was
comparable with that in tumor (P � .31), yet inferior in tumor for normalized relative CBV (P � .03). On the basis of the within-subject
coefficient of variation, tumor standardized relative CBV estimates were less variable (13%–20%) than normalized relative CBV estimates
(24%– 67%). The minimum number of participants needed to detect a change of 10% or 20% is 118 – 643 or 30 –161 for normalized relative
CBV and 109 –215 or 28 –54 for standardized relative CBV.

CONCLUSIONS: The �R2* estimation methods that incorporate leakage correction offer the best repeatability for relative CBV, with
standardized relative CBV being less variable and requiring fewer participants to detect a change compared with normalized relative CBV.

ABBREVIATIONS: nRCBV � normalized relative CBV; RC � repeatability coefficient; rCBV � relative CBV; sRCBV � standardized relative CBV; wCV � within-
subject coefficient of variation

Dynamic susceptibility contrast MR imaging has been increas-

ingly used to evaluate the vascular properties of brain tumors

and may be useful in other disorders of the central nervous sys-

tem, including stroke, hypoxia, stenosis, and brain trauma. DSC

MR imaging is obtained by quantifying the signal-intensity

change on T2*/T2-weighted imaging following injection of con-

trast agent as it passes through tissue. Parameters typically derived

from DSC MR imaging include cerebral blood flow, cerebral

mean transit time, and relative CBV (rCBV); the latter is generally

regarded as the most robust and commonly derived parameter of

the 3. For patients with brain tumors, the information provided

by rCBV estimates has been used to assist clinicians in the identi-

fication of brain tumor grade,1-5 progression,6-8 and aggressive-

ness or treatment response.7,9,10

Postprocessing methods used for rCBV estimation are varied,
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with no single technique implemented as the standard for use in

clinical practice or research. Reports have demonstrated pro-

found differences in derived rCBV values that depend on the

choice of acquisition and postprocessing methods,11 with much

of this variability being attributed to the effects of contrast agent

leakage due to blood-brain barrier disruption. These effects,

which are especially influential when evaluating high-grade glio-

mas, can be minimized or corrected for by either administration

of a preload dose of contrast agent to saturate T1 changes due to

leakage or by a postprocessing mathematic correction or both.

Without such considerations, contrast agent leakage, apparent as

T1-shortening, would falsely underestimate rCBV or, if apparent

as residual T2* effects, could overestimate rCBV.3,11,12

Additionally, due to the variability of nonquantitative rCBV

values within similar tissue types, scaling metrics are often applied

to rCBV estimates to better assess comparisons among subjects

and between examinations. Two commonly applied scaling met-

rics involve either normalization or standardization. Normaliza-

tion involves drawing a reference ROI, typically within normal-

appearing white matter, whereby all voxels are divided by the

mean value of that ROI. Alternatively, standardization, which

transforms rCBV maps to a standardized intensity scale, without

the need to draw a reference ROI, has been shown to increase

consistency in rCBV measurements across time and patients.13

Although the use of scaling metrics may reduce the variability of

rCBV interpretation, the variability inherent in estimation meth-

ods is not fully known.

While the accuracy of several methods used for rCBV estima-

tion has been investigated,3,11,12,14-17 the repeatability of these

methods has not, including a comparison between normalized

(nRCBV) and standardized (sRCBV) rCBV approaches. Although

rare, studies investigating the repeatability of imaging datasets are of

great importance, especially if they are to be used as reliable biomark-

ers of disease detection and for decision-making in clinical trials and

eventually as part of patient management.18,19 The aim of this study

was to compare the repeatability across 6 commonly used postpro-

cessing methods in the estimation of standardized and normalized

rCBV by using double-baseline data obtained from subjects with

newly diagnosed glioblastoma multiforme.

MATERIALS AND METHODS
Participants
Institutional review board approval was obtained to retrospec-

tively evaluate MR imaging data from subjects for whom in-

formed consent had been obtained for participation in a prospec-

tive National Cancer Institute–sponsored phase Ib/II clinical trial.

Detailed information regarding this trial can be found on-line

(ClinicalTrials.gov identifier NCT00662506) and in recently pub-

lished work.20,21

In general, participants were selected for inclusion in this

National Cancer Institute clinical trial if they were at least 18 years

of age, had histologically confirmed glioblastoma multiforme,

were scheduled to receive standard22,23 postsurgical (biopsy or

resection) chemoradiotherapy, had residual contrast-enhancing

tumor, maintained a stable dose of steroids before their baseline

and vascular MR imaging examinations, would not require con-

current treatment other than that specified by the trial, had a

Karnofsky Performance Status score of at least 60%, and had a

Mini-Mental State Examination score of at least 15. In general,

participants were excluded if they had uncontrolled intercurrent

illness, a condition or disease contraindicated for treatment with

cediranib, pregnancy, or prior anti–vascular endothelial growth

factor therapy for treatment of their tumor.

The sample size used for this study was based on total enroll-

ment in the National Cancer Institute clinical trial, and not from

a predetermined power analysis. All of the subjects who partici-

pated in the National Cancer Institute clinical trial were consid-

ered for inclusion in this retrospective study, in which exclusion

criteria were limited to early initiation of treatment and issues of

data quality, including substantial artifacts or incomplete and

missing data.

Data Acquisition
Double-baseline MR imaging examinations were performed at

Massachusetts General Hospital Cancer Center and the Dana-

Farber Cancer Institute in Boston, Massachusetts. Data obtained in-

cluded DSC MR imaging and pre- and post-contrast-enhanced T1-

weighted imaging. All data were acquired on 3T MR imaging systems

(Tim Trio; Siemens Erlangen, Germany) equipped with AutoAlign

(Siemens), which aligns section positions in a standard reproducible

way, and were collected by using a similar imaging protocol.24

The DSC gradient-echo echo-planar MR imaging data were

collected as follows: TR � 1.45–1.50 seconds, TE � 30 –32 ms, flip

angle � 80° or 90°, 12 sections with section thickness � 5 mm,

intersection gap � 1.5 mm, acquisition matrix � 160 � 160 or

128 � 128, and FOV � 192–768 � 192–768 mm2, using a 0.2-

mmol/kg dose of gadopentetate dimeglumine contrast agent (0.1-

mmol/kg preload injection and 0.1-mmol/kg at approximately 80

seconds during DSC data collection). For each patient, both base-

line images were collected with the exact same parameter settings.

Parameter settings varied among patients but were within the

ranges listed above.

T1-weighted MR imaging data were collected as follows: TR �

0.19 – 0.868 seconds, TE � 12 ms, 23 sections with section thick-

ness � 5 mm, intersection gap � 1 mm, acquisition matrix �

432–512 � 512, and FOV � 185–220.

rCBV Estimation
The nRCBV and sRCBV estimates for 6 commonly used postpro-

cessing methods were calculated from unmodified DSC data by

using plug-ins developed at the Medical College of Wisconsin for

use within Analysis of Functional NeuroImages software (http://

afni.nimh.nih.gov/afni).24 The rCBV software plug-ins incorpo-

rate data truncation, calculation of preinjection baseline signal

intensity, and calculation of concentration-time curves in the es-

timation of rCBV for each method. Specifically, the first 5 time

points were removed because transient changes in the DSC signal

occur before reaching a steady-state signal. This procedure was to

establish a more accurate estimation of the preinjection baseline

signal intensity. A voxelwise calculation of preinjection baseline

signal intensity (SB) was then performed according to the follow-

ing equation:

1) SB �
1

Nb
�j � 1

Nb S j,
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where Nb is the number of baseline time points following DSC

signal truncation and before contrast injection and Sj is the jth

image in the time-series. The concentration-time curve could

then be calculated according to the following equation:

2) �R2*�t� � �
1

TE
ln�S�t�

SB
� ,

where S(t) is the signal time course. Next a voxelwise estimation of

rCBV was performed for each of the methods listed in Table 1 as

detailed in Paulson and Schmainda.14 Data for each estimation

method were then standardized or normalized13 for each visit sepa-

rately, with manually drawn normal-appearing white matter refer-

ence regions or standardization files, respectively.

Data Analysis
For each visit, the DSC and precontrast T1-weighted images were

coregistered with postcontrast T1-weighted images by using a

normalized mutual information cost function with 6 df. Enhanc-

ing tumor volume ROIs were determined for each corresponding

visit by using a semiautomated, threshold-detection algorithm

applied to �T1 maps.25 Specifically, the �T1 maps were created

from the subtraction of standardized precontrast from standard-

ized postcontrast T1-weighted images and thresholded to exclude

values below a threshold of 3000. This previously determined

threshold ensures that regions containing perfused tissue are in-

cluded in the final tumor ROI. This approach also ensures that

regions of bright signal on precontrast T1-weighted images result-

ing from blood products, for example, are not included as part of

the enhancing-tumor ROI.25 An example of using this approach

to create �T1 maps is shown in Fig 1. For comparison the

repeatability metrics were also determined in normal-

appearing contralateral brain ROIs.

Statistical Analysis
Consistent with a previous report,18 repeatability will refer to the

consistency of quantitative results obtained when the same imag-

ing test is performed at short intervals on the same subjects by

using the same equipment in the same center. In this context, the

repeatability coefficient (RC) with upper and lower confidence

intervals (RCU, RCL), SDs, and within-subject coefficient of vari-

ation (wCV) was calculated for mean rCBV estimates within the

tumor and normal brain ROIs separately.18 These metrics were

used as a means of comparing repeatability within and across

rCBV estimation methods and not in comparison with a reference

standard, which would address the question of accuracy. The RC

is a measure of the limits of agreement between baseline studies

for a given method, wherein 95% of the test-retest measurement

differences lie. Therefore, rCBV estimation methods were or-

dered as having greater repeatability based on a lower RC for

nRCBV and sRCBV separately. Additionally, the wCV was used to

compare not only the variation among rCBV estimation methods

but also between standardized and normalized approaches, such

that those methods showing lower variation were regarded as

more consistent.

Repeatability metrics were also compared for each estimation

method between normal brain and tumor ROIs by using a Wil-

coxon matched pairs test with statistical significance set at � �

.05. All repeatability metrics were calculated as presented in Barn-

hart and Barboriak18 and can be viewed in the On-line Appendix.

All statistical tests were performed by using GraphPad Prism soft-

ware (GraphPad Software, San Diego, California). Last, the mini-

mum sample size required to detect a parameter change of 10% or

20% was calculated for each nRCBV or sRCBV estimation method

with 2-tailed statistical significance set at � �.05 and power � 0.90.

The percentage changes were based on the population mean for each

estimation method and the respective scaling metric in this study.26

RESULTS
Participants
Forty participants were enrolled in the National Cancer Institute

clinical trial between February 2009 and February 2011. Double-

baseline MR imaging data were acquired within 8 days for 38

Table 1: Description of rCBV estimation methods

Method Description

Postprocessing
Leakage

Correction Type
1 120-Point numeric integration of

�R2*(t) with the trapezoid rule
No �R2*

2 120-Point numeric integration of
�R2*(t) with the trapezoid rule
and correction for T1
extravasation effects

Yes �R2*

3 Area under �-variate fit to �R2*(t) Yes �R2*
4 Area under �R2*(t) after postbolus

baseline (recirculation) correction
Yes �R2*

5 Maximum signal drop of S(t) No Signal
6 Negative enhancement integral

of S(t)
No Signal

FIG 1. �T1 mask creation. Following standardization of each image,
the standardized precontrast T1-weighted image (A) is subtracted
from the standardized postcontrast T1-weighted image (B). The re-
sulting �T1 map is thresholded, with results shown in red (C), and the
abnormal region is extracted from the area identified in yellow, giving
the final enhancing tumor mask (D).
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subjects; 2 of the initial 40 subjects did not receive a second base-

line examination and were therefore excluded from this analysis.

Five additional subjects were excluded from analysis due to data-

quality issues involving one of the baseline examinations, includ-

ing the following: self-removal from the MR imaging scanner

during the examination (n � 1), poor contrast injection (n � 2),

and initiation of treatment (n � 2). The remaining 33 subjects

were treatment-naïve, aside from maintaining a stable dose of

steroids for a minimum of 5 days before initiation of the first

baseline MR imaging examination and continuing through the

second baseline MR imaging examination. Twenty male and 13

female subjects were included in the analyses with a mean age of

55 � 10.8 years and a mean timing between baseline examinations

of 3.6 � 1.4 days.

FIG 2. Visual comparison of nRCBV and sRCBV. Methods 1– 6 (across) for visit 1 (top 2 rows) and visit 2 (bottom 2 rows) in the same subject in
approximately the same section for visits 1 and 2. All data are presented with the same respective scale for nRCBV or sRCBV and are in arbitrary
units.

Table 2: Metrics of rCBV estimation methodsa

Method RC (RCL–RCU) wCV tSD bSD wSD
A) Normalized rCBV (tumor)

2 (CTI) 1.78 (1.44–2.34) 0.31 0.96 0.71 0.64
3 (GV) 1.95 (1.57–2.57) 0.25 1.04 0.77 0.70
6 (NEI) 2.07 (1.67–2.73) 0.24 1.57 1.38 0.75
1 (UTI) 3.16 (2.55–4.16) 0.39 1.55 1.05 1.14
5 (MSD) 3.54 (2.86–4.66) 0.56 1.30 0.25 1.28
4 (PBC) 3.93 (3.17–5.18) 0.67 1.85 1.18 1.42

B) Standardized rCBV (tumor)
2 (CTI) 3869 (3121–5093) 0.18 3142 2814 1397
4 (PBC) 4020 (3243–5292) 0.20 3045 2677 1451
3 (GV) 4214 (3399–5547) 0.17 3163 2773 1521
1 (UTI) 4261 (3437–5609) 0.19 2958 2526 1538
5 (MSD) 4591 (3703–6043) 0.13 6437 6220 1658
6 (NEI) 5250 (4235–6911) 0.16 5732 5410 1895

Note:—�R2*(t) indicates methods for which the transverse relaxation time courses are computed from the signal time courses; UTI, integration of �R2*(t) with the trapezoid
rule; CTI, integration of �R2*(t) with the trapezoid rule and correction for T1 and T2 extravasation effects; GV, �-variate fit to �R2*(t); NEI, negative enhancement integral of S(t);
MSD, maximum signal drop of S(t); PBC, postbolus baseline (recirculation) correction; RCL, lower RC confidence interval; RCU, upper RC confidence interval; tSD, total SD; bSD,
between-subject SD; wSD, within-subject SD.
a Shown in A and B are the RC, upper and lower 95% CI for RC, wCV, and SDs (total, between, and within-subject) for nRCBV and sRCBV, respectively, in which methods are sorted
in order of greatest repeatability, as determined by the RC for nRCBV or sRCBV.
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Statistical Measures
Repeatability metrics obtained for all rCBV analysis methods are

shown in Table 2 for tumor ROIs and are sorted in order of best

repeatability as determined by the RC for nRCBV and sRCBV sepa-

rately. Also in Table 2 are the 95% CI ranges for RC, wCV, and SDs

including total, between-subject, and within-subject SDs. While RC

provides a way to assess how repeatable a given measure is (ie,

nRCBV or sRCBV), the wCV is used to make comparisons across all

measurement types (eg, nRCBV and sRCBV) independent of scale.

Figure 2 provides a visual comparison of methods 1–6 for nRCBV

and sRCBV estimates in approximately the same section from the

same subject for each visit, in which all images showed the same scale

for either nRCBV or sRCBV across methods and visits.

The RC shows the greatest con-

sistency (ie, lower RC values) for

leakage-corrected methods 2 and 3

for both nRCBV and sRCBV. In gen-

eral, the signal-based rCBV analysis

methods were among the least re-

peatable, particularly for method 5.

Based on the 95% CIs of RC, sRCBV

shows greater consistency than

nRCBV between visits and across

methods as shown in Fig 3. The

nRCBV and sRCBV are scaled with

separate arbitrary units; therefore,

the overall 95% CI of RCs cannot be

directly compared for the extent of

range but rather are compared for consistency within ranges

for each scaling metric separately. The RC in sRCBV estimates

was comparable (P � .31) between tumor and normal brain.

However, for nRCBV estimates, the repeatability in normal

brain (P � .03) was superior to that of tumor.

In general, as shown in Fig 4, wCV was higher for nRCBV in

normal brain and tumor compared with sRCBV. The wCV in

tumor was higher for all nRCBV methods than for any sRCBV

method. As expected, due to lower mean values in normal brain,

the wCV was significantly higher in normal brain compared with

tumor (P � .03) for sRCBV estimation methods. The wCV was

comparable in both normal brain and tumor for nRCBV (P �

.84).

A sensitivity analysis was also performed on 14 of the subjects

in whom repeat imaging was performed within a shorter, 3-day

timeframe. RC had similar trends for both nRCBV and sRCBV

with respect to the order of repeatability, in which method 2 had

the greatest repeatability. As expected, this analysis showed im-

proved (18.2% mean difference) RC values (P � .002) and im-

proved (18.5% mean difference) wCV (P � .003) for sRCBV

methods, which were statistically significant. However, there was

no statistical difference detected for RC (P � .15) or wCV (P �

.19) by excluding subjects with �3 days between examinations for

the nRCBV methods.

Finally, with the measurement variations in rCBV determined,

a power analysis was performed to estimate the minimum num-

ber of participants needed to detect a change in rCBV of either

10% or 20%. A percentage change of 10% or 20% will be equiva-

lent between normalized or standardized scaling metrics because

both use a form of linear transformation of the data and do not

alter the underlying information content.13 For nRCBV, a mini-

mum of 118 – 643 or 30 –161 subjects is necessary to statistically

power a study in which a 10% or 20% change is expected. For

sRCBV, the number of participants required is fewer, with 109 –

215 or 28 –54 subjects to detect a 10% or 20% change, respec-

tively. These results are listed in Table 3.

DISCUSSION
The use of rCBV to interpret treatment response has become es-

sential for many diseases, especially for high-grade gliomas. In

particular, with relatively new or even established therapies, it can

be difficult to monitor with standard imaging and response crite-

FIG 3. Consistency and variation in rCBV estimation. A and B, RC and 95% CI for nRCBV and sRCBV
estimates, respectively. Because arbitrary units are used, values are displayed with the maximum RC
as 60% of the upper limit of the y-axis. Ranges for RC are largely consistent across methods for
sRCBV, but not for nRCBV.

FIG 4. The wCV of normalized and standardized rCBV in tumor and
brain tissue. The wCV is shown for nRCBV estimates in brain (nBrain)
and tumor (nTumor) and for sRCBV estimates in brain (sBrain) and
tumor (sTumor).

Table 3: Sample size for rCBV estimation methodsa

Methods

Minimum Sample Size
for rCBV Estimation

To Detect a
10% Change

To Detect a
20% Change

nRCBV sRCBV nRCBV sRCBV
1 234 115 59 29
2 176 145 44 37
3 118 109 30 28
4 643 147 161 37
5 275 215 69 54
6 215 194 54 49

a Listed are the minimum sample sizes required to detect a parameter change of 10%
or 20% in nRCBV or sRCBV.
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ria.27-30 These challenges are especially apparent in imaging of

patients following chemoradiotherapy or anti–vascular endothe-

lial growth factor therapy, in which it is difficult to distinguish

pseudoprogression from true progression or pseudoresponse

from true response, respectively.31

Specifically, the standard of care for patients with high-grade

glioma requires the delivery of chemoradiotherapy with concom-

itant and adjuvant temozolomide.22,23 Responses are particularly

difficult to interpret within the first 3 months of treatment be-

cause standard imaging has not shown a reliable distinction

between true tumor progression and pseudoprogression. Pseudo-

progression presents as an early increase in enhancement on T1-

weighted imaging, thought to represent an inflammatory re-

sponse involving changes in the blood-brain barrier and vascular

endothelium. Patients with pseudoprogression have shown lon-

ger survival rates than patients with true tumor progression.31

Additionally, anti–vascular endothelial growth factor drugs,

which are now becoming the standard for treatment of patients

with recurrent high-grade gliomas, decrease the permeability of

the blood-brain barrier, oftentimes resulting in otherwise en-

hancing tumor being undetectable and difficult to interpret on

contrast-enhanced T1-weighted imaging, regardless of treatment

response. This normalization of the blood-brain barrier often re-

sults in improvement of symptoms and a decrease in edema, fur-

ther confounding the interpretation of response clinically.31 In a

recent phase II clinical trial, FLAIR and postcontrast T1-weighted

imaging were evaluated for their ability to predict overall survival

in patients with recurrent glioblastoma multiforme treated with

the anti–vascular endothelial growth factor drug bevacizumab.32

It was found that an increase in enhancement was associated with

poorer survival, while FLAIR progression did not reveal a signif-

icant survival disadvantage.32 The results of this study are prom-

ising in predicting treatment failure for those who show progres-

sion on T1-weighted imaging, yet standard imaging has still

remained ineffective in determining true responders from pseu-

doresponders in those who have diminished enhancement.

Among others, the treatment approaches described here have

benefited from the inclusion of rCBV, in which relative values or

functional changes in the direction of rCBV have been shown

to be promising in predicting response to treatment, to the

point at which it is now a routine clinical examination at many

hospitals.3,8-10,27,33-35 With the increasingly prevalent use of

rCBV in the evaluation of patients with brain disease, it has

become extremely important that the quality of the data being

assessed be consistently produced, especially when assessing

disease with time.

This study demonstrates that methods incorporating leakage

correction largely have superior repeatability. Additionally, meth-

ods that use �R2* estimation perform better than those that are

signal-based. Method 2, an accuracy-proved14 leakage-corrected

technique11 that uses �R2* estimation offered the best repeatabil-

ity for both normalized and standardized scaling metrics. Addi-

tionally, when methods are compared across scaling metrics, stan-

dardization decreased within-subject variations with greater

consistency across techniques than did normalization. Figure 2

provides a visual contrast among methods with lower wCV and

lower RC (greater repeatability) compared with those with higher

wCV and higher RC (lower repeatability) between visits. These

differences in repeatability are especially evident when comparing

sRCBV method 2 (best repeatability) with sRCBV method 5

(worse repeatability) between visits. Method 2 is visually consis-

tent over visits, yet method 5 reveals an extending area of in-

creased rCBV from visit 1 to visit 2. Less repeatable estimation

methods could lead to errors in interpretation clinically because

the rCBV maps in Fig 2 should appear visually the same in both

visits. Clinically, using rCBV methods with greater repeatability

should provide clinicians with improved confidence in interpre-

tation by providing a reliable assessment of progression or re-

sponse to treatment.

Using the rCBV estimation techniques that offer superior re-

peatability may help to validate its use as an imaging biomarker,

both on a daily basis and in the context of planning and interpret-

ing clinical trials in which rCBV is evaluated.18,19 Furthermore, by

choosing the methods with the greatest repeatability, clinical trials

can be performed in a much more cost-effective and efficient

manner. For example, by using the variabilities determined in this

study, a power analysis was performed to estimate the number of

participants required to detect a certain percent change in rCBV.

The numbers required varied substantially, with the standardized

leakage-corrected rCBV methods proving to be the most consis-

tent. Consequently using sRCBV in clinical trials has the potential

to improve efficiency by requiring many fewer participants to

address a given hypothesis.

Although it was not addressed in this study, there is growing

interest in using dynamic contrast-enhanced MR imaging for the

evaluation of brain tumors. This method, which provides addi-

tional information on vascular permeability and blood volume,

also has been shown to vary across analysis platforms.36 As such,

assessing the repeatability of DCE MR imaging among various

models may also be beneficial in the future for improved consis-

tency and widespread application.

One limitation of this study involves the subjective nature of

normal-appearing white matter ROI selection used to produce

nRCBV estimates. However, this inherent subjectivity is implicit

to this approach and exactly what can confound nRCBV interpre-

tation, making it less repeatable. Still, when selecting the normal-

appearing white matter ROIs, care was taken to avoid including

gray matter or tissue within or near abnormal regions with the

goal of reducing any added variability resulting from the choice of

the reference ROI.

Another limitation to this study is that data were only analyzed

in high-grade gliomas. Correction techniques applied to datasets

with low-grade tumors or stroke, in which blood-brain barrier

distortion may not be as profound or present, may render pro-

cessing methods compared here more or less repeatable in these

population types. However, because tumors are assessed over

time, low-grade tumors that transform to high-grade tumors

would be prone to increased variability in methods that do not use

some means of leakage correction.

Further limitations of this study involve the number of sub-

jects included and the timing of repeat baseline examinations. The

number of participants included was based on clinical trial enroll-

ment requirements rather than a power analysis based on imaging

parameters. In addition, in this study, repeatability was assessed in
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participants with examinations that occurred up to 8 days apart.

Improved accuracy in the measurement of repeatability could po-

tentially be achieved within shorter intervals or within the same

day. To further address potential limitations due to extended tim-

ing between baseline exams, the repeatability analysis was per-

formed that included only the 14 subjects for whom repeat exam-

inations occurred within 3 days of each other. Results of improved

RC and wCV were observed in sRCBV methods as expected due to

potential biologic changes during a longer timeframe. However,

no improvement was made within a shorter timeframe for

nRCBV methods, and this is likely due to the greater inherent

variations with normalization. Even with a shorter timeframe be-

tween examinations, trends in the order of repeatability remained

consistent across both nRCBV and SRCBV methods, in which

method 2 displayed the greatest repeatability.

Last, only data normalized by using normal-appearing white

matter reference ROIs or standardized with the method identified

by Bedekar et al13 were investigated. Other scaling techniques may

produce differing results regarding repeatability when applied to

these rCBV estimation methods. This study focused primarily on

the repeatability of rCBV estimation techniques and secondarily

on the use of intensity-scaling metrics applied to these techniques.

Likewise, rCBV estimation techniques were not compared within

nonscaled data. If different or less common scaling metrics are

applied, further investigation of repeatability may be necessary,

especially by using estimation methods demonstrated to be more

accurate14 and repeatable for both nRCBV and sRCBV (ie, leak-

age-corrected). However, rCBV estimation techniques tended to

display a similar order of repeatability regardless of scaling metric.

CONCLUSIONS
Characterization of the repeatability of rCBV measures is impor-

tant for determining when a change in these values is an accurate

representation of tumor growth or response to treatment. These

results show that there is a clear difference among the repeatability

of various methods for estimating rCBV. Consistent with previ-

ous reports regarding the accuracy of rCBV estimation,14 the leak-

age-corrected estimate of rCBV demonstrates the best repeatabil-

ity for both standardized and normalized values. In addition,

standardization of rCBV results in decreased variability and re-

quires fewer study participants to detect a desired change com-

pared with normalized rCBV. Thus, we recommended leakage-

corrected standardized rCBV as a best approach included in the

effort to homogenize perfusion measurements across sites.
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ORIGINAL RESEARCH
ADULT BRAIN

Correlation of Asymmetry Indices Measured by Arterial
Spin-Labeling MR Imaging and SPECT in Patients with Crossed

Cerebellar Diaschisis
K.M. Kang, C.-H. Sohn, B.S. Kim, Y.I. Kim, S.H. Choi, T.J. Yun, J.-h. Kim, S.-W. Park, G.J. Cheon, and M.H. Han

ABSTRACT

BACKGROUND AND PURPOSE: Crossed cerebellar diaschisis, not only a secondary result of supratentorial infarction but also an indicator
of clinical outcomes, has frequently been reported on PET and SPECT but has been rarely described with arterial spin-labeling MR imaging.
The purpose of this study was to determine the ability of arterial spin-labeling MR imaging to evaluate crossed cerebellar diaschisis
compared with that of SPECT. To our knowledge, this is the first study to validate arterial spin-labeling in crossed cerebellar diaschisis by
using SPECT as a reference standard.

MATERIALS AND METHODS: This study included 16 patients in whom crossed cerebellar diaschisis was shown on SPECT and 10
control subjects in whom crossed cerebellar diaschisis was not shown on SPECT. During the qualitative analysis, asymmetric
cerebellar perfusion on arterial spin-labeling was divided into 1 of the following 3 grades by 2 blinded observers: the affected
cerebellum was isointense compared with the unaffected cerebellum (grade I), it was slightly hypointense (grade II), or it was
markedly hypointense (grade III). In the quantitative analysis, asymmetry indices were calculated by using SPECT and arterial
spin-labeling images. For statistical analysis, � statistics, the interobserver correlation coefficient, the independent t test, Pearson
correlation, and linear regression analysis were used.

RESULTS: Almost all the diagnoses of crossed cerebellar diaschisis on SPECT were noted on arterial spin-labeling in both qualitative and
quantitative analyses with good interobserver agreement (� � 0.961; interobserver correlation coefficient, 0.806). The mean asymmetry index of
arterial spin-labeling (26.06 � 9.00) was significantly larger than that for SPECT (15.28 � 5.34; P � .001). There was a significant positive correlation
between the asymmetry indices obtained for SPECT and those for arterial spin-labeling (r � 0.77 [95% CI, 0.443–0.916]; P � .001). The relationship
of asymmetry indices between SPECT and arterial spin-labeling (x, y) was calculated as y � 6.2131 � 1.2986x (R2 � 0.592; P � .001).

CONCLUSIONS: Arterial spin-labeling can be a noninvasive alternative to SPECT for evaluating crossed cerebellar diaschisis.

ABBREVIATIONS: AI � asymmetry index; ASL � arterial spin-labeling; CCD � crossed cerebellar diaschisis

Crossed cerebellar diaschisis (CCD) is decreased blood flow and

metabolism contralateral to a damaged supratentorial area.1 It is

believed that the most likely mechanism of CCD is an interruption of

the corticopontocerebellar fibers.1-3 The deafferentation and trans-

neural metabolic depression of the affected cerebellar hemisphere are

usually associated with contralateral supratentorial stroke, epilepsy,

infection, or a tumor.4-8 CCD is not only a secondary result of supra-

tentorial infarction but also a prognostic indicator of neurologic im-

provement and clinical outcomes after infarction.9-13 For example,

in one study, CCD in the chronic stage was associated with neuro-

logic improvement after infarction in the territory of the middle ce-

rebral artery.12 In another study, CCD in the early subacute stage of

supratentorial infarction indicated a worse clinical outcome.10 Fur-

thermore, a PET study of acute stroke that evaluated multiple time

points revealed that after reperfusion with thrombolysis, CCD recov-

ery was observed in patients with relatively small infarcts and was

strongly associated with clinical outcome measures.11

Since CCD was first described in a PET study conducted by

Baron et al4 in 1981, PET and SPECT have been the methods of

choice in most studies for documenting changes in CBF and me-
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tabolism during CCD.1,9,11,14-18 Regarding perfusion MR imag-

ing, there have been 2 studies performed by using DSC MR per-

fusion imaging. Yamada et al19 reported that a lower regional

cerebellar blood volume was observed in the affected cerebellum,

and researchers in the other study20 identified the frequency of

CCD observed in acute stroke by using time-to-peak maps and

calculated the reduction by using CBF maps. However, another

study reported that DSC MR perfusion at 1.5T was not suited to

show CCD after stroke because of poor accuracy compared with

that of PET.21

Recently, arterial spin-labeling (ASL) was introduced as a non-

invasive method for assessing cerebral hemodynamics. This

method uses endogenous arterial water as a freely diffusible tracer

labeled by radiofrequency pulses.22,23 In contrast to DSC contrast

MR perfusion imaging, PET, and SPECT, ASL imaging is a com-

pletely noninvasive method that does not require the injection of

exogenous material such as gadolinium-based contrast or radio-

isotopes. In addition, CBF values derived by using ASL have been

shown to correlate with those of SPECT in patients with Moya-

moya disease24 and with those of PET in patients with symptom-

atic ICA occlusion.25

Although the results of a recent study suggested that CCD can

be detected via ASL MR imaging, this finding was not validated

against a reference method.26 Therefore, the purpose of our study

was to investigate the value of ASL MR imaging for the evaluation

of CCD compared with that of SPECT, which served as the stan-

dard of reference in patients with contralateral supratentorial

lesions.

MATERIALS AND METHODS
Study Population
This retrospective study was approved by the Seoul National Uni-

versity Hospital institutional review board, and the need for in-

formed consent was waived. From October 2011 to October 2014,

among 209 SPECT examinations in patients with clinically sus-

pected hemispheric stroke, we identified those who met the fol-

lowing inclusion criteria: 1) CCD on SPECT (164 cases were ex-

cluded), 2) SPECT and ASL performed within 1 day of one

another (20 cases were excluded because of the lack of ASL MR

perfusion imaging; 7 cases were excluded because of a long inter-

val between SPECT and ASL), 3) no structural abnormality

in the cerebellum or brain stem on MR imaging (1 patient was

excluded), and 4) satisfactory image quality (1 patient was ex-

cluded). Finally, 16 patients with 16 sets of SPECT and ASL ex-

aminations were included in this study as the CCD-positive

group. We also included 10 age-matched control subjects (CCD-

negative group) to demonstrate the diagnostic performance of

ASL. The inclusion criteria for the control group were as follows:

1) supratentorial lesion with no evidence of CCD on SPECT and

2) SPECT and ASL within 1 day of one another.

ASL MR Technique
Each patient underwent an MR examination by a 1.5T unit (Signa

HDXT; GE Medical Systems, Milwaukee, Wisconsin) with an

8-channel head coil to acquire ASL perfusion MR imaging. The

imaging protocol included T1-weighted, T2-weighted, fluid-at-

tenuated inversion recovery, and diffusion-weighted imaging

(b � 0 and 1000 s/mm2), 3D-TOF intracranial MRA, and con-

trast-enhanced neck MRA (On-line Table).

The ASL protocol used was a pseudocontinuous ASL, which

significantly increased the flow-labeling efficacy in a single-coil

setting.27,28 The sequence provided by GE Healthcare performed

pseudocontinuous ASL for 1.5 seconds followed by a post–spin-

labeling delay of 1.5 seconds. Background suppression was per-

formed by using saturation pulses.29 Saturation was performed

with crusher gradients applied inferior to the labeling plane, al-

lowing for an increase in the sharpness of the bolus. The image

acquisition consisted of a stack of interleaved FSE spiral readouts,

each of which lasted 4 ms. Each spiral arm included 512 sampling

points in the k-space, and a total of 8 interleaves (arms) were

acquired separately. In addition, reconstruction was performed

by using a Fourier transform algorithm after the k-space data were

regridded into a 64 � 64 matrix (TR, 1345 ms; TE, 5 ms; flip angle,

155°; sections, 32; section thickness, 5 mm; intersection gap, 0

mm; field of view, 240 � 240 mm; matrix, 256 � 256; acquired

signals, 3; echo-train length, 1; voxel resolution, 3.8 � 3.8 � 5.0

mm). Image reconstruction was performed according to standard

GE reconstruction by using codes written in Interactive Data Lan-

guage on a virtual machine associated with the scanner. The im-

ages were filtered by using Fermi windowing for ringing artifact

reduction. Grad warp was not applied.

Brain Perfusion SPECT Acquisition and Analysis
Brain perfusion SPECT was performed by using a triple-head

gamma camera (Triad XLT 9; Trionix Research Laboratory,

Twinsburg, Ohio) equipped with low-energy ultra-high-resolu-

tion fan-beam collimators. Technetium Tc99m-hexamethylpro-

pyleneamine oxime (9.25 MBq/kg) was injected intravenously for

basal SPECT, and images were acquired after 5 minutes of radio-

tracer injection. Forty step-and-shoot images were acquired for

20 –25 seconds per step, with intervals of 3°. Acetazolamide (20

mg/kg) was injected 10 minutes before the end of the basal scan,

and technetium Tc-99 m-hexamethylpropyleneamine oxime

(18.5 MBq/kg) was injected again at the end of the basal scan

acquisition. Five minutes after technetium Tc-99 m-hexamethyl-

propyleneamine oxime reinjection, diamox SPECT was started

without position change. All SPECT images were reconstructed

on 128 � 128 matrices by using a filtered back-projection method

with a Metz filter. CCD was assessed on the opposite side of the

cortical infarction on basal SPECT by a nuclear medicine physi-

cian. CCD was diagnosed in patients who showed significantly

less uptake in the cerebellum on the contralateral side. To assess

the cerebellar hemispheric asymmetry index (AI), circular ROIs,

measuring 25 mm in diameter, were placed in the affected and

mirrored unaffected cerebellar hemispheres. The degree of CCD

was measured on a section of axial scan representing the greatest

cerebellar asymmetry.26 The AI was calculated between the af-

fected cerebellar hemisphere (A) and the unaffected cerebellar

hemisphere (U) as follows11,19,20:

AI � (U � A)/U � 100%.

ASL Image Analysis
In the qualitative analysis, 2 neuroradiologists (K.M.K. and

B.S.K.) who were blinded to the presence or absence of CCD
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and the side of the supratentorial stroke evaluated the ASL

images from the CCD-positive and CCD-negative groups in

random order. The observers determined the presence or ab-

sence of CCD and the side of the affected cerebellum, which

showed asymmetrically decreased perfusion compared with

that of the unaffected cerebellum on ASL perfusion MR imag-

ing. For the blind study, the cerebellum was evaluated from

bottom to top. The signal intensity of the affected cerebellum

was divided into 1 of the 3 following grades: grade I indicates

that the affected cerebellum was isointense to the unaffected

cerebellum; grade II indicates that the affected cerebellum was

slightly hypointense to the unaffected cerebellum; and grade

III indicates that the affected cerebellum was markedly hypoin-

tense to the unaffected cerebellum. A grade of II or III was

considered to be positive for the diagnosis of CCD. Two read-

ers were trained before the study; they were shown examples of

CCD and examples of what would be graded as I versus II

versus III.

In the quantitative analysis of the CCD-positive group, the

CBF map from ASL was used to compare the affected cerebel-

lum with the unaffected cerebellum. The circular ROIs were

drawn manually on the ASL MR images by using the same

method applied for the SPECT images. All ROIs were placed to

avoid the major vessels and cerebellar vermis. The degree of

hypoperfusion was calculated by using the same formula as

that for the SPECT AI.

To investigate correlations between cerebellar AIs and supraten-

torial lesion volume, we computed the volume of supratentorial le-

sion on FLAIR imaging by using commercial software (nordicICE,

and nordicTumorEx [NordicNeuroLab, Bergen, Norway], respec-

tively) for each section that displayed a signal-intensity abnormality

by manual segmentation.

Statistical Analysis
The interrater agreements for the presence of CCD in the quali-

tative analysis based on tertiary (grade I, II, and III) data were

assessed by using � statistics. A � value of �0.20 indicated poor

agreement, 0.21– 0.40 indicated fair agreement, 0.41– 0.60 indi-

cated moderate agreement, 0.61– 0.80 indicated good agreement,

and �0.81 indicated excellent agreement. In addition, the diag-

nostic performance of each observer was assessed by using re-

ceiver operating characteristic curve analysis. The sensitivity,

specificity, positive predictive value, and negative predictive value

for ASL were calculated with respect to SPECT.

For the quantitative results of the CCD-positive group, the

Kolmogorov-Smirnov test was used to determine whether the

AI values were normally distributed. Interobserver reproduc-

ibility was assessed by the interobserver correlation coeffi-

cient.30 An interobserver correlation coefficient value of �0.40

indicated poor reproducibility, 0.40 – 0.59 indicated fair repro-

ducibility, 0.60 – 0.74 indicated good reproducibility, and

�0.74 indicated excellent reproducibility.31 An independent t

test was used to compare significant differences between the

AIs from ASL by observers 1 and 2 and between the AIs from

SPECT and ASL. Linear regression and Pearson correlation

coefficients were used to evaluate the correlation between the

AIs from SPECT and ASL and between cerebellar AIs and su-

pratentorial lesion volumes.27,32 Significance for each test was

set at a P value of �.05. Commercially available software

(MedCalc for Windows, version 11.1.1.0; MedCalc Software,

Mariakerke, Belgium) was used for the analysis.

RESULTS
The clinical characteristics and results of the qualitative and quan-

titative analyses are summarized in the Table. The CCD-positive

group consisted of 16 patients (7 men and 9 women; mean age

[� standard deviation], 45 � 18 years; range, 20 –79 years). The

patients had Moyamoya disease (n � 12) or unilateral proximal

ICA occlusion (n � 4). Each patient presented unilateral ischemic

or hemorrhagic stroke on MR imaging. The ASL and SPECT ex-

aminations were performed because of subacute to chronic in-

Clinical characteristics and cerebellar AI

Patient
No. Age (y) Sex Cause

Supratentorial Lesion
Type

Affected Side
of Cerebellum

Qualitative
Analysis,

Grade

Quantitative
Analysis, AI (%)

Interval Between
SPECT and ASL,

DaysSPECT ASL
1 54 M ICA occlusion Chronic infarction Left III 16.96 37.85 0
2 28 M MMD Chronic infarction Left III 15.5 32.86 0
3 33 F MMD Previous ICH Left II 11.5 14.2 0
4 32 M MMD Chronic infarction Right III 14.9 20.14 0
5 71 F ICA occlusion Chronic infarction Right III 7.79 19.66 0
6 79 F ICA occlusion Subacute to chronic

infarction
Left III 24.13 36.31 0

7 50 F MMD Subacute to chronic
infarction

Right II 7.29 13.74 1

8 41 F MMD Previous ICH Right III 17.33 32.79 1
9 44 M MMD Chronic infarction Left II 17 19.91 1

10 27 M MMD Chronic infarction Left III 24.5 67.64 1
11 21 F MMD Chronic infarction Left III 15.5 20.87 1
12 43 F MMD Previous ICH Left III 22.97 39.78 1
13 66 M ICA occlusion Chronic infarction Left II 16.28 21 1
14 61 M MMD Previous ICH Left III 10.2 16.3 1
15 20 F MMD Chronic infarction Left III 10.24 28.09 1
16 56 F MMD Chronic infarction Left III 12.43 25.83 1

Note:—F indicates female; M, male; MMD, Moyamoya disease; ICH, intracranial hemorrhage.
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farction (n � 2), chronic infarction (n � 10), or previous intra-

cranial hemorrhage (n � 4). The CCD-negative group consisted

of 10 patients (2 men and 8 women; mean age, 46 � 15 years;

range, 23–70 years). Each control subject had unilateral ischemic

or hemorrhagic stroke as a result of

Moyamoya disease (n � 8) or unilateral

ICA occlusion (n � 2) without CCD on

SPECT.

Qualitative Analysis
Asymmetric cerebellar hypointensity

suggestive of hypoperfusion on ASL was

observed in each of the 16 patients by

observer 1 and in 15 by observer 2.

Therefore, the sensitivity, specificity,

positive predictive value, and negative

predictive value for observer 1 were all

100% for the presence of CCD. Observer

2 exhibited rates of 93.75% sensitivity

(15 of 16 patients), 100% specificity (10

of 10 patients), 100% positive predictive

value (15 of 15 patients), and 90.91%

negative predictive value (10 of 11 pa-

tients). The laterality of the affected cer-

ebellum on ASL was in agreement with

SPECT results for all patients by ob-

server 1 and for 15 patients by observer

2. The grades of signal intensity in the

affected cerebellum classified by observ-

ers 1 and 2 were identical in all cases ex-

cept for the single false-negative evalua-

tion by observer 2. Observer 1 classified

the signal intensity of the affected cere-

bellum as grade III in 13 cases and grade

II in 3 cases; observer 2 classified the sig-

nal intensity of the affected cerebellum

as grade III in 13 cases, grade II in 2

cases, and grade I in 1 case (Fig 1).

Therefore, the interrater agreement was excellent (� � 0.961).

Quantitative Analysis
For the AIs measured by using ASL images from the CCD-positive

group, the interobserver agreement was excellent (interobserver

correlation coefficient between observers 1 and 2, 0.806). The

mean AIs � standard deviations were 24.36% � 8.30% for ob-

server 1 and 27.75 � 10.61 for observer 2. There were no signifi-

cant differences between the mean AIs from ASL by observers 1

and 2 (P � .34). We used the mean values of the measurements

from observers 1 and 2 to define the AIs for ASL. There was a

significant difference between the mean AIs from SPECT and ASL

(P � .001). The mean AI from ASL (26.06% � 9.00%) was signifi-

cantly larger than that from SPECT (15.28% � 5.34%) (Fig 2). There

was a significant positive correlation between the AIs obtained from

SPECT and ASL (r � 0.77 [95% CI, 0.443–0.916]; P � .001). The

regression line for this relationship (x�AI from SPECT; y�AI from

ASL) was calculated as y � 6.2131 � 1.2986x (R2 � 0.592; P � .001)

(Fig 3).

The mean volume of supratentorial lesions was 28.12 � 25.66

cm3. Regarding the relationship of cerebellar AI and supratento-

rial lesion volume, there was no significant correlation between

AIs from SPECT and the volumes (r � �0.100 [95% CI, �0.568

FIG 1. A 41-year-old female patient with previous intracranial hemorrhage caused by Moyamoya
disease. The SPECT (A and C) and arterial spin-labeling (B and D) images show decreased CBF in the
left cerebrum associated with right cerebellar diaschisis. The signal intensity of the affected right
cerebellum was markedly hypointense to that of the unaffected left cerebellum (grade III). Two
circular ROIs of 25 mm in diameter were placed in the affected and mirrored unaffected cere-
bellar hemispheres on a section of axial scan representing the greatest cerebellar asymmetry.

FIG 2. Box-and-whisker plots show the distributions, medians, and
ranges of asymmetry indices (AIs) for arterial spin-labeling (ASL) and
SPECT. The mean AI for ASL (26.06% � 9.00%) was significantly dif-
ferent from that for SPECT (15.28% � 5.34%; P � .0001).

AJNR Am J Neuroradiol 36:1662– 68 Sep 2015 www.ajnr.org 1665



to 0.416]; P � .711) or between AIs from ASL and the volumes

(r � �0.036 [95% CI, �0.522 to 0.469]; P � .896). The relation-

ships of the AIs between supratentorial lesion volume and the AI

obtained from SPECT (x, y) and between the volume and the AI

obtained from ASL (x, y) were calculated as y � 15.851 � �0.202x

(R2 � 0.010; P � .711) and y � 26.40 � �01012x (R2 � 0.001;

P � .896), respectively.

DISCUSSION
CCD is a common result of cerebral stroke. Several previous stud-

ies have suggested that CCD is not only an important prognostic

factor for stroke recovery but is also associated with cognitive

function and the development of vascular dementia.10,13,33-35

Therefore, the quantification of CCD can be used as a clinical

prognostic indicator. However, few studies have reported a cor-

relation between the clinical outcome and treatment response in

patients and the quantitative value of CCD.10-13,18,20 One reason

is that PET and SPECT have been used as criterion standards for

diagnosing and studying CCD, and the need to inject radioiso-

topes and the exposure to radiation have made long-term fol-

low-up difficult. However, noninvasive ASL MR perfusion imag-

ing has emerged as a valuable method that can be used to obtain

brain-flow information noninvasively and repeatedly.36 There-

fore, in this study we aimed to determine the ability of ASL to

assess CCD compared with the reference method, SPECT, which

has been widely used to diagnose and study CCD. Almost all di-

agnoses of CCD on SPECT were also noted on ASL in both qual-

itative and quantitative analyses with good interobserver agree-

ment. In addition, a significant positive correlation was observed

between the AIs from ASL and SPECT. Although one earlier study

revealed that CCD can be detected on ASL,26 this study is the first

to validate ASL in CCD by using SPECT as a reference standard.

In the qualitative analysis with ASL, CCD on ASL was observed

in each of the 16 patients by observer 1 and in 15 of the patients by

observer 2. Except for the single false-negative case by observer 2,

the 2 observers agreed perfectly regarding the grade for each case.

Most CCD-positive cases (13 of 16 [81%]) were classified as grade

III by both observers. The false-negative case was classified as

grade I by observer 2 and as grade II by observer 1. In the quanti-

tative analysis, the interobserver correlation coefficient was also

excellent between the 2 observers. Our results suggest that the

visualization and quantification of CCD by using ASL were repro-

ducible across observers.

The mean AI from SPECT (15.28% � 5.34%) in our study was

similar to results (16.0% � 7.9%) obtained in a previous study

that reported a mean AI for CCD by using DSC MR imaging in

patients with subacute to chronic infarction.19 However, the

mean AI from ASL (26.06% � 9.00%) was significantly larger

than that from SPECT (15.28% � 5.34%), and there was a signif-

icant positive correlation between the 2 values. In addition, sev-

eral previous studies reported that measured CBF values were

similar between ASL and SPECT and between ASL and DSC MR

imaging in patients with Moyamoya disease or carotid steno-

sis.24,37,38 According to these results, the sensitivity of ASL might

be greater than that of SPECT for assessing cerebral perfusion

during follow-up in patients with CCD and correlating the find-

ings with the clinical course. Therefore, additional study using

ASL is necessary to investigate the serial changes in CCD and their

clinical importance.

In our study, there were no significant correlations between

the AI from SPECT and supratentorial lesion volume or between

the AI from ASL and the volume. There were discordant reports

relating to the severity of CCD and infarct volume.20,39,40 Al-

though CCD is reported most often in association with large ce-

rebral hemispheric infarcts,40,41 small infarcts could cause

CCD.39 A few previous studies reported that infarct volume con-

tributes to the development of CCD, but the sample sizes (n � 20

and 17, respectively) were too small.11,20 In addition, the patient

populations in these previous studies were all in the acute stages of

stroke. However, our population was in the subacute to chronic

infarction (n � 2), chronic infarction (n � 10), or previous intra-

cranial hemorrhage (n � 4) stage. Additional larger studies using

ASL may help to establish a correlation between the severity of

CCD and infarct volume according to the stage of infarction.

Although ASL MR imaging has evolved methodologically and

technically over the past decade, there are still several limitations

and confounding factors that affect the quantification of CBF.

The measured CBF is influenced by variations in labeling effi-

ciency, arterial transit time, and blood T1.42 Despite these con-

founding factors, ASL MR imaging is a novel and promising tech-

nique because of its completely noninvasive nature, easy

acquisition, patient tolerance, relatively lower cost, and scanning

time. In this study, a postlabeling delay time of 1.5 seconds was

used. Although this time is appropriate for healthy subjects, it can

be shorter for patients with Moyamoya disease.36 We tried to

overcome the potential deviations in CBF quantification in ASL

by calculating an asymmetry index.

The present study has several limitations. First, this study

was retrospective and vulnerable to selection and verification

biases. Second, this study used SPECT as a reference standard.

Generally, PET has been considered the criterion standard for

CBF quantification. However, to date, several studies have

used SPECT to show CBF changes in CCD.10,17,43,44 In addi-

tion, some studies have shown that SPECT can be an alterna-

tive method for CBF assessment in patients with cerebrovas-

cular diseases.45,46 Finally, because ASL is technique

FIG 3. Scatter diagram of the correlations between AIs for ASL and
SPECT. The AIs for SPECT and ASL exhibited a significant positive
correlation (r � 0.77 [95% CI, 0.443– 0.916]; P � .0005).
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dependent, measurement of the AI and its correlation with

SPECT can vary according to variations in the labeling delays.

This factor is important to know when considering the use of

this technique for longitudinal follow-up.

CONCLUSIONS
In our study, the AIs of CCD obtained by using ASL were repro-

ducible and significantly correlated with those obtained by using

SPECT. Therefore, ASL can be a noninvasive alternative to SPECT

for identifying CCD and studying the phenomenon and clinical

consequences of CCD. Because ASL allows serial imaging without

radiation exposure, this technique can facilitate a better under-

standing of the impact of CCD on disease outcome over the long

term.

REFERENCES
1. Pantano P, Baron JC, Samson Y, et al. Crossed cerebellar diaschisis.

Further studies. Brain 1986;109:677–94 CrossRef Medline
2. Meyer JS, Obara K, Muramatsu K. Diaschisis. Neurol Res 1993;15:

362– 66 Medline
3. Gold L, Lauritzen M. Neuronal deactivation explains decreased cer-

ebellar blood flow in response to focal cerebral ischemia or sup-
pressed neocortical function. Proc Natl Acad Sci U S A 2002;99:
7699 –704 CrossRef Medline

4. Baron JC, Bousser MG, Comar D, et al. “Crossed cerebellar diaschi-
sis” in human supratentorial brain infarction. Trans Am Neurol As-
soc 1981;105:459 – 61 Medline

5. Patronas NJ, Di Chiro G, Smith BH, et al. Depressed cerebellar glu-
cose metabolism in supratentorial tumors. Brain Res 1984;291:93–
101 CrossRef Medline

6. Thajeb P, Huang KM, Shih CC. Diaschisis in chronic viral enceph-
alitis with Koshevnikov syndrome. J Neuroimaging 1999;9:122–25
Medline

7. Thajeb P, Shih BF, Wu MC. Crossed cerebellar diaschisis in herpes
simplex encephalitis. Eur J Radiol 2001;38:55–58 CrossRef Medline

8. Mewasingh LD, Christiaens F, Aeby A, et al. Crossed cerebellar di-
aschisis secondary to refractory frontal seizures in childhood. Sei-
zure 2002;11:489 –93 CrossRef Medline

9. De Reuck J, Decoo D, Lemahieu I, et al. Crossed cerebellar diaschisis
after middle cerebral artery infarction. Clin Neurol Neurosurg 1997;
99:11–16 CrossRef Medline

10. Takasawa M, Watanabe M, Yamamoto S, et al. Prognostic value of
subacute crossed cerebellar diaschisis: single-photon emission CT
study in patients with middle cerebral artery territory infarct. AJNR
Am J Neuroradiol 2002;23:189 –93 Medline

11. Sobesky J, Thiel A, Ghaemi M, et al. Crossed cerebellar diaschisis in
acute human stroke: a PET study of serial changes and response to
supratentorial reperfusion. J Cereb Blood Flow Metab 2005;25:
1685–91 CrossRef Medline

12. Serrati C, Marchal G, Rioux P, et al. Contralateral cerebellar
hypometabolism: a predictor for stroke outcome? J Neurol Neuro-
surg Psychiatry 1994;57:174 –79 CrossRef Medline
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ORIGINAL RESEARCH
ADULT BRAIN

Visualization of the Medial and Lateral Geniculate Nucleus on
Phase Difference Enhanced Imaging

M. Kitajima, T. Hirai, T. Yoneda, Y. Iryo, M. Azuma, M. Tateishi, K. Morita, M. Komi, and Y. Yamashita

ABSTRACT

BACKGROUND AND PURPOSE: The precise identification and measurement of the medial geniculate nucleus and lateral geniculate
nucleus on MR imaging remain technically challenging because the thalamic nuclei are small structures. We compared the visualization of
the medial geniculate nucleus and lateral geniculate nucleus on phase difference enhanced imaging with 3D high-resolution phase imaging,
2D-T2WI, STIR, proton attenuation–weighted imaging, and DTI acquired at 3T. We also measured the volume and height of the medial
geniculate nucleus and lateral geniculate nucleus on phase difference enhanced imaging.

MATERIALS AND METHODS: Phase difference enhanced, 2D-T2-weighted, STIR, proton attenuation–weighted, and DTI were acquired
on a 3T MR imaging unit in 10 healthy volunteers. Two neuroradiologists recorded the qualitative visualization scores of the medial
geniculate nucleus and lateral geniculate nucleus, specifically the identification of their boundaries, for all images. Measurement differ-
ences were assessed with the Wilcoxon signed rank test. The volume and height of the medial geniculate nucleus and lateral geniculate
nucleus were measured on phase difference enhanced imaging and compared with previously reported values.

RESULTS: The qualitative visualization scores of the lateral geniculate nucleus and medial geniculate nucleus were significantly higher on phase
difference enhanced images than on T2-weighted, proton attenuation–weighted, STIR, or DTI (P � .05). On phase difference enhanced imaging,
the medial geniculate nucleus and lateral geniculate nucleus were bordered by low-intensity structures: the cerebral peduncle, the origin of the
optic radiation, and the superior and inferior quadrigeminal brachia. The volume of the medial geniculate nucleus and lateral geniculate nucleus
varied from 74.0 to 183.75 mm3 (mean, 129.0 � 34.7 mm3) and from 96.5 to 173.75 mm3 (mean, 135.2 � 28.0 mm3), respectively.

CONCLUSIONS: For the depiction of the medial geniculate nucleus and lateral geniculate nucleus on 3T MR imaging, phase difference
enhanced imaging is superior to conventional MR imaging. The medial geniculate nucleus and lateral geniculate nucleus volumes vary
among individuals.

ABBREVIATIONS: LGN � lateral geniculate nucleus; MGN � medial geniculate nucleus; PADRE � phase difference enhanced; PD � proton attenuation–weighted
imaging

The medial geniculate nucleus (MGN) and lateral geniculate

nucleus (LGN) are the specific thalamic nuclei that relay the

auditory and optic pathways, respectively. The triangular LGN is

located in the posterior region of the thalamus. It is bordered

anteriorly by the cerebral peduncle and the optic tract and poste-

riorly by the origin of the optic radiation. The oval MGN, with its

long axis directed forward and laterally just medial to the LGN, is

bordered anteriorly by the inferior quadrigeminal brachium and

posteriorly by the superior quadrigeminal brachium. There is in-

creasing interest in assessing the MGN and LGN in healthy sub-

jects and in patients with ophthalmic diseases such as glau-

coma.1-6 However, current imaging methods for identifying the

MGN and LGN vary, and imaging findings are inconsistent.

Technical advances in neuroimaging facilitate the study of sub-

cortical structures in vivo. Phase difference enhanced (PADRE) im-

aging yields a high tissue contrast that delineates specific white

matter tracts and intracortical structures.7-9 On high-spatial-res-

olution 3T PADRE images, small structures, including the central

tegmental tract, the medial and dorsal longitudinal fascicules, and

the stria of Gennari, which are difficult to appreciate on conven-
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tional MR images, are delineated.7,8 Also, the contrast between

specific white matter structure (eg, the optic radiation) is higher

on PADRE than on conventional MR images.7

We compared visualization of the MGN and LGN on PADRE,

2D-T2-weighted, STIR, proton attenuation–weighted (PD), and

DTI acquired at 3T. We also measured the volume and height of

the MGN and LGN on PADRE images.

MATERIALS AND METHODS
Subjects
This study was approved by our institutional review board. In-

formed consent was obtained from all healthy volunteers (6 men,

4 women; age range, 28 – 47 years; mean, 36.8 � 6.7 years); none

had a history of neurologic, psychiatric, or ophthalmologic dis-

eases, including glaucoma.

Imaging Protocol
All measurements were performed on a 3T MR imaging scanner

(Achieva; Philips Healthcare, Best, the Netherlands). A set con-

sisting of 3D high-resolution T1 fast-field echo images for

PADRE, 2D-T2-weighted, STIR, PD, and DTI was obtained in all

subjects. The images were acquired in the transverse plane parallel

to the anterior/posterior commissure line. The scan parameters of

each sequence were the following: 3D-T1 fast-field echo images

for PADRE: TR/TE, 32/23 ms; FOV, 200 mm; matrix size, 307 �

384; reconstructed matrix size, 400 � 400; spatial resolution,

0.5 � 0.5 � 1.0 mm; sensitivity encoding factor, 2; flip angle, 10°;

1 signal acquired; image acquisition time, 3 minutes 36 seconds.

We also reconstructed PADRE images with a 3-mm thickness. For

2D-PD and T2-weighted images, the parameters were the follow-

ing: TR/TE, 4000/17, 80 ms; FOV, 200 mm; matrix size, 280 �

400; spatial resolution, 0.4 � 0.4 mm; turbo factor, 9; sensitivity

encoding, 1.5; refocusing angle, 120°; 2 signals acquired; acquisi-

tion time, 2 minutes 16 seconds to 3 minutes 20 seconds. For STIR,

the parameters were the following: TR/TE, 5000/20 ms; FOV, 200

mm; matrix size, 224 � 320; TI, 120 ms; spatial resolution, 0.4 � 0.4

mm; turbo factor, 9; sensitivity encoding factor, 2.0; refocusing angle,

120°; 2 signals acquired; acquisition time, 3 minutes 10 seconds. The

section thickness and gap of the 2D sequences were 3.0 and 1.0 mm,

respectively. DTI was obtained with single-shot spin-echo EPI: TE,

49 ms; spatial resolution, 0.8 � 0.8 � 3.0 mm; 6 signals acquired;

b-factor, 0/700 s/mm2; EPI factor, 49. We used a tilted �/2 pulse and

optimized outer-volume suppression. The image acquisition time

was 11 minutes 15 seconds. Gray-scale fractional anisotropy maps

were used for evaluation. On the fractional anisotropy map, areas

with high degrees of fractional anisotropy (eg, internal capsule) are

bright, and areas with low degrees of fractional anisotropy (eg, gray

matter) are dark.

Data Processing of PADRE
The PADRE technique was described in previous reports.8,9 One

of the major concepts responsible for the power of the PADRE

technique is the “phase difference selection,” which enhances the

magnetic properties of the target tissue. PADRE imaging classifies

and selects various phase differences, ��, to enhance the different

tissues, and enhances all of them on the magnitude image ��� by

the enhancing function w(��). Finally, the PADRE image

�PADRE is reconstructed as �PADRE � w(��) ���.
In this study, the positive phase difference (��) was selected to

enhance myelin.7,8

All images were calculated off-line with in-house software.

All postprocessing of DTI and PADRE images was fully auto-

matic without user intervention to eliminate operator bias.

MGN and LGN Localization and Measurement
To evaluate the visibility of the boundaries of the MGN and LGN, 2

experienced neuroradiologists (T.H., Y.I. with 21 and 9 years of neu-

roradiology experience, respectively) independently assessed the

original PADRE (1-mm thickness), reconstructed PADRE (3-mm

thickness), 2D-T2-weighted, STIR, PD, and DTI by referring to the

atlas of Schaltenbrand and Wahren10 and Duvernoy’s11 atlas.

They assigned MGN and LGN visualization scores to each im-

aging method, where 0 � no visible boundary of the nucleus,

1 � poorly visible with a fuzzy boundary, 2 � mostly visible

with a slightly fuzzy boundary, and 3 � well-identified nucleus

and clearly distinguishable from neighboring structures.

A third neuroradiologist (M.K. with 20 years of neuroradiol-

ogy experience) subsequently measured the area of the MGN and

LGN by manually outlining their boundaries on each original

PADRE image section. The total volume was obtained by sum-

ming the areas of all sections. The number of sections on

which the nucleus was identified was also recorded as the height of

the nucleus. To assess the volume and height of the MGN and

LGN, we compared our estimated volume and height based on

PADRE with previously reported histologic and MR imaging

measurements.5,6,12,13

Statistical Analysis
To assess interobserver agreement for each imaging method, we

calculated the percentage of agreement as the number of subjects

who received identical scores from both observers divided by the

number of subjects (n � 10). Visualization scores were analyzed

with the Wilcoxon signed rank test by using all 10 subjects to

determine the difference between PADRE and each of the other

imaging methods. A P value �.05 was statistically significant. All

statistical analyses were performed with MedCalc, Version

12.7.1.0 (MedCalc for Windows, Mariakerke, Belgium).

RESULTS
Imaging was successful in all 10 subjects. In subjects with a score

of �1, the triangular LGN and the ovoid MGN were slightly hy-

perintense on PD and STIR images (Fig 1). Although the MGNs

were not identified on DTI, �90% of the LGNs were identified.

On fractional anisotropy maps, the cerebral peduncle and origin

of the optic radiation exhibited bright. The LGNs were identified

as triangular dark areas between the cerebral peduncle and the

origin of the optic radiation (Fig 1). Although 1 LGN and 2 MGNs

were not identified on reconstructed PADRE due to the failure of

the unwrapping of phase information, �80% of the MGNs and

LGNs were well-identified and clearly differentiated from neigh-

boring structures on both original and reconstructed PADRE im-

aging. Reference to the anatomic atlas and the textbook re-

vealed that the LGN was hyperintense compared with
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surrounding structures, the cerebral peduncle and the origin of

the optic radiation (Figs 1 and 2). The MGN was hyperintense

compared with surrounding structures, the superior and infe-

rior quadrigeminal brachia, which ex-

hibited low signal intensity (Figs 1

and 2).

Statistics of the visualization scores

assigned by the 2 observers are presented

in Fig 3. The average scores assigned to

the LGN by the 2 observers for T2-

weighted, PD, STIR, DTI, and original

and reconstructed PADRE images were

0.0 � 0.0, 1.33 � 0.57, 1.56 � 0.64,

1.78 � 0.77, 2.88 � 0.33, and 2.82 �

0.51, respectively. The average MGN

scores for T2-weighted, PD, STIR, DTI,

and original and reconstructed PADRE

images were 0.10 � 0.30, 0.85 � 0.77,

1.08 � 0.86, 0.0 � 0.0, 2.98 � 0.16, and

2.94 � 0.23, respectively. For the 20

LGN scores (10 subjects), the percentage

of agreement was 100.0%, 70%, 75%,

45%, 85%, and 89.5% for T2-weighted,

PD, STIR, DTI, and the original and re-

constructed PADRE images, respec-

tively. For the MGN scores, the percent-

age of agreement was 80%, 45%, 55%,

100%, 100%, and 88.9% for T2-

weighted, PD, STIR, DTI, and original

and reconstructed PADRE images, re-

spectively. The difference in scores be-

tween original PADRE and all of the

other 2D images for both the LGN and

MGN was statistically significant (P �

.01). The difference in scores between

reconstructed PADRE and all of the

other 2D images for both the LGN and

MGN was also statistically significant

(P � .05). In contrast, we found no sta-

tistically significant difference between

original and reconstructed PADRE for

both the LGN and MGN.

The volume of the MGN and LGN
measured on original PADRE varied
among individuals; for the MGN, it
ranged from 74.0 to 183.75 mm3 (mean,
129.0 � 34.7 mm3), and for the LGN,
96.5–173.75 mm3 (mean, 135.2 � 28.0
mm3). The height of the MGN varied
from 4.0 to 7.0 mm (mean, 5.7 � 0.88
mm); for the LGN, it varied from 4.0 to
7.0 mm (mean, 5.5 � 0.95 mm).

DISCUSSION
Our results indicated that PADRE
yielded a superior visibility of the MGN
and LGN when directly compared with
T2-weighted, DTI, PD, and STIR im-

ages. The superior visualization on PADRE compared with T2-
weighted, PD, and STIR images may be attributable to different
mechanisms of signal generation (ie, the susceptibility-based

FIG 1. MGN and LGN in a healthy 31-year-old female volunteer. T2-weighted (A), PD (B), STIR (C),
DTI (D), original PADRE (1 mm) (E), and reconstructed PADRE (3 mm) images (F). A, Neither side of
the MGN or LGN is identified (visualization score � 0 by both observers). B, The right MGN is
poorly visible. Its boundary is fuzzy (short arrows) (visualization score � 1 by both observers). The
left MGN is mostly visible; its boundary is slightly fuzzy (long arrows) (visualization score � 2 by
both observers). Both sides of the LGN are mostly visible; the boundary is slightly fuzzy (arrow-
heads) (visualization score � 2 by both observers). C, One observer assigned a visualization score
of 1, the other of 2, to the right MGN (short arrows). The left MGN is mostly visible with a slightly
fuzzy boundary (arrowheads) (visualization score � 2 by both observers). Both sides of the LGN
are mostly visible with a slightly fuzzy border (long arrows) (visualization score � 2 by both
observers). D, Neither side of the MGN is identified (visualization score � 0 by both observers).
The right LGN is mostly visible with a slightly fuzzy border (arrows) (visualization score � 2 by
both observers). The left LGN is poorly visible; its border is fuzzy (arrowheads) (visualization
score � 1 by both observers). E, Both sides of the MGN (arrowheads) and LGN (arrows) are
well-identified and clearly differentiated from lateral and medial neighboring structures (visual-
ization score � 3 by both observers). F, Although the boundaries of the LGN and MGN are slightly
obscure on reconstructed PADRE compared with the original PADRE, both sides of the MGN
(arrowheads) and LGN (arrows) are well-identified and clearly differentiated from lateral and
medial neighboring structures (visualization score � 3 by both observers).
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methods used in PADRE versus the relaxation-based techniques
of T2-weighted, PD, and STIR). Phase images acquired with high
magnetic fields (7T and above) yield information about biologic
structures that are not usually identified by conventional MR im-
aging.14-16 Blood deoxyhemoglobin, tissue lipid, nonheme iron
content,15 and water-protein exchange17 have been proposed as
possible origins of the MR imaging signal frequency shift respon-
sible for the contrast on phase images. In contrast, the discrepan-
cies between structures on relaxation-based methods originate
from differences in the decay rates, which are small. Thus, high-
resolution phase imaging may be able to delineate small structures
that are difficult to evaluate on conventional MR images.

In addition to the comparison between original PADRE and

2D images, we also compared reconstructed PADRE and 2D se-

quences with nearly identical thickness. On reconstructed

PADRE images, the signal-to-noise ratio becomes higher com-

pared with original PADRE images. In contrast, the boundary

between the target structures and the surrounding structures on

reconstructed PADRE images becomes more obscure because of

an increase in the partial volume effect. However, we found no

statistically significant difference for the visualization score of

LGN and MGN between original and reconstructed PADRE

images.

He and Yablonskiy18 reported that the optic radiation, a my-

elin-rich structure, exhibited a negative phase value in the left-

handed system—that is, a positive phase value in the right-

handed system used in our study. In our study, positive phase

values appeared as dark signals. The fiber orientation of the optic

radiation to the main magnetic field direction and the cerebral

blood volume also affect the image contrast of the optic radiation

on phase images.18 Li et al19 demonstrated that the structure of

myelin and its orientation to the static magnetic field affect white

matter fiber susceptibility, resulting in a negative susceptibility

change. Ide et al7 reported that the contrast between the optic

radiation and the surrounding tissue on PADRE was similar to

that on myelin-stained specimens. As with the optic radiation, the

difference in the myelin content between the thalamic nuclei,

the LGN and MGN, and their surrounding structures, specifically

the cerebral peduncle, optic radiation, and the superior and infe-

rior quadrigeminal brachia, may have affected the contrast on

PADRE images. Furthermore, the fiber orientation and cerebral

blood volume of those small white matter tracts also may have

affected this contrast. We suggest that the high contrast between

the thalamic nuclei and neighboring white matter tracts on

PADRE facilitates the easy identification of the MGN and LGN.

Horton et al20 provided the first PD images of the LGN; they

performed postmortem studies and studies on living human sub-

jects. They demonstrated a good correlation between MR images and

anatomic sections. For the identification of the LGN, Fujita et al21

documented an excellent correspondence between PD images and

images obtained with functional methods by using blood oxygen

level–dependent imaging. In our study, the averaged visualization

scores of the LGN and MGN were higher for PD than for T2-

weighted images and lower than those recorded for PADRE images.

Devlin et al22 reported a different approach for the identification of

the MGN and LGN by using DTI. They used probabilistic tractogra-

phy to automatically segment the 2 nuclei from surrounding struc-

tures on the basis of their distinctive patterns of connectivity to the

rest of the brain. DTI data for probabilistic tractography were ob-

tained by using a doubly refocused spin-echo sequence and cardiac

gating with 60 diffusion-weighted images. These resulted in an acqui-

sition time of approximately 20 minutes and a spatial resolution of

1.875 � 1.875 � 2.5 mm3. They reported identifying the MGN and

LGN in all of their 5 neurologically healthy volunteers. However,

because probabilistic tractography requires thousands of iterations, it

is computationally intensive. In contrast, PADRE images can be ac-

quired with commonly available imaging sequences within a reason-

able image acquisition time. Furthermore, PADRE provides images

FIG 2. A magnified PADRE image of the left MGN and LGN in a
healthy 28-year-old female volunteer. The left LGN is surrounded by
the cerebral peduncle (long arrows) anteriorly and the origin of the
optic radiation (arrowhead) posteriorly. The MGN is surrounded by
the inferior (arrows) and superior quadrigeminal brachium (black ar-
rows). The MGN and LGN are distinguished from surrounding struc-
tures with low signal intensity.
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with high spatial resolution and low image distortion and is less com-
putationally intensive than the probabilistic tractography technique.

The previously reported LGN volume measured on MR im-

ages in healthy subjects varied from 75.3 to 86.7 mm3.5,6 In a
histologic study,12 it varied from 66 to 157 mm3; among individ-
uals, the variation was 2- to 3-fold. In our search of the literature,

FIG 3. Graphs show the statistics for the visualization scores assigned by the 2 observers. The visualization scores of LGN and MGN are higher
on original and reconstructed PADRE than those on other 2D sequences in observers 1 (A) and 2 (B). The height of the bar denotes the median,
and error bars, the 25%–75% percentile. The asterisk indicates P � .01; double asterisks, P � .05 compared with PADRE; N.S.; not significant;
oPADRE, original PADRE with 1-mm section thickness; rPADRE, reconstructed PADRE with 3-mm section thickness.
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we found only 1 postmortem study on the volume of the MGN13;
this nucleus was reported to be 5-mm wide, 4-mm high, and 4- to
5-mm long. Our volume measurements for LGN were larger than
those reported in earlier MR imaging and histologic studies.5,6,12

The height of the LGN was slightly larger than that in earlier MR
imaging studies (4.7– 4.8 mm), and the height of the MGN was
somewhat larger than the height (4 –5 mm) in the histologic in-
vestigation of Winer.13

We attribute the discrepancy between ours and earlier findings
on the LGN and MGN to several factors: First, our study popula-
tion was small. Second, differences in the identification tech-
niques such as the blood oxygen level– dependent and spin-echo
techniques used by others and our susceptibility-based technique
affect volume measurements. Blooming artifacts may be more
prominent on gradient-echo images such as PADRE than on spin-
echo images. They depend on the orientation and geometry of the
object and on various imaging parameters. Third, the volume of
living and postmortem human brains removed from the skull and
fixed with formalin may be different.

Measuring the LGN volume on MR imaging may be of clinical
importance. According to earlier MR imaging studies, the volume of
LGN decreases with age.6 In patients with glaucoma, the LGN height
and volume are diminished and the extent of atrophy of the LGN is
correlated with the clinical stage.1,5 We believe that the PADRE tech-
nique reinforces the clinical utility of MR imaging in the diagnosis of
diseases involving the LGN and MGN. Prospective clinical studies
are underway in our laboratory to confirm the utility of PADRE.

Our study has some limitations. First, all of our subjects were
healthy young Japanese adults. Our findings may not be applicable to
other populations or age groups. Because the volume of the LGN
varies 2- to 3-fold among individuals, additional qualitative and
quantitative studies of the MGN and LGN on PADRE images are
required in larger independent series comprising healthy subjects
and patients with diseases affecting the MGN and LGN. Second, we
did not compare the visualization of the nuclei directly between the
original PADRE and other 3D sequences at identical spatial resolu-
tions. Further studies of comparison between PADRE and other 3D
sequences at identical spatial resolutions are required. In addition to
the direct comparison, registration of all the sequences with transpar-
ent overlay may be useful to evaluate the differences of the LGN and
MGN visualization among the sequences.

CONCLUSIONS
On PADRE images, visualization of the MGN and LGN is signif-

icantly better than that on current standard MR imaging se-

quences. Therefore, PADRE is useful for the localization of the

MGN and LGN.
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Cortical Activation Through Passive-Motion Functional MRI
X A.F. Choudhri, R.M. Patel, A. Siddiqui, M.T. Whitehead, and J.W. Wheless

ABSTRACT

BACKGROUND AND PURPOSE: Functional brain mapping is an important technique for neurosurgical planning, particularly for patients
with tumors or epilepsy; however, mapping has traditionally involved invasive techniques. Existing noninvasive techniques require patient
compliance and may not be suitable for young children. We performed a retrospective review of our experience with passive-motion
functional MR imaging in anesthetized patients to determine the diagnostic yield of this technique.

MATERIALS AND METHODS: A retrospective review of patients undergoing passive-motion fMRI under general anesthesia at a single
institution over a 2.5-year period was performed. Clinical records were evaluated to determine the indication for fMRI, the ability to detect
cortical activation, and, if present, the location of cortical activation.

RESULTS: We identified 62 studies in 56 patients in this time period. The most common indication for fMRI was epilepsy/seizures.
Passive-motion fMRI identified upper-extremity cortical activation in 105 of 119 (88%) limbs evaluated, of which 90 (86%) activations were
in an orthotopic location. Lower-extremity cortical activation was identified in 86 of 118 (73%) limbs evaluated, of which 73 (85%) activations
were in an orthotopic location.

CONCLUSIONS: Passive-motion fMRI was successful in identifying cortical activation in most of the patients. This tool can be imple-
mented easily and can aid in surgical planning for children with tumors or candidates for epilepsy surgery, particularly those who may be
too young to comply with existing noninvasive functional measures.

The criterion standard for presurgical brain mapping has typi-

cally been intraoperative cortical stimulation mapping and

the Wada test.1-4 Both methods are invasive procedures, and their

efficacy and superiority over other mapping procedures have be-

come less clear with advances in noninvasive brain-mapping

techniques,4-12 with some studies showing that these alternative

methods are comparable to stand-alone and/or adjunct tech-

niques.9-18 Blood oxygen level– dependent functional MR imag-

ing is an increasingly used imaging technique in the clinical set-

ting. Since the early 1990s, it has been used to study brain function

in healthy individuals and particularly for surgical planning in

patients with brain tumors or epilepsy.2,4,17,19-22 This imaging

technique maps areas of cortical activation via changes in blood

flow to metabolically active brain regions during cortical activa-

tion, typically secondary to specific motor, language, and visual

tasks. fMRI provides a number of benefits: it is noninvasive, it is a

useful tool for presurgical evaluation for invasive procedures that

involve high risk,2,4,17,19,20,23,24 and it can also assess the current

function of patients with brain lesions or previous brain sur-

gery.20,25 Clinically, it is performed as a task-based technique that

requires the patient to cooperate and keep all other body move-

ments to a minimum. Incomplete compliance limits the utility of

this technology and introduces risk for spurious results. Compli-

ance with the tasks and remaining still is a particular concern in

young children and patients with developmental or acquired cog-

nitive deficits.26,27 Even children who can perform the task during

training sessions may not be able to comply in the MR imaging

scanner.27

A strategy that allows this information to be obtained from

subjects who are unable to cooperate is to perform a similar fMRI

task under sedation. fMRI of sedated patients performed with

passive motion of the extremities has been successful in some
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reports.15,23,24,28,29 The goal is to map the motor cortex while

removing the need for task compliance and reducing or eliminat-

ing concerns for patient motion.23,24,28 We performed a retro-

spective review of our institution’s 2.5-year experience with pas-

sive-motion fMRI to assess the feasibility and reliability of this

imaging technique.

MATERIALS AND METHODS
This Health Insurance Portability and Accountability Act–

compliant retrospective review was performed after institu-

tional review board approval. We performed a retrospective

chart review of all functional MR imaging scans performed at a

single pediatric academic medical center over a consecutive

2.5-year period (August 2012 to December 2014), representing

the first 2.5 years of a passive-motion fMRI program in which

a particular acquisition technique and processing software

were used.

Functional MR Imaging
Functional MR imaging was performed on a 3T MR imaging

scanner (HDxt; GE Healthcare, Milwaukee, Wisconsin) by using

an 8-channel head coil. Blood oxygen level– dependent fMRI was

acquired by using an echo-planar imaging sequence performed

with a TR of 3000 ms. Eighty-three EPI acquisitions were per-

formed for each functional paradigm for a scan time of 4 minutes

9 seconds. The initial 3 sets of images, acquired during the first

9 s, were discarded, and the subsequent 80 EPI acquisitions

were analyzed. A block design was used for functional tasks,

with 15-s alternations between the tasks and rest encompassing

5 TR intervals. For the passive-motion functional MR imaging,

the neuroradiologist was in the scanner room and, during the

acquisitions, performed passive motion of the hand/wrist or

the foot/ankle of the patients. Passive motion was performed at

a rate of approximately 1.5–2 Hz. Care was taken to isolate the

induced movement only to the area of interest. During rest, the

neuroradiologist maintained a stable grasp of the extremity

under examination in an attempt to attenuate or eliminate

somatosensory cortical activation.

All blood oxygen level– dependent functional MR images were

acquired with conventional structural imaging, including a volu-

metric axially acquired fast-spoiled gradient-recalled sequence

with 1-mm isotropic resolution and axially acquired diffusion

tensor imaging with either 15 or 25 noncolinear directions of

encoding.

Paradigm delivery, including timing cues for the neuroradi-

ologist who performed passive motions, was controlled by using

the Esys-fMRI system (Invivo, Pewaukee, Winconsin). fMRI data

were processed by using an FDA-approved software package

(DynaSuite Neuro 3.0; Invivo) and using the clinical experience

and judgment of the neuroradiologist to guide thresholding and

coregistration.

All passive functional motions were performed by a fellow-

ship-trained neuroradiologist (A.F.C., M.T.W., or A.S.). For pas-

sive motions, the examiner flexed and extended the patient’s

wrists and ankles. All images were processed and analyzed by 1

of 2 fellowship-trained neuroradiologists with an American

Board of Radiology subspecialty certificate in neuroradiology

and with additional training and clinical experience with func-

tional MR imaging (A.F.C. or M.T.W.). The functional maps

were evaluated while overlaid on fast-spoiled gradient-recalled

images.

Evaluation of the functional activation and localization for

this retrospective review was performed by review of the clinical

reports and images from the functional MR imaging studies. Im-

ages from all the studies were evaluated retrospectively by a neu-

roradiologist to confirm the presence or absence of structural ab-

normalities that may have been associated with absent or ectopic

cortical activation.

Sedation for fMRI
All sedation was supervised by pediatric anesthesiologists. The

default sedation protocol involved general anesthesia with intra-

venous propofol administered at the lowest dose to keep the pa-

tient asleep after induction. Information regarding anesthesia, in-

cluding the medications used for induction and maintenance, was

recorded in the medical record.

Statistical Analysis
Data were collected in a spreadsheet (Excel version 14.4.2; Mi-

crosoft, Redmond, Washington) and analyzed by using SPSS ver-

sion 21 (IBM, Aramonk, New York). Continuous variables were

compared with a Student t test, and discrete variables were

compared with the Fisher exact test. A P value of � .05 was

considered significant.

RESULTS
We identified 62 fMRI studies with passive motion performed

on 56 anesthetized patients in the study time period (28 male,

28 female). The average (� standard deviation) age at the time

of study was 8.80 � 7.47 years (range, 0.54 to 41.85 years;

median, 7.6 years). No MR imaging–related complications

were identified.

Of these 56 patients, 53 (95%) underwent passive-motion

fMRI because of seizures, and 3 had additional indications

for passive-motion fMRI being a recurrent supratentorial

ependymoma without report of seizure (n � 1), gait abnormality

(n � 1), and worsening headache (n � 1). Of the 53 patients with

seizure, 5 had tuberous sclerosis complex, 4 had a history of a

tumor, 1 had hemimegalencephaly, 1 had Rasmussen encephali-

tis, and 1 had febrile infection-related epilepsy syndrome. Of the 4

patients with seizure and history of a tumor, 3 passive-motion

fMRI scans were performed to evaluate postresection seizures.

One patient had a new-onset seizure and a left medial frontal

tumor, and fMRI was performed for surgical planning.

Passive motion of the upper extremities was performed in

61 (98%) of the studies. Passive motion of the lower extremi-

ties was performed in 60 (97%) of the studies; in 47 (78%) of

them, the lower-extremity passive movement was performed

simultaneously for each side, and in 13 (22%) of them, the

lower-extremity passive motor movement was performed

simultaneously.

Of the 119 iterations of upper-extremity passive motion, cor-

tical activation was identified reliably 105 times (88%; P � .33

versus upper extremity). Of these activations, 90 (86%) were in an
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orthotopic location in the midportion of the precentral gyrus of

the contralateral hemisphere. Three (2.5%) iterations were in an

ectopic location in the contralateral hemisphere, and 9 (7.6%)

were in an ectopic location in the ipsilateral hemisphere. Of the

119 iterations, there were no significant cortical activations in 14

(11.8%).

Of the 118 iterations of lower-extremity passive motion,

cortical activation was identified 86 (73%) times. Of these, 82

(94.5%) were in an orthotopic location in the superior portion

of the precentral gyrus of the contralateral hemisphere, 1

(1.2%) was in an ectopic location in the contralateral hemi-

sphere, and 3 (3.5%) were in an ectopic location in the ipsilat-

eral hemisphere (Fig 1). Of the 13 iterations of bilateral lower-

extremity passive motion, cortical activation was identified 9

(69.2%) times in an orthotopic location in the superior por-

tion of the precentral gyrus bilaterally. In the other 4 (30.8%)

iterations, there was no significant cortical activation. Of the

105 iterations in which lower-extremity passive motion was

performed separately, there were 66 (62.9%) times at which

cortical activation was seen in an orthotopic location. One

patient underwent passive motion for simultaneous evaluation

of both lower extremities and isolated
evaluation of
the right lower extremity, with con-
cordant identification of right lower-
extremity cortical activation on the 2
paradigms. There were 4 (3.8%) acti-
vations in ectopic locations. In the
other 28 (23.7%) of 118 iterations in
which lower-extremity passive motion
was performed separately, there was
no significant cortical activation. Of
the 118 total iterations of lower-
extremity motion, there was no
significant cortical activation in 32
(27.1%).

The average age of the patients in
whom no cortical activation was dem-
onstrated in at least one upper extremity
was 6.2 � 2.8 years (range, 1.94 –11.27
years; median, 6.51 years [n � 11]), and
the average age was 9.4 � 8.0 years
(range, 0.54 – 41.85 years; median, 8.11
years [n � 51]) for patients in whom the
scans revealed bilateral cortical activa-
tion (P � .21). The average age of the
patients in whom no cortical activation
was demonstrated in at least one lower
extremity was 8.11 � 8.68 years (range,
0.65– 41.85 years; median, 6.49 years
[n � 24]), and it was 9.2 � 6.7 years
(range, 0.54 –30.4 years; median, 8.49
years [n � 38]) for patients in whom

there was bilateral lower-extremity cor-

tical activation (P � .56).

There were 4 instances in which cor-

tical activation was identified in the left

upper extremity, but there was no signif-

icant cortical activation in the right

upper extremity. In all 4 cases, there were parenchymal abnor-

malities in the left hemisphere in the expected location of right

upper-extremity motion. These abnormalities included left-

sided Rasmussen encephalitis, previous left-greater-than-right

watershed ischemic injury, bilateral periventricular leukoma-

lacia and porencephalic cysts, and tuberous sclerosis complex

with left precentral gyrus dysplasia.

Patients with 2 Passive-Motion fMRI Scans
For 6 patients, passive-motion fMRI was performed on 2 separate

occasions; 2 of these patients had tuberous sclerosis complex, 2

had refractory seizures, 1 had febrile infection-related epilepsy

syndrome, and 1 had hemimegalencephaly and a history of

functional hemispherectomy.

The scans were performed on the first patient with tuberous

sclerosis complex 5 months apart, at 1.9 and 2.4 years of age.

The initial study showed an orthotopic location for the right

lower extremity, the left upper extremity, and the left lower

extremity but did not identify right upper-extremity motor

FIG 1. A, Axial fast-spoiled gradient-recalled image with overlay of cortical activation maps for
passive movement of the left lower extremity (pink) in a 16-year-old girl with a history of left-
sided functional hemispherectomy shows orthotopic cortical activation in the posterior/supe-
rior aspect of the right paracentral lobule. B, Activation maps for passive movement of the right
lower extremity (red) are in a more posterior and inferior location in the right (ipsilateral) hemi-
sphere. Parasagittal (C) and coronal-oblique (D) images show the relationship between the areas
of activation for both lower extremities.
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activation. The follow-up study revealed orthotopic motor

cortex activation of all 4 extremities.

The scans of the second patient with tuberous sclerosis

complex were performed at 0.5 and 1.5 years of age, before and

after topectomy for an epileptogenic tuber. The initial and

follow-up studies revealed orthotopic localization of all 4

extremities.

Two scans were performed on the patient with febrile infec-

tion-related epilepsy syndrome at 3-month intervals (at ages 1.4

and 1.6 years), during which time there was a progression of

global parenchymal volume loss (Fig 2). The initial study was

performed 6 weeks after the onset of symptoms. The initial and

follow-up studies revealed orthotopic localization of all 4

extremities.

The patient with left-sided hemimegalencephaly had passive-

motion fMRI scans at 1.7 and 3.1 years of age, and both scans

showed orthotopic activation for the left upper and lower extrem-

ities and ipsilateral ectopic activation for the right upper and

lower extremities.

One patient with refractory seizures had studies performed at

11.3 and 12.1 years of age. The first study showed orthotopic left

lower-extremity activation and no significant activation on the

other extremities. The second study showed orthotopic activation

for the right and left upper and lower extremities.

The patient with refractory seizures had studies performed

at 7.6 and 9.3 years of age, and both studies showed orthotopic

activation for the right and left upper and lower extremities.

Anesthesia
Of 62 scans, 57 were performed with propofol as the anesthetic

agent for induction and maintenance. Propofol and sevoflurane

were used in 4 scans. One scan was performed with only sevoflu-

rane. Cortical activation was identified in 179 of 217 (82.4%)

limbs evaluated in patients who received propofol anesthesia.

Cortical activation was identified in 12 of 20 (60%) limbs of the

patients who received either propofol and sevoflurane or sevoflu-

rane only (P � .46 versus propofol alone).

Surgical Follow-Up
Twelve patients underwent 15 surgical

procedures after the passive-motion

fMRI, including 3 tumor resections, 3

tuberectomies for tuberous sclerosis

complex, 3 temporal lobectomies, 3 cor-

pus callosotomies, 2 topectomies, and 1

frontal lobectomy. Two patients had

more than 1 surgery. One patient with

seizures that arose from right frontal en-

cephalomalacia underwent a topec-

tomy. There was incomplete seizure

control, and after a second passive-mo-

tion fMRI, the patient underwent a right

frontal lobectomy, which resulted in the

patient being seizure free at the 2-month

follow-up. One patient with tuberous

sclerosis complex underwent 3 separate

topectomies and had an fMRI before a

right angular gyrus tuber resection,

which resulted in 3 months of being sei-

zure free. After a second passive-motion fMRI, the patient under-

went a left frontopolar tuber resection, which resulted in 6

months of being seizure free. The patient subsequently underwent

a left superior parietal lobule tuber resection and was seizure free

for 6 months.

DISCUSSION
Functional MR imaging has been shown to be useful in presurgi-

cal planning because of its accuracy in localizing areas of cortical

activation. It has aided neurosurgical planning by identifying el-

oquent cortex and its relationship to lesions that require resec-

tion.2,4,17,19,20,23,24 Early reports on passive-motion fMRI sug-

gested using the known benefits of fMRI in uncooperative or very

young patients.23,24 Additional studies have shown the activation

with passive movement to correspond to the location of volitional

movement.30 To our knowledge, this study involves the largest

population in the existing literature on this subject. In addition,

we demonstrated the ability to use passive-motion fMRI 13 times

in patients younger than 2 years, the youngest of whom was 6

months of age.

One difference between passive and awake techniques is that

awake patients can often trigger robust responses in not only the

motor strip corresponding to upper- and lower-extremity move-

ments but also the supplementary motor area. Similar activation

in the supplementary motor area has been reported with active

versus passive range-of-motion studies by using PET scans.31,32

Additional studies may include facial stimulation in the passive

range-of-motion paradigm. An absence of cortical activation in

right upper-extremity passive motion was seen in patients with a

younger mean age than those in whom cortical activation was

identified, suggesting that a young age could limit the success of

passive-motion mapping. However, on an individual patient ba-

sis, passive motion was successful in a patient as young as 6

months old.

The most common fMRI indication in our group was intrac-

table epilepsy in children who were being evaluated for all treat-

FIG 2. A, Axial fast-spoiled gradient-recalled image in a 1.4-year-old boy 6 weeks after initial
presentation for febrile infection-related epilepsy syndrome. There was orthotopic localization
of cortical activation from right (yellow) and left (red) upper-extremity passive movement. B,
Axial fast-spoiled gradient-recalled image of the same patient at 1.6 years of age shows reidenti-
fication of orthotopic cortical activation from right (yellow) and left (red) upper-extremity pas-
sive movement in the setting of progressive parenchymal volume loss.
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ment options, including epilepsy surgery. The identification of

motor cortex helps in the planning of any surgical procedure and

when discussing the risks and benefits of surgery (combined

with all of the other diagnostic test data, such as video-EEG,

magnetoencephalography, transcranial magnetic stimulation,

etc) with the parents. This information would help the clini-

cians and the family make the best decision about where sur-

gery was ranked in the hierarchy of treatment options for their

child.

One patient with a history of left functional hemispherectomy

performed at 8 years of age for seizures related to posttraumatic

encephalomalacia (Fig 1) showed evidence of remapping in the

remaining hemisphere on an fMRI performed at 16 years of age.

Passive motion of the right lower extremity revealed cortical

activation within the right hemisphere. Similar results have

been seen before. In a study in which passive-motion fMRI was

performed on 8 patients who had undergone hemispherec-

tomy, 2 patients were found to have undergone cortical remap-

ping.33 Passive movement of the hand showed cortical activa-

tion in the ipsilateral hemisphere, a location similar to that for

the contralateral hand.33

Imaging of another patient with a history of febrile infec-

tion-related epilepsy syndrome (Fig 2) revealed orthotopic

cortical activation of all 4 extremities 6 weeks after initial pre-

sentation. Although follow-up imaging at 1.6 years of age

showed significant cerebral atrophy, there was orthotopic lo-

calization of all 4 extremities. This case provides an example of

fMRI demonstrating consistently accurate results despite pro-

gressive destruction of brain parenchyma. The utility of fMRI

in structurally abnormal brains has also been discussed else-

where.20,25 We did not have any patients who underwent pas-

sive-motion fMRI and later underwent awake fMRI, so we

could not evaluate the concordance of the findings. There was

a nonstatistical trend toward lower success in patients who did

not have isolated propofol as the means of anesthesia, which

corresponds with previous reports of sevoflurane being asso-

ciated with lower success on passive-motion fMRI tasks.34 Pas-

sive motion of the lower extremities was successful less often

than that of the upper extremities; however, this difference was

not statistically significant.

Limitations in this study include our inability to confirm

that the cortical activation was truly related to the specific

function tested. Work has been done to compare invasive pro-

cedures such as intraoperative cortical stimulation mapping

and the Wada test with other noninvasive modalities, includ-

ing fMRI, magnetoencephalography, and transcranial mag-

netic stimulation.19,35-38 Other authors have used fMRI as the

template to guide confirmatory intraoperative mapping2,9-

11,17,39; however, this was not feasible in this retrospective

study. Because fMRI postprocessing is a computationally in-

tensive process, results on the success of a paradigm are not

known until after the anesthesia-based procedure is complete,

which prevents the duplication of paradigms with spurious

results or without appreciable cortical activation. In addition,

it is not currently possible to separate motor cortical activation

from sensory activation. Although this may not be a limiting

factor for orthotopic perirolandic cortical activation, in which

posterior extension is felt to be related to sensory activation,

ectopic results may be more difficult to interpret. Passive facial

motion and/or sensory paradigms have been measured with

limited success in other studies; however, it was not evaluated

in our patient population.24 Manual passive motion was per-

formed in this study, but other studies have shown a pneumat-

ically driven device to perform more reproducible passive

movements.24,40

Blood oxygen level– dependent fMRI has some benefits com-

pared with the criterion standard, intraoperative cortical stimu-

lation; it is noninvasive, it has superior spatial resolution, and it is

not limited by the extent of craniotomy exposure.2,41 Passive-

motion fMRI does share one similarity with intraoperative corti-

cal stimulation in that results may be affected by depth of seda-

tion.17 Compared with other noninvasive techniques such as

electroencephalography and magnetoencephalography, blood

oxygen level– dependent fMRI has a lower temporal resolution

but a higher spatial resolution. Blood oxygen level– dependent

fMRI depends on blood flow, and hemodynamic changes that

follow neuronal activation are not identical in all patients. In ad-

dition, metabolically active brain tumors may lead to the incor-

rect impression of absence of cortical activation because of blood

flow being redirected by the high oxygen demand of the tumor, a

process known as neurovascular uncoupling.2,42,43 Studies have

shown, however, that blood oxygen level– dependent fMRI is still

a relatively reliable tool for cortical mapping, even in patients with

brain tumors.2,4,17,19-21

Our study shows that passive-motion fMRI can localize up-

per-extremity motor cortex reliably and in most cases can identify

lower-extremity motor cortex. This technique can be applied at

any institution that performs task-based fMRI. Awareness of this

technique can enable functional mapping to help guide treatment

planning in young children with tumors and lesion-based epi-

lepsy. In fact, fMRI performed without adjunct intraoperative

cortical stimulation in awake patients has already been shown to

enable neurosurgeons to be more aggressive in resection and to

shorten time in the operating room,21 and no long-term neuro-

logic deficits were observed in a study that involved 22 patients in

whom fMRI was performed in adjunct with intraoperative corti-

cal stimulation; in that study, there was an extremely high level of

concordance between fMRI and intraoperative cortical stimula-

tion mapping.44

CONCLUSIONS
Passive-motion fMRI is an effective tool for noninvasive motor

mapping in patients who are too young or otherwise unable to

comply with traditional noninvasive mapping, possibly pro-

viding a safer alternative (or adjunct) to intraoperative

monitoring.
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29. Weiller C, Jüptner M, Fellows S, et al. Brain representation of
active and passive movements. Neuroimage 1996;4:105–10
CrossRef Medline

30. Kocak M, Ulmer JL, Sahin Ugurel M, et al. Motor homunculus:
passive mapping in healthy volunteers by using functional MR
imaging–initial results. Radiology 2009;251:485–92 CrossRef
Medline

31. Mima T, Sadato N, Yazawa S, et al. Brain structures related to active
and passive finger movements in man. Brain 1999;122:1989 –97
CrossRef Medline

32. Lee CC, Jack CR Jr, Riederer SJ. Mapping of the central sulcus with
functional MR: active versus passive activation tasks. AJNR Am J
Neuroradiol 1998;19:847–52 Medline

33. Holloway V, Gadian DG, Vargha-Khadem F, et al. The reorganiza-
tion of sensorimotor function in children after hemispherectomy: a
functional MRI and somatosensory evoked potential study. Brain
2000;123:2432– 44 CrossRef Medline

34. Bernal B, Grossman S, Gonzalez R, et al. FMRI under sedation: what
is the best choice in children? J Clin Med Res 2012;4:363–70 CrossRef
Medline

35. Picht T, Schmidt S, Brandt S, et al. Preoperative functional mapping
for rolandic brain tumor surgery: comparison of navigated trans-
cranial magnetic stimulation to direct cortical stimulation. Neuro-
surgery 2011;69:581– 88; discussion 588 CrossRef Medline

36. Krieg SM, Sabih J, Bulubasova L, et al. Preoperative motor mapping
by navigated transcranial magnetic brain stimulation improves
outcome for motor eloquent lesions. Neuro-Oncology 2014;16:
1274 – 82 CrossRef Medline

37. Krieg SM, Sollmann N, Hauck T, et al. Repeated mapping of cortical
language sites by preoperative navigated transcranial magnetic
stimulation compared to repeated intraoperative DCS mapping in
awake craniotomy. BMC Neurosci 2014;15:20 CrossRef Medline

38. Narayana S, Rezaie R, McAfee SS, et al. Assessing motor function in
young children with transcranial magnetic stimulation. Pediatr
Neurol 2015;52:94 –103 CrossRef Medline

39. Meinzer M, Lindenberg R, Darkow R, et al. Transcranial direct cur-
rent stimulation and simultaneous functional magnetic resonance
imaging. J Vis Exp 2014;(86) CrossRef Medline

40. Shriver S, Knierim KE, O’Shea JP, et al. Pneumatically driven finger
movement: a novel passive functional MR imaging technique for
presurgical motor and sensory mapping. AJNR Am J Neuroradiol
2013;34:E5–7 CrossRef Medline

1680 Choudhri Sep 2015 www.ajnr.org

http://dx.doi.org/10.3171/jns.2007.106.6.1117
http://www.ncbi.nlm.nih.gov/pubmed/17564192
http://dx.doi.org/10.1111/epi.12569
http://www.ncbi.nlm.nih.gov/pubmed/24815532
http://dx.doi.org/10.1093/brain/awq006
http://www.ncbi.nlm.nih.gov/pubmed/20157009
http://dx.doi.org/10.1212/WNL.46.4.978
http://www.ncbi.nlm.nih.gov/pubmed/8780076
http://dx.doi.org/10.1111/j.1528-1167.2008.01625.x
http://www.ncbi.nlm.nih.gov/pubmed/18435753
http://dx.doi.org/10.3171/jns.2004.101.6.0926
http://www.ncbi.nlm.nih.gov/pubmed/15597752
http://www.ncbi.nlm.nih.gov/pubmed/7639132
http://dx.doi.org/10.1097/00004424-199903000-00012
http://www.ncbi.nlm.nih.gov/pubmed/10084668
http://dx.doi.org/10.1007/s007010050268
http://www.ncbi.nlm.nih.gov/pubmed/10071689
http://dx.doi.org/10.1097/00006123-200009000-00037
http://www.ncbi.nlm.nih.gov/pubmed/10981759
http://dx.doi.org/10.1111/j.1528-1167.2009.02340.x
http://www.ncbi.nlm.nih.gov/pubmed/19817807
http://dx.doi.org/10.1016/j.clinph.2014.04.007
http://www.ncbi.nlm.nih.gov/pubmed/24845600
http://dx.doi.org/10.1371/journal.pone.0098860
http://www.ncbi.nlm.nih.gov/pubmed/24914775
http://dx.doi.org/10.1212/WNL.53.5.938
http://www.ncbi.nlm.nih.gov/pubmed/10496250
http://www.ncbi.nlm.nih.gov/pubmed/18466684
http://dx.doi.org/10.1007/s002210100727
http://www.ncbi.nlm.nih.gov/pubmed/11465737
http://dx.doi.org/10.1177/197140091302600508
http://www.ncbi.nlm.nih.gov/pubmed/24199815
http://dx.doi.org/10.4103/0971-3026.130694
http://www.ncbi.nlm.nih.gov/pubmed/24851005
http://dx.doi.org/10.1148/radiol.2403051153
http://www.ncbi.nlm.nih.gov/pubmed/16857981
http://dx.doi.org/10.1227/01.NEU.0000339122.01957.0A
http://www.ncbi.nlm.nih.gov/pubmed/19197223
http://dx.doi.org/10.3171/2013.1.PEDS12401
http://www.ncbi.nlm.nih.gov/pubmed/23473057
http://dx.doi.org/10.3171/2009.4.PEDS08402
http://www.ncbi.nlm.nih.gov/pubmed/19795962
http://dx.doi.org/10.1002/pbc.25110
http://www.ncbi.nlm.nih.gov/pubmed/24920351
http://dx.doi.org/10.1002/hbm.20767
http://www.ncbi.nlm.nih.gov/pubmed/19384887
http://dx.doi.org/10.3174/ajnr.A4062
http://www.ncbi.nlm.nih.gov/pubmed/25082823
http://dx.doi.org/10.1203/pdr.0b013e3180332c2e
http://www.ncbi.nlm.nih.gov/pubmed/17515876
http://dx.doi.org/10.1006/nimg.1996.0034
http://www.ncbi.nlm.nih.gov/pubmed/9345502
http://dx.doi.org/10.1148/radiol.2512080231
http://www.ncbi.nlm.nih.gov/pubmed/19261925
http://dx.doi.org/10.1093/brain/122.10.1989
http://www.ncbi.nlm.nih.gov/pubmed/10506099
http://www.ncbi.nlm.nih.gov/pubmed/9613498
http://dx.doi.org/10.1093/brain/123.12.2432
http://www.ncbi.nlm.nih.gov/pubmed/11099446
http://dx.doi.org/10.4021/jocmr1047w
http://www.ncbi.nlm.nih.gov/pubmed/23226168
http://dx.doi.org/10.1227/NEU.0b013e3182181b89
http://www.ncbi.nlm.nih.gov/pubmed/21430587
http://dx.doi.org/10.1093/neuonc/nou007
http://www.ncbi.nlm.nih.gov/pubmed/24516237
http://dx.doi.org/10.1186/1471-2202-15-20
http://www.ncbi.nlm.nih.gov/pubmed/24479694
http://dx.doi.org/10.1016/j.pediatrneurol.2014.08.031
http://www.ncbi.nlm.nih.gov/pubmed/25439485
http://dx.doi.org/10.3791/51730
http://www.ncbi.nlm.nih.gov/pubmed/24796646
http://dx.doi.org/10.3174/ajnr.A2626
http://www.ncbi.nlm.nih.gov/pubmed/21778242


41. Krings T, Schreckenberger M, Rohde V, et al. Functional MRI and
18F FDG-positron emission tomography for presurgical planning:
comparison with electrical cortical stimulation. Acta Neurochir
(Wien) 2002;144:889 –99; discussion 899 CrossRef Medline

42. Holodny AI, Schulder M, Liu WC, et al. The effect of brain tumors on
BOLD functional MR imaging activation in the adjacent motor
cortex: implications for image-guided neurosurgery. AJNR Am J
Neuroradiol 2000;21:1415–22 Medline

43. Pillai JJ, Mikulis DJ. Cerebrovascular reactivity mapping: an evolv-
ing standard for clinical functional imaging. AJNR Am J Neuroradiol
2015;36:7–13 CrossRef Medline

44. Roessler K, Donat M, Lanzenberger R, et al. Evaluation of preopera-
tive high magnetic field motor functional MRI (3 Tesla) in glioma
patients by navigated electrocortical stimulation and postoperative
outcome. J Neurol Neurosurg Psychiatry 2005;76:1152–57 CrossRef
Medline

AJNR Am J Neuroradiol 36:1675– 81 Sep 2015 www.ajnr.org 1681

http://dx.doi.org/10.1007/s00701-002-0992-8
http://www.ncbi.nlm.nih.gov/pubmed/12376770
http://www.ncbi.nlm.nih.gov/pubmed/11003273
http://dx.doi.org/10.3174/ajnr.A3941
http://www.ncbi.nlm.nih.gov/pubmed/24788129
http://dx.doi.org/10.1136/jnnp.2004.050286
http://www.ncbi.nlm.nih.gov/pubmed/16024896


ORIGINAL RESEARCH
INTERVENTIONAL

Complications in Stent-Assisted Endovascular Therapy of
Ruptured Intracranial Aneurysms and Relevance to

Antiplatelet Administration: A Systematic Review
X C.-W. Ryu, S. Park, X H.S. Shin, and J.S. Koh

EBM
1

ABSTRACT

BACKGROUND AND PURPOSE: Despite the increasing use of stent-assisted coiling for ruptured intracranial aneurysms, there is little
consensus regarding the appropriate antiplatelet administration for this. The objectives of this systematic review were to provide an
overview of complications and their association with the method of antiplatelet administration in stent-assisted coiling for ruptured
intracranial aneurysms.

MATERIALS AND METHODS: A comprehensive search of the literature in the data bases was conducted to identify studies reporting
complications of stent-assisted coiling for ruptured intracranial aneurysms. The pooled event rate of preprocedural thromboembolisms,
hemorrhages, and mortality was estimated from the selected studies. Subgroup analyses were performed by the method of antiplatelet
administration (pre-, postprocedural, and modified). Meta-analysis was conducted to compare periprocedural complications and mortality
between ruptured intracranial aneurysms and unruptured intracranial aneurysms.

RESULTS: Of the 8476 studies identified, 33 with 1090 patients were included. The event rates of thromboembolism and intra- and
postprocedural hemorrhage were 11.2% (95% CI, 9.2%–13.6%), 5.4% (95% CI, 4.1%–7.2%), and 3.6% (95% CI, 2.6%–5.1%), respectively. Subgroup
analyses of thromboembolism showed a statistically significant difference between groups (P � .05). In the preprocedural and modified
antiplatelet groups, the risk for thromboembolism in stent-assisted coiling for ruptured intracranial aneurysm was not significantly
different from that for unruptured intracranial aneurysm, though this risk of the postprocedural antiplatelet group was significantly higher
in ruptured intracranial aneurysms than in unruptured intracranial aneurysms.

CONCLUSIONS: On the basis of current evidence, complications of stent-assisted coiling for ruptured intracranial aneurysm may be
affected by the method of antiplatelet administration.

ABBREVIATIONS: RIA � ruptured intracranial aneurysm; RR � risk ratio; TEC � thromboembolic complication; UIA � unruptured intracranial aneurysm

Aneurysmal neck remodeling with stents has recently emerged

as an effective treatment option. This method is beneficial for

treating aneurysms with wide necks or for situations in which

coils unexpectedly herniate into the parent vessel, requiring res-

cue with a device that can reconstrain the coil within the lesion.1

Currently, various stents specialized for aneurysmal neck remod-

eling are used during endovascular treatment of intracranial an-

eurysms. However, physicians are often reluctant to apply stents

to acutely ruptured aneurysms due to the necessity of antiplatelet

medications. During implantation of stents within an intracranial

artery, antiplatelet agents should be administrated and main-

tained postoperatively to prevent in-stent thrombosis and subse-

quent ischemic events.2 In the setting of acutely ruptured aneu-

rysms, antiplatelet medications may lead to complications such as

intraprocedural rebleeding, the need for a ventriculostomy, co-

occurrence of an intraparenchymal hematoma, and a high likeli-

hood of future invasive procedures.3-7

Despite the chance of complications, administration of anti-

platelet agents is an important element of management when us-

ing an intracranial stent, regardless of the presence of an acute

aneurysm rupture. The type and/or method of antiplatelet agent

might affect the periprocedural complication rate of endovascular

aneurysm treatment.8,9 Despite many previous studies of stent-

assisted aneurysm management, no published recommendations
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or large randomized clinical trials provide a consensus as to the

appropriate method of antiplatelet medication in stent-assisted

endovascular treatment for ruptured intracranial aneurysms

(RIAs). The medication method usually varied depending on the

institution or the rationales of clinicians in most published case

series. Some review articles suggested a higher risk of complica-

tions in endovascular therapy for acutely ruptured aneu-

rysms.3,10,11 However, these reviews did not analyze independent

factors affecting the risk of complications in stent-assisted coiling

for RIA, including the application of antiplatelet agents.

The purposes of this systematic review were to calculate the

accumulated complication risk during stent-assisted coiling for

RIA and to assess whether the risk of complications would be

affected by the method of antiplatelet administration. This infor-

mation will guide selection of safer antiplatelet administration for

stent-assisted coiling of RIA.

MATERIALS AND METHODS
Search Strategy
We searched the PubMed, EMBASE, and Cochrane data bases

from January 2000 to November 2014 to find all studies involving

stent-assisted coiling for acute RIA. The following key words and

alternative terms analogous to these were used for searching rel-

evant combinations by using the Boolean operators OR and AND:

“Intracranial Aneurysm,” “Subarachnoid Hemorrhage,” “Endo-

vascular Procedures,” “Stents,” and “Embolization, Therapeu-

tic.” In addition, the names of merchandized stent devices, such as

“Neuroform,” “Enterprise,” “Leo� stent” and “Solitaire” were

used as text words to extract relevant studies. We also searched the

references of all included articles for potentially relevant trials.

The search was restricted to human studies in English.

Two reviewers (C.-W.R., S.P.) independently evaluated the

articles in the librarian’s primary list and selected any articles that

fulfilled the inclusion criteria as follows: 1) reported �5 cases

of RIA treated with stent-assisted coiling; 2) were published as

full articles, including clinical trials, retrospective or prospec-

tive case series, or retrospective observational studies; 3) had

well-described protocols for endovascular treatment of RIA,

including a precise report on each antiplatelet regimen and

endovascular device; and 4) accurately described periproce-

dural complications, procedure-induced mortality, and/or

mortality within 30 days.

When the same cases were duplicated in multiple publications,

data were extracted from the publication that provided the most

comprehensive information. Reports including only dissecting

aneurysms and/or blood blister–like aneurysms were excluded. A

PRISMA flow diagram was used to show the decision-making

process regarding the studies.

Data Extraction
Basic characteristics of articles including publication type (pro-

spective or retrospective, registry, or randomized trials), number

of subjects, and publication year were extracted from each article.

We extracted data relating to characteristics of enrolling patients,

such as the total number of patients with RIA and unruptured

intracranial aneurysm (UIA) and the initial clinical status, which

was presented as Hunt and Hess grade or World Federation of

Neurological Surgeons SAH grade.

We collected information about the method of administration

and regimen of antiplatelets and administration of anticoagula-

tion agents and procedural complications, including periproce-

dural thromboembolic complications (TECs), intraprocedural

hemorrhage, postprocedural hemorrhage, clinical outcome, and

periprocedural mortality (within 30 days or discharge).

For studies that did not provide the prevalence of complica-

tions in RIAs separately from those in UIAs, we e-mailed the au-

thor to obtain this information, which is included here as data.

Statistical Analysis

Pooled Event Rate of Complications. The pooled event rate of

each periprocedural complication, morbidity, and mortality was

estimated with a random-effects-weighting meta-analysis. Be-

cause the definition of “morbidity” varied in each study, it was

defined as mRS 3–5 or Glasgow Outcome Score 2–3 at discharge

or follow-up of �3 months. The corresponding 95% CIs for sin-

gle proportions were determined with the binomial theorem.

Heterogeneity across studies in the meta-analysis was assessed by

using the I2 test, in which �40% is considered substantial hetero-

geneity. Sources of heterogeneity were appraised by subgroup

stratification analysis based on the method of antiplatelet therapy.

Between-group heterogeneity values were calculated to assess the

variance of the distribution of the true effect sizes among sub-

groups, and a P value of � .05 was considered statistically

significant.

Risk Ratio of Periprocedural Complications of Stent-Assisted
Coiling in RIA Relative to UIA. To evaluate the difference in com-

plication rates of stent-assisted coiling between RIA and UIA, we

selected studies containing data from both RIAs and UIAs from

studies including previous event-rate analyses. Studies containing

�10 cases in each group or studies in which antiplatelets were

administered after the procedure in stent-assisted coiling for UIA

were excluded from the review.

Meta-analysis was conducted to compare periprocedural

complications and procedure-induced mortality between RIA

and UIA groups. Meta-analysis was performed by using

Review Manager (Version 5.3; http://review-manager.software.

informer.com/5.3/). Complications and mortality were reported

with a risk ratio (RR) and forest plot by using Mantel Haenszel

random-effects models. Heterogeneity across studies in the meta-

analysis was assessed by using the I2 test. Subgroup analyses also

were performed by the method of antiplatelet administration.

RESULTS
Study Characteristics
A total of 8476 studies were identified during the initial search. Of

these, 33 studies with 1090 participants were pertinent.7,9,12-42

Figure 1 is the flow diagram summarizing the literature search

results. There were no randomized clinical trials in the selected

studies. Three studies were prospective registry studies, and 30

were retrospective observational studies. Nineteen studies in-

cluded subjects who received stent-assisted coiling for both UIA
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and RIA, while 14 studies included only RIA cases (On-line

Table).

Characteristics of Cohorts, Antiplatelet Method, and
Endovascular Procedures
Initial clinical status could be extracted from 726 patients in 22

studies. Five hundred fifty-one patients (75.9%) had good initial

clinical grades (Hunt and Hess or World Federation of Neurolog-

ical Surgeons grades 1–3), and 175 patients (24.1%) had bad ini-

tial clinical grades (Hunt and Hess or World Federation of Neu-

rological Surgeons grades 4 and 5).

In all 33 studies, antiplatelet therapy for stent-assisted coiling

of RIA followed the preset protocol identified in each study.

Eleven studies (331 patients) administrated a loading dose of clas-

sic dual antiplatelet agents (aspirin and clopidogrel) at least 2

hours before the start of the procedure. Seventeen studies (560

patients) administered a loading dose of dual antiplatelet agents

after completion of the endovascular procedure or postproce-

dural dual antiplatelet agents with intraprocedural administra-

tion of a kind of antiplatelet agent. The other 5 studies (199

patients) used the modified method by using intravenous admin-

istration of glycoprotein IIb/IIIa inhibitor (eptifibatide in 3 and

tirofiban in 2 studies) after stent deployment. In all studies, anti-

coagulation treatments with heparin were maintained during the

endovascular procedure, except the cases with extravasation on

the intraprocedural angiogram. We classified the enrolled studies

into 3 groups based on different methods of antiplatelet adminis-

tration: the preprocedural, postprocedural, and modified anti-

platelet administration group.

Pooled Incidence of Periprocedural Complications
TEC and intra- and postprocedural hemorrhage rates were avail-

able in all 33 enrolled studies. Periprocedural TECs occurred in

108 patients (event rate: 11.2%; 95% CI, 9.2%–13.6%; I2 � 1%).

In the subgroup analysis, the event rates of TEC in preprocedural,

postprocedural, and modified antiplatelet groups were 7.4%

(95% CI, 5.0%–11.0%; I2 � 0%), 12.3.0% (95% CI, 9.2%–16.4%;

I2 � 21%), and 13.9% (95% CI, 9.7%–19.5%; I2 � 0%), respec-

tively. The between-group heterogeneity was significant (P �

.046). An intraprocedural hemorrhage occurred in 46 patients

(event rate: 5.4%; 95% CI, 4.1%–7.2%; I2 � 0%), and event rates

in the preprocedural, postprocedural, and modified antiplatelet

groups were 5.3% (95% CI, 3.3%– 8.5%; I2 � 0%), 4.9% (95% CI,

3.3%–7.4%; I2 � 0%), and 8.8% (5.2%–14.4%; I2 � 29%). The

overall event rate of postprocedural hemorrhage was 3.6% (95%

CI, 2.6%–5.1%; I2 � 0%), and subgroup event rates of preproce-

dural, postprocedural, and modified antiplatelet groups were

2.9% (95% CI, 1.4%–5.9%; I2 � 0%), 3.9% (95% CI, 2.5%– 6.3%;

I2 � 0%), and 3.7% (1.7%–7.9%; I2 � 0%). There was no signif-

icant difference between groups in these 2 hemorrhagic

complications.

Morbidity was extracted from 22 studies, and it was mea-

sured at 3– 6 months in 5 studies, at discharge in 11 studies, and

at an unspecified time (such as “last follow-up”) in 6 studies.

Mortality was extracted from 28 studies. Pooling of morbidity

and mortality yielded substantial heterogeneity (I2 � 54% and

56%). In the subgroup analysis, substantial heterogeneity was

shown only in the preprocedural antiplatelet groups, and the

event rate of morbidity in this subgroup was 9.3% (95% CI,

6.2%–13.7%; I2 � 0%). Ranges of incidences of morbidity in

the postprocedural and modified antiplatelet group were

3.1%– 49.2% and 2.9%–20.0%. The pooling mortality rates of

pre- and postprocedural antiplatelet groups were 9.8% (95%

CI, 5.7%–16.4%; I2 � 37%) and 13.4% (95% CI, 9.3%–19.0%;

I2 � 38%). The mortality range of the modified antiplatelet

group was 4.3%–36.0%. Although significant between-group

heterogeneity was present in both morbidity and mortality,

these findings were ignored due to the heterogeneity within

each subgroup.

Risk Ratio of Periprocedural Complications of Stent-
Assisted Coiling in RIA Relative to UIA
Thirteen studies were enrolled in this analysis to assess the risk

ratio of periprocedural complications of stent-assisted coiling

in RIA compared with UIA. There were 505 patients in the RIA

group and 1790 patients in the UIA group. These studies were

composed of 5 preprocedural, 5 postprocedural, and 3 modi-

fied antiplatelet groups. We did not address the meta-analysis

regarding postprocedural hemorrhage and morbidity because

of too many inestimable studies.

TEC occurred more frequently in patients with RIAs with

stent-assisted coiling than in patients with UIAs with stent-

assisted coiling (RR, 2.25; 95% CI, 1.43–3.55; I2 � 33%). The

risk of intraprocedural hemorrhage (RR, 5.03; 2.42–10.45; I2 �

0%) and mortality (RR, 7.39; 95% CI, 3.40 –16.03; I2 � 39%)

was also higher in the RIA than in the UIA group (Fig 2).

In the preprocedural and modified antiplatelet groups, the

TEC risk in RIA was not significantly different from that in UIA

(RR, 1.34; 95% CI, 0.59 –3.06; I2 � 0%; and RR, 1.65; 95% CI,

0.96 –2.85; I2 � 0%). However, TEC occurred more frequently in

FIG 1. PRISMA flow diagram summarizing the search and selection of
articles.
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RIA than in UIA in the postprocedural antiplatelet group (RR,

4.54; 95% CI, 2.61–7.89; I2 � 5%) (Fig 2A). Subgroup analysis for

intraprocedural hemorrhage showed that the postprocedural an-

tiplatelet group had significantly higher rates (RR, 6.68; 95% CI,

2.31–19.36; I2 � 0%) in RIA compared with UIA (Fig 2B). Sub-

group analysis for intraprocedural hemorrhage of the preproce-

dural antiplatelet group yielded substantial heterogeneity (I2 �

54%). Subgroup analysis for mortality showed that it was signifi-

cant higher in RIA relative to UIA in both pre- and postproce-

dural antiplatelet groups (RR, 7.64; 95% CI, 1.95–29.94; I2 �

28%; and RR, 13.44; 95% CI, 5.14 –35.17; I2 � 0%) (Fig 2C).

Because results of the meta-analyses for modified-antiplatelet

groups showed heterogeneity (I2 � 76%) in intraprocedural hem-

orrhage and mortality, we did not present these with forest

plots.

DISCUSSION
In terms of endovascular treatment of RIA, many clinicians

were concerned about the potential risk of the neck-remodel-

ing technique, such as the complexity of the procedure, throm-

botic risk, and antithrombotic drugs. Several studies such as

CLARITY (Clinical and Anatomic Results in the Treatment of

Ruptured Intracranial Aneurysms) reported that in treatment

of ruptured aneurysms, the remodeling technique was as safe

as conventional coil embolization and had higher rates of ad-

FIG 2. Forest plots showing the risk ratio for complications and the
mortality of stent-assisted coiling comparing RIA and UIA. Effect sizes
are plotted with 95% CIs. A, Forest plots for TEC. From uppermost to
lowest, plots for the pooled studies and preprocedural, postproce-
dural, and modified antiplatelet subgroups. B, Forest plots for intra-
procedural hemorrhage. The upper plot is for pooled studies, and
lower one is for the postprocedural antiplatelet subgroup. C (next
page), Forest plots for mortality. Starting with the uppermost, plots
for the pooled studies and pre- and postprocedural antiplatelet
subgroups.
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equate postoperative occlusion.43 However, this assertion did

not have enough evidence to end the concern about the risk of

stent-assisted coiling in ruptured aneurysms. In this systematic

review, the pooled incidence of TEC and periprocedural hem-

orrhages in stent-assisted coiling of RIA varied from 3.6% to

11.3%, which was higher than the complication rates that have

been previously reported in large randomized trials of the coil

embolization of RIA.44,45

Despite the present review, stent-assisted coiling for UIA is

now accepted as a safe treatment option. Several studies demon-

strated that the complication risk of stent-assisted coiling was not

significantly higher than that in coil-alone treatment, though

stented aneurysms usually have more difficult morphology than

coil-alone aneurysms.46-49 Most important, the stent-assisted

coiling has a high rate of adequate occlusion, leading to a decrease

in the recanalization rate in mid- or long-term follow-up.48,50 The

situation of acutely ruptured aneurysms makes it difficult to guar-

antee that the safety of stent-assisted coiling is the same as that for

coiling alone, and research should be focused on finding more

safe ways to implement stent-assisted coiling in RIA. In this re-

gard, antiplatelet medication use during endovascular RIA man-

agement is of considerable interest to clinicians because it can

elevate the risk of hemorrhagic complications while preventing

TEC. Nevertheless, this review showed that there was little con-

sensus about the safe timing of antiplatelet administration that

minimizes the complications in stent-assisted coiling of RIA. The

methods of antiplatelet therapy varied depending on the institu-

tions, and no high-quality evidence supports the various

methods.

The result of subgroup analysis showed that the event rate

of TEC varied among the different methods of antiplatelet ad-

ministration. These findings support the presumption that the

complications in stent-assisted RIA can be affected by the

method of antiplatelet administration. That stent-assisted

coiling for RIA has higher complication and mortality rates

than for UIA is easily predictable. This meta-analysis also

showed that the pooled risk of complication and mortality

rates was significantly higher in RIA than UIA. However, in the

preprocedural antiplatelet subgroup, the risk of TEC was not

different between RIA and UIA. These results were contrary to

the higher prevalence of RIA compared with UIA in the post-

procedural antiplatelet analysis and suggested that preproce-

dural administration of antiplatelets might reduce the risk of

TECs during stent-assisted coiling of RIA. Unfortunately, this

study could not reveal which antiplatelet method could reduce

the risk of hemorrhagic complications.

The present study has several limitations. First, this review was

unable to include a well-designed case-control prospective study; we

could not find enough studies that compared different antiplatelet

therapies or complication risks between stent-assisted coiling and

simple coiling for RIA to get statistically significant results. Therefore,

our inferences were indirectly suggested from comparisons between

the stent-assisted coiling of RIA and UIA. Second, although the se-

verity of morbidity can vary depending on the type of complications,

this analysis did not address the impact of the associated surgical

procedures that complicate the risk of hemorrhage and hemorrhage-

related morbidity that may result from antiplatelet use. Finally, this

review also has the common limitations that threaten the validity of

systematic reviews, such as publication bias and the generalization of

results from different reviews. The retrospective nature of most in-

cluded studies affected the availability of some variables in some

studies and resulted in the absence of standardized definitions for

available variables.

CONCLUSIONS
Although various methods of antiplatelet administration have been

used in published articles, there is little consensus regarding the ap-

propriate and safe timing for the administration of antiplatelet

agents. However, this study revealed that the clinical results of stent-

assisted coiling for RIA would be affected by antiplatelet administra-

tion. Therefore, reliable guidelines for antiplatelet therapy in stent-

assisted coiling for RIA should be determined by the results of future

research. The results of this systematic review can guide future pro-

spective case-control study design to identify more appropriate anti-

platelet therapy in stent-assisted coiling of RIA.

FIG 2. Continued
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ORIGINAL RESEARCH
INTERVENTIONAL

HydroCoils Are Associated with Lower Angiographic
Recurrence Rates Than Are Bare Platinum Coils in Treatment of
“Difficult-to-Treat” Aneurysms: A Post Hoc Subgroup Analysis

of the HELPS Trial
W. Brinjikji, P.M. White, H. Nahser, J. Wardlaw, R. Sellar, A. Gholkar, H.J. Cloft, and D.F. Kallmes

ABSTRACT

BACKGROUND AND PURPOSE: The HydroCoil Endovascular Aneurysm Occlusion and Packing Study was a randomized controlled trial
that compared HydroCoils to bare platinum coils. Using data from this trial, we performed a subgroup analysis of angiographic and clinical
outcomes of patients with “difficult-to-treat” aneurysms, defined as irregularly shaped and/or having a dome-to-neck ratio of �1.5.

MATERIALS AND METHODS: Separate subgroup analyses comparing outcomes of treatment with HydroCoils to that of bare platinum
coils were performed for the following: 1) irregularly shaped aneurysms, 2) regularly shaped aneurysms, 3) aneurysms with a dome-to-neck
ratio of �1.5, and 4) aneurysms with a dome-to-neck ratio of �1.5. For each subgroup analysis, the following outcomes were studied at the
last follow-up (3–18 months): 1) any recurrence, 2) major recurrence, 3) re-treatment, and 4) an mRS score of �2. Multivariate logistic
regression analysis was performed to determine if the HydroCoil was independently associated with improved outcomes in these
subgroups.

RESULTS: Among the patients with an irregularly shaped aneurysm, the HydroCoil was associated with lower major recurrence rates than
the bare platinum coils (17 of 66 [26%] vs 30 of 69 [44%], respectively; P � .046). Among the patients with an aneurysm with a small
dome-to-neck ratio, the HydroCoil was associated with lower major recurrence rates than the bare platinum coils (18 of 73 [24.7%] vs 32 of
76 [42.1%], respectively; P � .02). No difference in major recurrence was seen between HydroCoils and bare platinum coils for regularly
shaped aneurysms (42 of 152 [27.6%] vs 52 of 162 [32.1%], respectively; P � .39) or aneurysms with a large dome-to-neck ratio (41 of 145 [28.3%]
vs 50 of 155 [32.3%], respectively; P � .53).

CONCLUSIONS: This unplanned post hoc subgroup analysis found that HydroCoils are associated with improved angiographic outcomes
in the treatment of irregularly shaped aneurysms and aneurysms with a dome-to-neck ratio of �1.5. Because this was a post hoc analysis,
these results are not reliable and absolutely should not alter clinical practice but, rather, may inform the design of future randomized
controlled trials.

ABBREVIATIONS: D/N � dome-to-neck ratio; HELPS � HydroCoil Endovascular Aneurysm Occlusion and Packing Study

The HydroCoil Endovascular Aneurysm Occlusion and Pack-

ing Study (HELPS) was a randomized controlled trial that

compared the rate of clinical and angiographic outcomes in pa-

tients treated with the HydroCoil Embolic System (MicroVen-

tion, Tustin, California) and those treated with bare platinum

coils.1 This study found a statistically significant lower rate of

major recurrence among aneurysms treated with the HydroCoil

(a secondary trial outcome) but found no difference in the rates of

trial primary composite outcome, which was a composite mea-

sure of adverse outcomes including major aneurysm recurrence at

18 months after treatment and procedure-related deaths and

morbidity that resulted in the patients not having follow-up

angiography.

Hydrogel coils are manufactured with an expansile hydrogel

that has been shown to result in improved aneurysm filling when

compared with bare platinum coils.2 Experimental models have

suggested that hydrogel-coated coils are more effective in filling

areas of potential aneurysm growth, such as aneurysm rupture

points, lobulations, and daughter sacs, and along the aneurysm

neck.3-5 Aneurysms with a small dome-to-neck ratio (D/N)

(�1.5) and lobulated/irregularly shaped aneurysms have been

identified as difficult to coil and at high risk of recanalization after
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coil embolization with bare platinum coils.6 On the basis of find-

ings from experimental models, we hypothesized that HydroCoils

would result in a significantly lower rate of aneurysm recurrence

than would bare platinum coils in “difficult-to-treat” aneurysms,

defined as irregularly shaped aneurysms and aneurysms with a

D/N of �1.5. We evaluated this hypothesis by using data from the

HELPS trial and performing the following subgroup analyses:

1) analysis of angiographic and clinical outcomes in treatment

groups of patients with an irregularly or regularly shaped an-

eurysm treated with the HydroCoil versus those treated with a

bare platinum coil and 2) analysis of angiographic and clinical

outcomes of patients with a small D/N (�1.5) aneurysm or

large D/N (�1.5) aneurysm treated with the HydroCoil versus

those treated with a bare platinum coil. Because this was not a

prespecified subgroup analysis, it is important to mention that

the results of this study should not be used to alter clinical

management but, rather, to inform the design of future clinical

trials.

MATERIALS AND METHODS
Patient Population
The HELPS trial enrolled patients from 24 centers in 7 countries.

Enrolled were patients 1) with a previously untreated intracranial

aneurysm of 2–25 mm in maximum diameter, 2) aged 18 –75

years, 3) determined by a neurovascular team to benefit from

coiling, 4) who were not pregnant, 5) who had anatomy such that

endovascular occlusion was deemed possible, 6) who had not

been previously enrolled in another trial, and 7) whom the neu-

rointerventionist performing the surgery was content or willing to

randomly assign to bare platinum or HydroCoil Embolic System

coils. Patients who had more than one aneurysm that required

treatment in one procedure were excluded. Details regarding in-

formed consent, ethics approval, the coiling procedures, random-

ization techniques, baseline demographics, and data handling are

shown elsewhere.1,7

For the purposes of this analysis, we identified the following

subgroups of patients: 1) patients with an irregularly shaped an-

eurysm, 2) patients with a regularly shaped aneurysm, 3) patients

with an aneurysm with a small D/N (�1.5), and 4) patients with

an aneurysm with a large D/N (�1.5). Analysis of outcomes in

these subgroups was not prespecified in the design of the HELPS

trial. An aneurysm was considered irregularly shaped if it was

multilobulated (ie, bilobed or multilobular). These features were

recorded at the time of randomization, and trial arms were

matched on them as part of the minimization algorithm (also

minimized on aneurysm size, rupture status intention to use a coil

assist device, and randomized in the United States versus any-

where else in the world).7

Outcomes
For each subgroup of patients, the following baseline and proce-

dural characteristics were obtained: sex, age, D/N, rupture status,

use of assist device, aneurysm shape, and baseline World Federa-

tion of Neurosurgical Societies score. For the purposes of this

subgroup analysis, we studied the following individual outcomes:

1) any recurrence, 2) major recurrence, 3) modified Rankin Scale

of �2, and 4) re-treatment. The presence of aneurysm recurrence

was defined as increased contrast filling of an aneurysm by using a

revised 3-point Montreal scale (complete, near-complete, or in-

complete occlusion). A major recurrence was defined as a recur-

rence sufficiently large enough to technically allow placement of

further coils as defined by the core laboratory blind assessment of

angiograms.8 Re-treatment was classified as any further treatment

of the target aneurysm. The mRS assessment was performed by a

postal questionnaire completed by each patient or by his or her

main caretaker and was independent of the interventional team.

The outcomes listed above were studied at the last clinical or an-

giographic follow-up. For each subgroup, we compared the rate

of these outcomes between patients randomly assigned to the Hy-

droCoil group and those randomly assigned to the bare platinum

group.

Statistical Analysis
All means are presented with their corresponding standard devi-

ations. Comparisons between groups of these categoric outcomes

were performed by using the Fisher exact test or ANOVA. Multi-

variate logistic regression analyses were performed to determine if

differences between the HydroCoil and control groups existed for

the following outcomes: 1) any recurrence at last follow-up, 2)

major recurrence at last follow-up, 3) an mRS score of �2 at last

follow-up, and 4) re-treatment at last follow-up. Multivariate lo-

gistic regression analyses were performed to determine if coil type

was independently associated with any of the outcomes listed

above for each subgroup. When performing subgroup analysis

according to aneurysm shape, we adjusted for aneurysm size,

D/N, rupture status, and use of an assist device. When performing

the subgroup analysis according to aneurysm D/N, we adjusted

for aneurysm size, shape, rupture status, and use of an assist de-

vice. Statistical analysis was performed by using JMP 10.0 Pro

(www.jmp.com; SAS Institute, Cary, North Carolina).

Role of Funding Source
The study sponsor (MicroVention) had no part in trial design,

data collection, analysis, or reporting, which were organized by

the steering committee. The corresponding author had full access

to all the data and had final responsibility for the decision to

submit for publication.

RESULTS
Patient and Aneurysm Characteristics
Details of baseline patient characteristics for all patients and an-

eurysms treated in the HELPS trial were described previously.1

One hundred fifty-three aneurysms (30.7%) were irregular in

shape, and 346 aneurysms (69.3%) were regular in shape. When

comparing patient characteristics according to aneurysm shape,

there was no difference in the proportion of aneurysms in each

group that had recently ruptured; 56.9% of the irregularly shaped

aneurysms (87 of 153) and 51.6% of the regularly shaped aneu-

rysms (179 of 346) had recently ruptured (P � .29). There was a

higher proportion of small aneurysms in the irregularly shaped

aneurysm group (36.6% [56 of 153]) than in the regularly shaped

aneurysm group (20.8% [72 of 346]) and, correspondingly, a

higher proportion of large aneurysms in the regularly shaped an-

eurysm group (19.3% [67 of 346]) than in the irregularly shaped
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aneurysm group (10.5% [16 of 153]) (P � .0003). However, the

overall mean maximum aneurysm dimension was higher in the ir-

regularly shaped aneurysm group than in the regularly shaped aneu-

rysm group (8.9 � 3.7 vs 7.5 � 3.2 mm, respectively; P � .0001).

These data are summarized in Table 1.

One hundred sixty-four aneurysms had a D/N of �1.5

(32.9%), and 335 aneurysms (67.1%) had a D/N of �1.5. The

proportions of recently ruptured aneurysms were similar in the

small D/N group (51.2% [84 of 164]) and the large D/N group

(54.2% [182 of 335]; P � .57). As expected, patients in the small

D/N group were more likely to have had an assist device used than

those in the large D/N group (55.6% [90 of 164] vs 40.4% [133 of

335], respectively; P � .002). The distributions of aneurysm sizes

were similar between groups (P � .05); however, the overall mean

aneurysm size was lower in the small D/N group than in the large

D/N group (7.2 � 3.1 vs 8.2 � 3.5 mm, respectively; P � .001).

These data are summarized in Table 2.

Univariate Outcomes According to Aneurysm Shape
For irregularly shaped aneurysms, HydroCoil treatment was as-

sociated with significantly lower rates of any angiographic recur-

rence than treatment with a bare platinum coil (34.9% [23 of 66]

vs 59.4% [41 of 69], respectively; P � .004) and a significantly

lower rate of major recurrence (25.8% [17 of 66] vs 43.5% [30 of

69], respectively; P � .046). There was no difference in re-treat-

ment rates between the HydroCoil and bare platinum groups

(2.6% [2 of 76] vs 3.9% [3 of 77], respectively; P � .66). The rates

of good neurologic outcome were similar in the HydroCoil and

bare platinum groups (90.0% [63 of 70] vs 86.3% [63 of 73],

respectively; P � .61).

For regularly shaped aneurysms, there was no difference in the

rates of any recurrence between the HydroCoil and bare platinum

groups (43.0% [65 of 151] vs 46.3% [75 of 162], respectively; P �

.57) or in the rates of major recurrence (27.6% [42 of 152] vs

32.1% [52 of 162], respectively; P � .39). There was no difference

in re-treatment rates between the HydroCoil and bare platinum

groups (2.3% [4 of 173] vs 4.6% [8 of 173], respectively; P � .26).

The rates of good neurologic outcome were similar in the Hydro-

Coil and bare platinum groups (87.0% [141 of 162] vs 89.0% [146

of 164], respectively; P � .58). These data are summarized in

Table 3.

Univariate Outcomes According to Aneurysm Dome-to-
Neck Ratio
For aneurysms with a small D/N, HydroCoil treatment was asso-

ciated with significantly lower rates of any angiographic recur-

rence than treatment with a bare platinum coil (35.6% [26 of 73]

vs 55.3% [42 of 76], respectively; P � .02) and a significantly lower

rate of major recurrence (24.7% [18 of 73] vs 42.1% [32 of 76],

respectively; P � .02). There was no difference in re-treatment

rates between the HydroCoil and bare platinum groups (1.2% [1

of 83] vs 3.7% [3 of 81], respectively; P � .36). The rates of good

neurologic outcome were similar in the HydroCoil and bare plat-

inum groups (88.3% [68 of 77] vs 89.7% [70 of 78], respectively;

P � .80).

For aneurysms with a large D/N, there was no difference in the

rates of any recurrence between the HydroCoil and bare platinum

groups (43.1% [62 of 144] vs 47.7% [74 of 155], respectively; P �

.49) or the rates of major recurrence (28.3% [41 of 145] vs 32.3%

Table 1: Characteristics of patients with an irregularly or regularly
shaped aneurysm

Characteristic
Irregularly

Shaped
Regularly
Shaped P

No. (%) 153 (30.7) 346 (69.3)
Mean (SD) age, y 52.3 (11.8) 52.1 (11.6) .86
Female, no. (%) 108 (70.6) 243 (70.0) .92
Recently ruptured, no. (%) 87 (56.9) 179 (51.6) .29
Assist device used, no. (%) 79 (52.3) 144 (42.4) .05
Small D/N ratio, no. (%) 43 (28.1) 121 (34.9) .15
Aneurysm size, no. (%)

Small 56 (36.6) 72 (20.8) .0003
Medium 81 (52.9) 208 (59.9)
Large 16 (10.5) 67 (19.3)

Mean (SD) size, mm 8.9 (3.7) 7.5 (3.2) �.0001
WFNS score, no. (%)

0 62 (40.5) 156 (45.0) .38
I 73 (47.7) 161 (46.4)
II 16 (10.5) 26 (7.5)
III 1(0.7 4 (1.2)
VI 1 (0.7) 0 (0.0)

Note:—D/N indicates dome-to-neck ratio; WFNS, World Federation of Neurosur-
gical Societies.

Table 2: Characteristics of patients with a small D/N aneurysm
versus those with a large D/N aneurysm

Characteristic

D/N

PSmall Large
Total patients, no. (%) 164 (32.9) 335 (67.1)
Mean (SD) age, y 52.5 (11.4) 51.9 (11.7) .64
Female, no. (%) 118 (72.0) 233 (69.4) .6
Recently ruptured, no. (%) 84 (51.2) 182 (54.2) .57
Assist device used, no. (%) 90 (55.6) 133 (40.4) .002
Irregular shape, no. (%) 121 (73.8) 226 (67.3) .15
Aneurysm size, no. (%)

Small 36 (22.0) 47 (14.0) .05
Medium 93 (56.7) 196 (58.3)
Large 35 (21.3) 93 (27.7)

Mean (SD) size, mm 7.2 (3.1) 8.2 (3.5) .001
WFNS, no. (%)

0 76 (46.3) 142 (42.3) .51
I 71 (43.3) 163 (48.5)
II 14 (8.5) 28 (8.3)
III 3 (1.8) 2 (0.6)
VI 0 (0.0) 1 (0.3)

Table 3: Univariate outcomes according to aneurysm shape

Outcome

Irregularly Shaped Regularly Shaped

HydroCoil, n/N (%) Bare Platinum, n/N (%) P HydroCoil, n/N (%) Bare Platinum, n/N (%) P
Good neurologic outcome 63/70 (90.0) 63/73 (86.3) .61 141/162 (87.0) 146/164 (89.0) .58
Any recurrence 23/66 (34.9) 41/69 (59.4) .004 65/151 (43.0) 75/162 (46.3) .57
Major recurrence 17/66 (25.8) 30/69 (43.5) .046 42/152 (27.6) 52/162 (32.1) .39
Re-treatment 2/76 (2.6) 3/77 (3.9) .66 4/173 (2.3) 8/173 (4.6) .26
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[50 of 155], respectively; P � .53). There was no difference in

re-treatment rates between the HydroCoil and bare platinum

groups (3.0% [5 of 166] vs 4.7% [8 of 169], respectively; P � .57).

The rates of good neurologic outcome were similar in the Hydro-

Coil and bare platinum groups (87.7% [136 of 155] vs 87.4% [139

of 159], respectively; P � 1.00). These data are summarized in

Table 4.

Multivariate Analysis
When we adjusted for aneurysm size, D/N, rupture status, and use

of an assist device in the irregularly shaped aneurysm subgroup,

use of the HydroCoil was associated with decreased odds of any

recurrence (OR, 0.34 [95% CI, 0.19 – 0.89]; P � .003) and de-

creased odds of major recurrence (OR, 0.42 [95% CI, 0.19 – 0.89];

P � .02). There was no difference in the odds of good neurologic

outcome (OR, 1.56 [95% CI, 0.55– 4.69]; P � .40) or re-treatment

(OR, 0.57 [95% CI, 0.07–3.76]; P � .56).

In the regularly shaped aneurysm subgroup, HydroCoils were

not associated with any improvement in the odds of any recur-

rence (OR, 0.87 [95% CI, 0.54 –1.39]; P � .55), major recurrence

(OR, 0.79 [95% CI, 0.47–1.32]; P � .36), good neurologic out-

come (OR, 0.81 [95% CI, 0.41–1.59]; P � .54), or re-treatment

(OR, 0.45 [95% CI, 0.11–1.49]; P � .19) when we compared

HydroCoils with bare platinum coils. These data are summarized

in Table 3.

When we adjusted for aneurysm size and shape, rupture sta-

tus, and use of an assist device in the small D/N aneurysm sub-

group, the use of HydroCoils was associated with decreased odds

of any recurrence (OR, 0.44 [95% CI, 0.22– 0.87]; P � .02) and

major recurrence (OR, 0.42 [95% CI, 0.19 – 0.89]; P � .02) in the

treatment of aneurysms with a small D/N. There was no differ-

ence in good neurologic outcomes (OR, 0.81 [95% CI, 0.29 –

2.28]; P � .69) or re-treatment rates (OR, 0.26 [95% CI, 0.01–

2.16]; P � .22).

For the large D/N aneurysm subgroup, HydroCoils were not

associated with any significant improvement in the odds of any

recurrence (OR, 0.78 [95% CI, 0.48 –1.26]; P � .32), major recur-

rence (OR, 0.79 [95% CI, 0.47–1.33]; P � .38), good neurologic

outcome (OR, 1.04 [95% CI, 0.53–2.06]; P � .91), or re-treatment

(OR, 0.61 [95% CI, 0.18 –1.87]; P � .38). These data are summa-

rized in Table 4.

DISCUSSION
In this unplanned post hoc subgroup analysis of patients in the

HELPS trial, we found that embolization with the HydroCoil,

compared with a bare platinum coil, was associated with signifi-

cantly lower rates of any recurrence and major recurrence in an-

eurysms with a small D/N and irregularly shaped aneurysms. This

improvement was seen on the univariate analysis and when we

adjusted for confounding variables such as aneurysm size, use of

adjunctive devices, and aneurysm rupture status, all of which are

independently associated with propensity for aneurysm recur-

rence. No difference was seen between HydroCoils and bare plat-

inum coils in the treatment of aneurysms with a large D/N and

regularly shaped aneurysms. These findings are important, be-

cause patients with irregularly shaped aneurysms and aneurysms

with a small D/N are generally at a higher risk of recurrence; thus,

identifying safe and effective endovascular treatments for such

aneurysms is of utmost importance.

A number of previous studies have found that aneurysms with

a small D/N and irregularly shaped aneurysms are more difficult

to treat and at higher risk of recurrence after endovascular coiling

with bare platinum coils than aneurysms with a large D/N and

regularly shaped aneurysms, respectively.6,9-12 This analysis on

the HELPS control arm confirms these as risk factors for recur-

rence. Aneurysms with a small D/N are prone to have neck rem-

nants after coiling, which can result in recanalization of the aneu-

rysm, because they are exposed to high wall shear stress and

blood-flow velocities.13,14 Irregular aneurysm geometries also

present a challenge in endovascular coiling. Aneurysms with

daughter sacs or multilobular configurations are prone to higher

rates of growth and rupture.15,16 Because of this tendency, achiev-

ing high packing attenuations in such aneurysms may be impor-

tant for sufficiently reducing intra-aneurysmal blood-flow veloc-

ity and wall shear stress to prevent further growth of such weak

points within the aneurysm.17

There are a number of potential reasons why HydroCoils were

independently associated with reduced recurrence rates in the

treatment of wide-neck and irregularly shaped aneurysms. As

mentioned previously, irregularly shaped aneurysms with multi-

lobular configurations or daughter sacs have been shown to be

more likely to grow and rupture. Because HydroCoils are de-

signed with an expansile hydrogel that fills more of the aneurys-

mal lumen than platinum coils, they provide higher rates of an-

eurysm packing.18,19 By expanding and achieving higher packing

attenuations, HydroCoils may allow for increased conformation to

geometric irregularities of intracranial aneurysms, such as aneurysm

rupture points.3 The expansile property of these coils likely explains

why the recurrence rates for aneurysms with a small D/N treated with

HydroCoils were lower than for those treated with bare platinum

coils. Histologic studies in humans and rabbits have shown that

HydroCoils are more effective at sealing the aneurysm neck.4,20

Killer et al21 found that HydroCoils resulted in higher rates of

angiographic and histologic occlusion at both the aneurysm neck

and the dome, which increased over time.

Bare platinum and modified coils have been compared in a

number of studies. One meta-analysis of 82 studies found no dif-

Table 4: Univariate outcomes according to aneurysm D/N

Outcome

Small D/N Large D/N

HydroCoil, n/N (%) Bare Platinum, n/N (%) P HydroCoil, n/N (%) Bare Platinum, n/N (%) P
Good neurologic outcome 68/77 (88.3) 70/78 (89.7) .80 136/155 (87.7) 139/159 (87.4) 1.00
Any recurrence 26/73 (35.6) 42/76 (55.3) .02 62/144 (43.1) 74/155 (47.7) .49
Major recurrence 18/73 (24.7) 32/76 (42.1) .02 41/145 (28.3) 50/155 (32.3) .53
Re-treatment 1/83 (1.2) 3/81 (3.7) .36 5/166 (3.0) 8/169 (4.7) .57
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ference in angiographic outcomes between bare platinum coils,

HydroCoils, and Cerecyte coils (Codman Neurovascular, Rayn-

ham, Massachusetts).22 However, no subgroup analyses were per-

formed to examine the relative benefits of modified coils in easily

identified difficult-to-treat subgroups, such as wide-neck or irreg-

ularly shaped aneurysms. Single-center studies have found that,

when compared with bare platinum coils, HydroCoils are associ-

ated with decreased recurrence rates; however, none was a ran-

domized controlled trial, and many were too small for subgroup

analyses to define which patients may benefit most from Hydro-

Coil treatment.23,24 The HELPS trial found 8.6% fewer major

angiographic recurrences for HydroCoil- versus bare platinum–

treated aneurysms (P � .049).1 Clinical trials for other modified

coils, such as the Matrix (Stryker, Kalamazoo, Michigan) and

Cerecyte coils, failed to show any significant benefit for polygly-

colic acid/polyglycolic/polylactic acid–modified versus bare plat-

inum coils.11,25 Our data suggest that hydrogel-modified coils are

more beneficial in certain subsets of patients and aneurysms; re-

currence rates were reduced 17%–18% in patients with an aneu-

rysm with a small D/N or an irregularly shaped aneurysm.

Our study had several limitations. First, because this was not a

prespecified subgroup analysis for the HELPS trial, these data

should not necessarily alter clinical practice but, rather, serve as a

guide for the design of future trials comparing modified with bare

platinum coils in reducing aneurysm recurrence rates. No fol-

low-up data on aneurysm recurrence and re-treatment were avail-

able beyond 18 months. Given this significantly higher rate of

major recurrence in the small D/N and irregularly shaped aneu-

rysm control groups, it is conceivable that more of these patients

would go on to re-treatment during the long-term follow-up pe-

riod. However, this suggestion is purely speculative. The combi-

nation of low power and lack of consistent follow-up beyond 18

months may have contributed to the lack of statistical significance

in aneurysm re-treatment rates between the groups, despite the

higher rates of major recurrence in the control group. Another

limitation is the fact that there is wide interobserver and intraob-

server variability in assessments of aneurysm geometric irregular-

ities such as dome-to-neck ratio, lobularity, and the presence of

daughter sacs.26 The core laboratory in this study assessed angio-

graphic recurrence but did not assess aneurysm morphology.

Last, we did not study differences in packing attenuation between

groups.

CONCLUSIONS
Our subgroup analysis of the HELPS trial found that treatment of

irregularly shaped and relatively wide-neck aneurysms with Hy-

droCoils was associated with significantly lower major and minor

recurrence rates than treatment with bare platinum coils during

the study period. Because this was not a prespecified analysis,

these results are not reliable enough to alter clinical practice and

should in no way alter the way in which these patients with an

irregularly shaped aneurysm or an aneurysm with a small dome-

to-neck ratio are treated. Rather, these results should guide the

development and design of future randomized controlled trials

on the use of modified coils in the treatment of intracranial aneu-

rysms, because these findings suggest that inclusion of such diffi-

cult-to-treat aneurysms in future clinical trials may help to dem-

onstrate the benefits that modified coils have compared to

conventional bare platinum coils.
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ORIGINAL RESEARCH
INTERVENTIONAL

Wall Mechanical Properties and Hemodynamics of Unruptured
Intracranial Aneurysms

J.R. Cebral, X. Duan, B.J. Chung, C. Putman, K. Aziz, and A.M. Robertson

ABSTRACT

BACKGROUND AND PURPOSE: Aneurysm progression and rupture is thought to be governed by progressive degradation and weakening
of the wall in response to abnormal hemodynamics. Our goal was to investigate the relationship between the intra-aneurysmal hemody-
namic conditions and wall mechanical properties in human aneurysms.

MATERIALS AND METHODS: A total of 8 unruptured aneurysms were analyzed. Computational fluid dynamics models were constructed
from preoperative 3D rotational angiography images. The aneurysms were clipped, and the domes were resected and mechanically tested
to failure with a uniaxial testing system under multiphoton microscopy. Linear regression analysis was performed to explore possible
correlations between hemodynamic quantities and the failure characteristics and stiffness of the wall.

RESULTS: The ultimate strain was correlated negatively to aneurysm inflow rate (P � .021), mean velocity (P � .025), and mean wall shear
stress (P � .039). It was also correlated negatively to inflow concentration, oscillatory shear index, and measures of the complexity and
instability of the flow; however, these trends did not reach statistical significance. The wall stiffness at high strains was correlated positively
to inflow rate (P � .014), mean velocity (P � .008), inflow concentration (P � .04), flow instability (P � .006), flow complexity (P � .019), wall
shear stress (P � .002), and oscillatory shear index (P � .004).

CONCLUSIONS: In a study of 8 unruptured intracranial aneurysms, ultimate strain was correlated negatively with aneurysm inflow rate,
mean velocity, and mean wall shear stress. Wall stiffness was correlated positively with aneurysm inflow rate, mean velocity, wall shear
stress, flow complexity and stability, and oscillatory shear index. These trends and the impact of hemodynamics on wall structure and
mechanical properties should be investigated further in larger studies.

ABBREVIATIONS: MPM � multiphoton microscope; WSS � wall shear stress

Understanding cerebral aneurysm pathogenesis is extremely

important for improving aneurysm evaluation and patient

management.1-3 Numerous previous studies have identified

many factors that potentially contribute to the development, en-

largement, and rupture of intracranial aneurysms.4 However, the

links between these factors and the underlying mechanisms re-

sponsible for the formation, growth, and stabilization or rupture

of cerebral aneurysms is still poorly understood.5,6 It is generally

accepted that the evolution of cerebral aneurysms is driven by

flow-induced progressive degradation of the wall.4,7,8 It has been

suggested that aberrant aneurysmal flow conditions cause en-

dothelial dysfunction, which induces accumulation of cyto-

toxic and proinflammatory substances in the wall and throm-

bus formation that in turn result in the loss of mural cells and

wall degeneration.9,10 This conjecture is supported by histo-

logic analysis of resected human aneurysm tissue.8 Conversely,

on the basis of mechanical testing of tissue samples collected

after aneurysm clipping, Costalat et al11 conjectured that me-

chanical stiffness of the aneurysm wall may be associated with

rupture. Robertson et al12 recently studied human aneurysm

tissues by using a multiphoton microscope (MPM) and found

that mechanical properties and collagen architecture can dif-

fer, even among unruptured aneurysms. However, the connec-

tions between the hemodynamic environment within the an-

eurysm sac and the wall structure and mechanical behavior

have not been studied.
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The purpose of this work was to investigate possible associa-

tions between aneurysmal hemodynamics and wall mechanical

properties in human intracranial aneurysms.

MATERIALS AND METHODS
Clinical, Imaging, and Tissue Data
We analyzed 8 sufficiently large samples (larger than 4�5 mm) from

a series of 15 harvested unruptured intracranial aneurysm domes in

46 patients who underwent elective surgical clipping and provided

consent. Before intervention, each aneurysm was imaged with 3D

rotational angiography. During the intervention, after placing the

clip, the aneurysm dome was resected. Harvested tissue samples were

placed in a prepared vial with 0.9% (weight/volume) saline solution

and transported to the laboratory for analysis within 48 hours. Insti-

tutional review board approval was obtained for patient consent,

handling of patient data, tissue harvesting, and analysis.

Mechanical Testing of Wall Samples
The samples were mechanically tested to failure by using a

custom-designed uniaxial loading system compatible with a mul-

tiphoton microscope that allows simultaneous testing and struc-

tural imaging of tissue samples.13 In particular, because of their

capacity for second harmonic generation, collagen fibers can be

imaged without staining and traditional destructive techniques.

Collagen fibers in the samples were imaged from the luminal (me-

dial) and abluminal (adventitial) sides by using an FV1000 MPE

multiphoton laser scanning microscope (Olympus; Tokyo, Ja-

pan) equipped with a DeepSee Mai Tai Ti-Sapphire laser (Spec-

tra-Physics Mountain View, California) with a 1.12 numeric ap-

erture �25 MPE water-immersion objective at an excitation

wavelength of 870 nm. The second harmonic generation signal

was collected by using a 400-nm emission filter with a �50 spec-

tral bin. All MPM images shown are in a

500- � 500-�m scale. For mechanical

testing, rectangular strips of the aneu-

rysm were cut in the meridional direc-

tion (samples from all aneurysms were

cut to approximately the same size, 4 � 7

mm), gripped by mechanical clamps,

and placed in a bath of 0.9% (weight/

volume) saline at room temperature in

the uniaxial MPM system. Fine-grade

sandpaper was adhered to the grips to

avoid the need for adhesives.13 Speci-

mens were subjected to uniaxial exten-

sion at a speed of 20 �m/s, controlled by

a linear actuator (ANT-25LA; Aerotech,

Pennsylvania), and force was recorded

with a 5-lb load cell (MDB-5; Trans-

ducer Techniques, Rio Nedo Temecula,

California). Force-versus-displacement

curves were obtained after 5 cycles of

preconditioning to 0.3 N and used to

calculate Cauchy stress as a function of

strain. Strain was defined relative to the

configuration of the tissue under a load

of 0.005 N. Additional details on the tis-

sue-handling protocol, mechanical

tests, and MPM imaging were published in a separate article.12

Hemodynamics Modeling
Subject-specific computational fluid dynamics models were con-

structed from preoperative 3D rotational angiography images.14

All aneurysms were located in the anterior circulation. All recon-

structions included the internal carotid artery and were extended

proximally as much as possible to minimize the effect of inlet

boundary conditions on aneurysm hemodynamics. Pulsatile flow

conditions were derived from phase-contrast MR measurements

in healthy subjects.15 Flow waveforms were scaled with the inflow

vessel cross-sectional area to achieve a mean wall shear stress

(WSS) of 15 dyne/cm2 according to the principle of minimum

work (Murray’s law).16 Vessel walls were assumed rigid, and

blood was assumed to be a Newtonian fluid with a density of 1.0

g/cm3 and viscosity of 0.04 poise. The 3D incompressible Navier-

Stokes equations were numerically solved with finite elements on

unstructured grids with a resolution of 0.2 mm and a time step of

0.01 seconds.14

Data Analysis
A number of variables were computed from the computational

fluid dynamics simulations to quantitatively characterize the an-

eurysm hemodynamic environment, including the aneurysm in-

flow rate, aneurysm mean velocity, inflow concentration index,

POD entropy (a measure of stability of the intra-aneurysmal flow

structure), vortex core-line length (a measure of complexity of the

intra-aneurysmal flow pattern), shear concentration index (a

measure of concentration of the WSS distribution), mean WSS,

mean oscillatory shear index, and percent area under low wall

shear stress relative to the parent vasculature. All quantities were

FIG 1. Bottom, Stress-strain relationships. Examples of an aneurysm with stiff walls and low
ultimate strain and stress (CA15) and an aneurysm with softer walls and greater ultimate stress and
ultimate strain (CA26) are highlighted in red and green, respectively. Top, Picture of a sample with
grips before stretching (left) and after it fails (right). Note that the tear occurs near the middle of
the sample, not at the grips.
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calculated as spatial averages over the aneurysm cavity and time

averages over the cardiac cycle. For precise mathematical defini-

tions of these variables and a detailed description of the method-

ology used to compute them, see references 17 and 18.

The stress–strain curves for the aneurysm wall before failure

are largely exponential in nature.12 As such, the curves were clas-

sified into 1 of 4 regions, listed in order of increasing load (shown

in Fig 1): 1) low stress region, in which the wall is highly elastic

(toe region), 2) transition region, 3) high-stress region, with a

nearly linear response, or 4) subfailure region, marked by a de-

crease in slope of the stress–strain curve and ending with failure of

the tissue. The mechanical response was characterized in terms of

the following parameters: 1) low-stress stiffness (slope of a linear

fit for the low-stress region), 2) high-stress stiffness (slope of a

linear fit for the high-stress region), 3) transition strain (strain at

the intersection of the low- and high-stress-stiffness lines), 4) ul-

timate stress (maximum stress before failure), 5) ultimate strain

(the strain corresponding to ultimate stress), and 6) ultimate ten-

sion (engineering) (the product of ultimate stress [engineering]

and unloaded thickness). The ultimate tension provides a mea-

sure of the ability of the wall to withstand loading. In contrast, the

ultimate stress and strain are intrinsic material properties that

characterize failure behavior. Fiber orientation was quantified in

projected stacks of multiphoton images following the method in

reference 13.

Linear regression analysis was performed to explore possible

correlations between hemodynamic variables and wall mechani-

cal properties. All correlations were carried out by using the Py-

thon package SciPy (http://www.scipy.org/).

RESULTS
Mechanical behaviors of the aneurysms are listed in Table 1 and

Fig 1, and their corresponding flow characteristics are given in

Table 2. The correlations for both high-stress stiffness and ulti-

mate strain and hemodynamic variables reached statistical signif-

icance. Table 3 lists the slope of the linear regression, the correla-

tion coefficient (R2), and the P value of the correlation between

each hemodynamic variable and the measured ultimate strain and

high-strain stiffness. For a P value of �.05, the slope of the corre-

sponding linear regression is significantly different from zero with

95% confidence.

The relationships between hemodynamic quantities and ultimate

strain and high-strain wall stiffness are shown in Figs 2 and 3, respec-

tively. The lines correspond to the straight lines fitted by the linear

Table 1: Material properties of harvested human aneurysm tissue samples

Sample No.
Thickness

(mm)
Transition

Strain
Low-Strain

Stiffness (MPa)
High-Strain

Stiffness (MPa)
Ultimate

Strain
Ultimate

Stress (MPa)
Ultimate

Tension (kg/s2)
CA1 0.24 0.16 0.35 12.24 0.30 1.50 285
CA11 0.21 0.11 1.66 2.93 0.26 0.63 105
CA12 0.20 0.28 0.58 14.09 0.42 2.16 320
CA15 0.13 0.02 2.35 24.41 0.05 0.73 90
CA25 0.24 0.26 0.24 6.18 0.51 1.63 280
CA26 0.45 0.22 0.90 5.43 0.57 1.90 580
CA39 0.21 0.24 0.34 6.38 0.44 1.20 183
CA46 0.30 0.24 0.22 9.11 0.38 1.34 300

Table 2: Hemodynamic characteristics of cerebral aneurysms
Sample No. Q (mL/s) ICI VE (cm/s) podent corelen (cm) SCI WSS (dyne/cm2) OSI LSA (%)

CA1 1.52 2.00 9.53 0.31 2.86 4.39 19.57 0.019 49.3
CA11 0.58 0.48 6.68 0.30 1.68 11.58 11.13 0.010 79.7
CA12 0.71 0.65 10.18 0.62 2.84 6.00 25.30 0.025 75.5
CA15 3.52 2.28 23.62 1.03 5.65 3.92 42.87 0.056 59.5
CA25 0.09 0.21 0.98 0.36 0.30 21.70 1.31 0.020 97.1
CA26 0.61 0.70 7.24 0.29 2.80 10.22 14.17 0.016 69.1
CA39 0.99 0.85 8.55 0.17 3.02 4.23 14.38 0.007 40.2
CA46 2.18 1.74 14.11 0.11 1.46 2.80 23.27 0.004 62.3

Note:—Corelen indicates vortex core-line length; ICI, inflow concentration index; LSA, area under low wall shear stress relative to the parent vasculature; OSI, mean oscillatory
shear index; podent, POD entropy; Q, aneurysm inflow rate; SCI, shear concentration index; VE, aneurysm mean velocity; WSS, mean wall shear stress.

Table 3: Linear regression of hemodynamic variables against wall
ultimate strain and material stiffness at high stress (past the toe
region)

Wall Property and
Flow Variable Slope R2 P Value

Ultimate strain
Q �0.12 0.617 .021a

VE �0.019 0.597 .025a

ICI �0.14 0.474 .059
podent �0.36 0.423 .081
corelen �0.067 0.412 .086
SCI 0.011 0.186 .287
WSS �0.010 0.535 .039a

OSI �6.44 0.414 .085
LSA 0.24 0.069 .531

Material stiffness at high stress
Q 5.01 0.659 .014a

VE 1.20 0.717 .008a

ICI 6.44 0.531 .040a

podent 19.9 0.741 .006a

corelen 3.48 0.629 .019a

SCI �0.52 0.227 .232
WSS 0.51 0.813 0.002a

OSI 369.3 0.772 0.004a

LSA �0.101 0.065 0.53

Note:—Corelen indicates vortex core-line length; ICI, inflow concentration index;
LSA, area under low wall shear stress relative to the parent vasculature; OSI, mean
oscillatory shear index; podent, POD entropy; Q, aneurysm inflow rate; SCI, shear
concentration index; VE, aneurysm mean velocity; WSS, mean wall shear stress.
a Statistically significant.
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regression (slope and intercept provided in Table 3). Each correlation

that reached statistical significance is indicated with an asterisk.

The ultimate strain was seen to decrease with increasing aneu-

rysm inflow rate, mean velocity, inflow concentration, flow instabil-

ity, flow complexity, WSS, and oscillatory shear index; whereas it

decreased with increasing concentration of the WSS distribution and

area under low WSS. However, only the associations with inflow rate,

mean velocity, and mean WSS reached statistical significance. Ultimate

stress followed the same trends but did not reach statistical significance

(data not shown).

High-stress wall stiffness increased with inflow rate, mean veloc-

ity, inflow concentration, flow instability, flow complexity, WSS, and

oscillatory shear index, whereas it decreased with the concentration

of the WSS distribution and area under low WSS. The relations to

velocity, flow instability, WSS, and oscillatory shear index reached

statistical significance.

Two aneurysms (CA26 and CA15), representing distinct me-

chanical behaviors, are considered in greater detail in Fig 4 to illus-

trate these trends. In particular, with respect to failure properties, the

wall of CA26 (Fig 1, green curve, and Figs 2 and 3, green circle) had

the largest ultimate strain, largest ultimate tension, and nearly the

largest ultimate stress. The walls of CA15 (Fig 1, red curve, and Figs 2

and 3, red circle) had the lowest ultimate strain, lowest ultimate ten-

sion, and second lowest ultimate stress. With regard to the nature of

the loading curve, CA26 had nearly the lowest stiffness in the high-

stress region. In contrast, the walls of CA15 had the lowest transition

strain and the largest stiffness in the high-stress region. That is, CA26

was stronger with a softer response at high stress than was CA15.

Flow visualizations of CA26 and CA15 along with MPM im-

ages of the collagen fibers of each aneurysm in their unloaded

configurations are shown in Fig 4. Isovelocity surfaces (top-left

frame of each panel) show a stronger inflow stream and larger

intrasaccular velocity in CA15. Flow streamlines (top-center

frame of each panel) also show stronger intrasaccular flow pene-

trating deeper into the cavity of CA15. Vortex core lines (top-right

frame of each panel) indicate a more complex and unstable flow

pattern within CA15. The WSS distribution (bottom-left frame of

each panel) shows higher values and a more irregular WSS distri-

bution in CA15.

The collagen fiber architectures of these 2 aneurysms are

qualitatively different. On the luminal (medial) side, CA26

shows a denser distribution resulting in a smoother and more

FIG 2. Relationships between hemodynamic variables and ultimate wall strain. Each correlation that reached statistical significance (95%
confidence) is marked with an asterisk. In the top-left panel, aneurysms CA26 and CA15, exemplified in Figs 4 and 5, are marked with green and
red circles, respectively. corelen indicates vortex core-line length; ICI, inflow concentration index; LSA, area under low wall shear stress relative
to the parent vasculature; OSI, mean oscillatory shear index; podent, POD entropy; Q, aneurysm inflow rate; SCI, shear concentration index (a
measure of concentration of the wall shear stress distribution); VE, aneurysm mean velocity; WSS, mean wall shear stress.
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homogeneous appearance under the MPM than CA15. On the

abluminal (adventitial) side, the fibers of CA26 appear to have

more than one preferred orientation direction. The fibers seem

to form an interlaced mesh pattern and exhibit a larger degree

of waviness. In contrast, the fibers of CA15 close to the ablu-

minal surface appear to follow approximately a single orienta-

tion without much interlacing, whereas the fibers deeper in the

wall are not unidirectional. Fibers of CA15 exhibit less wavi-

ness and, in general, are thicker. The wall thicknesses were 450

�m in CA26 and 130 �m in CA15.

DISCUSSION
Although it is generally accepted that aneurysm evolution is gov-

erned by progressive degradation of the wall in response to abnormal

hemodynamics,7,8 the detailed mechanisms that drive the degenera-

tion and weakening of the wall remain unknown.5 Previous studies

have identified possible associations between different hemody-

namic factors and aneurysmal rupture.4 However, it is unclear which

parameters are responsible for the mechanisms controlling wall deg-

radation and aneurysm rupture or stabilization.19 Determining the

influence of intra-aneurysmal hemodynamics on wall structure and

strength has the potential to resolve this issue.

A previous study found that rupture site could best be ex-

plained in 8 of 9 aneurysms through an association of thinner

and stiffer walls with regions of abnormally high WSS.20 Re-

sults from our current study seem to support the idea that large

flow activity within the aneurysm, as characterized by high

velocity and inflow rates; high WSS and oscillatory shear index;

and complex unstable flow structures tend to be associated

with lower ultimate strains and stiffer walls. Although trends

with respect to ultimate stress did not reach statistical signifi-

cance, they were in agreement with the trends with respect to

ultimate strain and warrant further study. In addition, the

trends found in this study suggest that increasing the area ex-

posed to low WSS increases the ultimate strain and decreases

the high strain stiffness of an aneurysm wall.

In the low-stress region, collagen fibers are found to straighten

and reorient as they are recruited to load bearing.12 This reorien-

tation can be seen in Fig 5, which displays MPM images of tissue

from CA26 under increasing uniaxial loads and corresponding

histograms of the distribution of fiber orientations calculated af-

terward.21 In the toe region, fibers straighten as the tissue is

loaded. As loading progresses through the transition region, in-

FIG 3. Relationships between hemodynamic variables and wall stiffness at high stress. Each correlation that reached statistical significance (95%
confidence) is marked with an asterisk. In the top-left panel, aneurysms CA26 and CA15, exemplified in Figs 4 and 5, are marked with green and
red circles, respectively. Corelen indicates vortex core-line length; ICI, inflow concentration index; LSA, area under low wall shear stress relative
to the parent vasculature; OSImean, mean oscillatory shear index; podent, POD entropy; Q, aneurysm inflow rate; SCI, shear concentration
index; VE, aneurysm mean velocity; WSSmean, mean wall shear stress.
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FIG 4. Flow and collagen fibers in 2 example aneurysms. Aneurysm CA26 (top) corresponds to the green circles in Figs 2 and 3 and the green curve
in Fig 1, and aneurysm CA15 (bottom) corresponds to the red circles in Figs 2 and 3 and the red curve in Fig 1.
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creasing numbers of fibers are straightened and recruited to load

bearing. Finally, in the high-stress region, small changes in stretch

require large increases in load, consistent with the extensive state

of recruitment of the collagen fibers. Hence, the high-strain stiff-

ness of the tissue reflects the properties of recruited fibers. Stiffer

behavior in the aneurysm wall would suggest a higher density of

collagen fibers or a stiffer collagen fabric, perhaps caused by in-

creased cross-linking. The larger waviness of collagen fibers in

CA26 may explain its increased toe region relative to CA15, which

showed little waviness. The magnitude of ultimate strain is influ-

enced by a number of factors, including the size of the toe region,

high-stress stiffness, and ultimate stress. CA15 failed at a lower

strain relative to that of other samples, consistent with the com-

bined effects of a smaller toe region, greater high-strain stiffness,

and lower ultimate stress. The increased stiffness at high stress in

this sample is consistent with a higher density of abluminal colla-

gen fibers. In contrast, CA26 failed at a higher strain, which is

consistent with its longer toe region, lower high-strain stiffness,

and greater ultimate stress.

Our results suggest that the hemodynamic environment

within the aneurysm sac influences the mechanical behavior of

the aneurysm wall, which in turn strongly depends on the archi-

tecture and quality of collagen fibers. The direct connection be-

tween hemodynamic conditions and collagen architecture has not

yet been explored and is the focus of our ongoing research.

We assessed the connection between global hemodynamic

variables and wall mechanical and failure properties. Such global

hemodynamic characteristics are appealing, because they are less

sensitive to local geometric features. Although this is a sound ap-

proach, local flow properties may cause focal changes to the wall

in some aneurysms, which in principle can be the cause of failure.

Although some of the hemodynamic parameters considered here,

such as shear concentration index, reflect local features, the anal-

ysis was not performed locally. In the future, it would be valuable

to find ways to directly map local mechanical properties to local

hemodynamics to extend the current study.

In this study we considered unruptured aneurysms. Although in

this study we focused on unruptured aneurysms, the unruptured

population seems to harbor a subpopulation of aneurysms vulnera-

ble to rupture.12 Thus, studies of already ruptured aneurysms would

be valuable to determine if the vulnerable subpopulation and rup-

tured aneurysms share the same trends identified in this study.

FIG 5. Abluminal view of collagen fiber recruitment during uniaxial loading of aneurysm sample CA26 (green in Figs 1–3) obtained by using the
uniaxial MPM system. The images were obtained at stretches of 1.0 (A), 1.15 (B), 1.3 (C), and 1.4 (D) and were formed from a projection of stacks over
an approximately 95-�m depth of tissue. E–H, Histograms of fiber-orientation distribution of the MPM images at stretches of 1.0, 1.15, 1.3, and 1.4,
respectively. The horizontal direction on the image is 0°, and the vertical direction is 90° (as shown in A).
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Among ruptured aneurysms, some are known to include a subpop-

ulation with thin hypocellular walls devoid of endothelial cells.22

Hence, this subpopulation of aneurysms may represent a later stage

of aneurysm progression in which the role of hemodynamics is fun-

damentally different from that for the unruptured aneurysm

population.

The current study suffers from some limitations. The trends

reported here need to be confirmed with larger datasets. A num-

ber of idealizations, such as modeling the aneurysm wall as rigid

and blood as a single-phase fluid with constant viscosity, were

imposed in the hemodynamics studies. Our flow conditions were

derived from healthy subjects and scaled with patient-specific in-

flow vessel sizes, but the effects of comorbidities such as hyper-

tension were not considered. Although our assumptions may

have been reasonable,23 the effects of other comorbidities should

be investigated in future studies. In addition, we considered uni-

axial loading, recognizing that in vivo loading is closer to equibi-

axial. This choice was motivated largely by the desire to test the

tissues to failure coupled with the small size of the aneurysm sam-

ples. Nevertheless, to our knowledge, our preliminary results are

the first to show the link between hemodynamics and aneurysm

wall properties and suggest several provocative hypotheses about

the relationship between in vivo hemodynamics, wall structure,

and wall mechanical properties that need to be tested with larger

series of human aneurysm tissue samples.

CONCLUSIONS
In unruptured intracranial aneurysms, wall ultimate strain was

correlated negatively with aneurysm inflow rate, mean velocity,

and mean wall shear stress. Wall stiffness in the high-stress region

was positively correlated with aneurysm inflow rate, mean veloc-

ity, wall shear stress, flow complexity, and in stability.
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ORIGINAL RESEARCH
INTERVENTIONAL

Computerized Angiographic Occlusion Rating for Ruptured
Clipped Aneurysms is Superior to Subjective Occlusion Rating
X A.R. Al-Schameri, X G. Baltsavias, P. Winkler, M. Lunzer, X M. Kral, L. Machegger, F. Weymayr, S. Emich, C. Sherif, and B. Richling

ABSTRACT

BACKGROUND AND PURPOSE: The computerized occlusion rating to estimate angiographic occlusion of embolized aneurysms is
superior to the subjective occlusion rating. In this study, we compared the 2 methods in the analysis of aneurysms clipped after subarach-
noid hemorrhage.

MATERIALS AND METHODS: The pre- and postoperative angiographic images (DSA) of 95 selected patients were analyzed and stratified
in 4 grades (grade 0 for 100%, grade I for �99%–90%, grade II for �89%–70%, grade III for �70% occlusion) by using the subjective
(angiographic) occlusion rating and the computerized (angiographic) occlusion rating. For the subjective occlusion rating, the occlusion rate
was estimated; for the computerized occlusion rating, the “occluded” and “nonoccluded” aneurysm areas were automatically calculated
in square millimeters after outlining the ideal occlusion line.

RESULTS: With the subjective occlusion rating, 75 (78.9%), 12 (12.6%), 7 (7.4%), and 1 (1.1%) and with the computerized occlusion rating 45
(47.4%), 24 (25.3%), 20 (21.0%), and 6 (6.3%) patients had aneurysms stratified to grades 0, I, II and III, respectively. The interobserver variation
was significant with the subjective occlusion rating but not with the computerized occlusion rating. The subjective occlusion rating overestimated
aneurysm occlusion in 30 (31.6%) patients. Mean values were the following: subjective occlusion rating of 97.5 � 6.3% and computerized occlusion
rating of 93.5 � 9.7%; P � � .001. No patient rebled, and 4 patients underwent retreatment during 36 � 38.9 months; the predictive value
(log-rank, Kaplan-Meier) of the subjective and computerized occlusion ratings with respect to retreatment was highly significant for both
methods (subjective occlusion rating: �2, 29.65; P � .001; computerized occlusion rating: �2, 35.57, P � .001).

CONCLUSIONS: The 2 methods showed remarkable differences in the estimation of the angiographic occlusion rates of clipped aneu-
rysms. The clearly lower interobserver variation of the computerized versus subjective occlusion rating may indicate a superiority of the
computerized occlusion rating.

ABBREVIATIONS: COR � computerized (angiographic) occlusion rating; SOR � subjective (angiographic) occlusion rating

Although endovascular embolization is now seen as the first-

line treatment for most ruptured intracranial aneurysms, a

significant percentage of patients have undergone microsurgical

clipping.1 The main advantage of aneurysm clipping is its poten-

tial ability to occlude aneurysms totally and permanently.2 How-

ever, failures in clip placement or stability, due to misinterpreta-

tion of angiograms or surgical findings, may lead to early or late

development of aneurysm remnants, possibly causing recurrent

hemorrhage.3,4 Aneurysm remnants are evaluated and followed

up mostly by angiography. Multiple attempts have been made to

categorize the great variety of different types of aneurysm rem-

nants,2,5-8 but only a few articles have been published concerning

the angiographic assessment details being used to delineate and

quantify aneurysm remnants after aneurysm clipping.2,4,9 All au-

thors based the angiographic assessment on the criterion standard

of the subjective occlusion rating (SOR). We recently advocated

the superiority of the computerized angiographic occlusion rating

(COR) versus subjective occlusion estimations for ruptured em-

bolized aneurysms, due to reduction of subjective estimation bias

and interobserver variations.10 In the present study, COR was

retrospectively applied to a series of 95 patients who underwent

aneurysm clipping after subarachnoid hemorrhage.
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MATERIALS AND METHODS
Patients
From a series of 671 patients treated for aneurysms at the Depart-

ment of Neurosurgery, Paracelsus Private Medical University of

Salzburg, from July 1998 until December 2012, 340 patients un-

derwent clipping. Of those, 232 patients with 310 aneurysms had

a subarachnoid hemorrhage. All patients were operated on by

using standard microsurgical techniques; temporary clipping was

applied on 12 cases. We used Aesculap® Yasargil clips (B.Braun,

Tuttlingen, Germany) in all cases. From these 232 patients, 137

were excluded due to either death before follow-up angiography

(n � 54) or loss to follow-up or missing data (n � 83). Therefore,

95 patients were included for analysis. At the time of the operation

(mean, 3 days after hemorrhage; maximum/minimum, 37/0

days), 76 patients were Hunt and Hess grade 1–2, 14 patients were

Hunt and Hess grade 3, and 5 were Hunt and Hess grades 4 –5

(Tables 1–3). Patient data were retrospectively entered into a

computerized data base.10 From this data base, we extracted

demographic data (name, age, sex), aneurysm location, Fisher

grading, operation date, special circumstances of surgery, and

follow-up data (outcome scores, angiographic results, and

retreatments).

Angiographic Image Selection
In this study, we included only patients with available pre- and

postoperative and follow-up DSA examinations; each of the se-

lected images was taken at the phase of maximum arterial perfu-

sion. Oblique DSA projections were excluded due to inferior

comparability between pre- and postoperative projections, intro-

ducing bias for later image superimposition used in COR. For

SOR, 2 experienced neuroradiologists not involved in the aneu-

rysm treatment and blinded to the patient outcome, indepen-

dently evaluated the angiographic material to minimize bias

caused by image selection and interpretation. For COR, 2 inde-

pendent neurosurgeons not involved in the aneurysm treatment

and blinded to the patient outcome assessed the true anteropos-

terior and lateral views, guaranteeing ideal later image fusion.

Cases of disagreement between the 2 investigators of each assess-

ment technique were settled by consensus.

Subjective Occlusion Rating
To estimate SOR, we had to choose noncontinuous parameters.

In our previous article on coiled aneurysms,10 SOR was estimated

as 100%, 95%, 90%, 80%, 70%, and 60%. For clipped aneurysms,

the estimation of SOR was even more difficult because the oc-

cluded aneurysm sac is invisible on postsurgical DSA. We thus

defined larger intervals for low-occluded aneurysms (100%, 95%,

80%, 60%). These percentage values were used for statistical eval-

uations and comparisons.

After SOR was estimated by the 2 reviewers, the SOR percent-

age values were assigned for better comparability with the neuro-

surgical literature to a modified version of the classification pro-

posed by Sindou et al2 as follows: Grade 0 was added, representing

100% occlusion; grade I (range, 99.9%–90%) was assigned to SOR

95%, grade II (range, 89.9%–70%) was assigned to SOR 80%, and

grade III (�70%) was assigned to 60% occlusion because we did not

observe any lower SOR estimations in this series.

Computerized Occlusion Rating
For COR, the previously published techniques by Sherif et al10

had to be modified for clipped aneurysms: In coiled aneurysms,

the parameters “recanalized area” and “total aneurysm area” can

be easily defined on the postembolization angiograms alone be-

cause the coils are visible on the native angiographs. However, on

postoperative angiographs of clipped aneurysms, the occluded

aneurysm sac is always invisible. This problem was solved by su-

perimposition of preoperative and postoperative angiograms.

This was feasible because for angiography, we were always careful

on precise anteroposterior and lateral projections. For superim-

position, the custom-made software Control-2D (NV Tec Neuro-

vascular Technologies, Vienna, Austria) was used. It allows DSA

image superimposition with high precision, resulting in a single

angiographic image disclosing the clip with or without an aneu-

rysm remnant. After the 2 reviewers had outlined the orifice plane

(“missing vessel wall” or “ideal occlusion line”) and the actual

occlusion line given by the clips, the following parameters were

measured automatically (Fig 1):

1) Total aneurysm area (square millimeters): Borders of the

contrast-filled aneurysm and the defined orifice plane (ideal oc-

clusion line) were outlined and the area was calculated.

2) Aneurysm nonoccluded area (square millimeters): The area

filled by contrast medium outside the defined orifice plane (ideal

occlusion line) was calculated as “nonoccluded area.”

3) Finally, the occluded area of the aneurysm was calculated as

the difference of “total area” minus “nonoccluded area” and was

given as a percentage core (to allow direct comparison with the

SOR values).

Statistics
Interobserver variability was calculated for SOR and COR by us-

ing the Wilcoxon test.

For every patient, the mean values of both observers were cal-

Table 1: Patient characteristics
Characteristics

Patients (No.) 95
Mean age (yr) 49
Male sex (No.) 31
Female sex (No.) 64
Mean time of follow-up (mo) 34, 21
Intraoperative rupture 3

Table 2: Baseline parameters
Grading 1 2 3 4 5

Fisher (No.) 15 37 24 19
Hunt and Hess (No.) 53 23 14 3 2

Table 3: Aneurysm location
Location No.

Anterior cerebral artery 31
Pericallosal artery 9
Internal carotid artery 9
Middle cerebral artery 38
Posterior communicating artery 4
Posterior circulation 4
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culated for SOR and COR. Then COR and SOR, classified as

100%, 99.9%–90%, 89.9%–70%, and � 70%, were evaluated as

predictors of outcome in univariate Kaplan-Meier analysis (log-

rank test) with censoring at the time of retreatment. SOR and

COR were compared by using the paired t test. Data are presented

as mean � SD. A P value � .05 was considered significant. SAS

8.02 (SAS Institute, Cary, North Carolina) software was used for

all statistical calculations.

RESULTS
The angiographic follow-up was 13.5 � 18.7 months; the clinical

follow-up was 34.0 � 38.9 months. A consensus evaluation of

selected DSA projections was necessary in 5 patients (5.3%). Sta-

tistically significant interobserver variation was documented for

SOR measurements (P � .002). For COR, the interobserver vari-

ation was not significant (P � 1,35).

When using the SOR method, 75

(78.9%) patients had aneurysms strati-

fied to grade 0 (100% occlusion), com-

pared with only 45 (47.4%) patients

when using the COR technique. To

grade I (99.9%–90% occlusion), 12 (12.6%) patients were strati-

fied by using SOR technique, compared with 24 (25.3%) by using

the COR method. To grade II (89.9%–70% occlusion), 7 patients

(7.4%) were stratified by using SOR, but 20 (21.0%), by using

COR. Finally to grade III (�70% occlusion), 1 patient (1,1%) was

stratified when using SOR, but 6 patients (6,3%), when using the

COR method (Table 4).

When we compared the values of SOR and COR, the SOR

method overestimated the degree of aneurysm occlusion in 30

(31.6%) patients (Table 5). The mean value of SOR was 97.5 �

6.3%, and of COR, 93.5 � 9.7% (P � � .001). In the clinical

follow-up (mean, 34 months), no patient rebled. Four patients

required retreatment. Of those, 2 patients were categorized into

grade 0 by using SOR; by using COR, these 2 patients were strat-

ified to grade I. The other 2 patients were stratified by the 2 SOR

observers to different grades (I, II, and III) with high interobserver

variation, whereas COR classified them homogeneously to grade

III (Table 6). The predictive value (log-rank, Kaplan-Meier) of

SOR and COR with respect to retreatment was highly significant

for both methods (SOR: �2, 29.65, P � .0001; COR: �2, 35.57, P �

.0001).

DISCUSSION
In the past, outcome studies after aneurysm treatment were pre-

sented even without follow-up angiography.11 In the surgical arm

of the Cerebral Aneurysm Rerupture After Treatment study,11

representing 70.6% of the total study population, aneurysm oc-

clusion was estimated by the surgeon after clipping in those cases

in which DSA was not available. Today conventional angiography

FIG 1. Case 1: A, disclosing ICA bifurcation aneurysm in ap projection; B, after clipping; C, superimposition of B and C; no remnant. Case 2: D,
disclosing M1/M2 aneurysm in ap projection; E, after clipping; and F, shows superimposition of D and E, the outlined aneurysm (red) and the
remnant (green).

Table 4: SOR and COR results
0 (100%) I (99.9%–90%) II (89.9%–70%) III (<70%)

SOR pts (%) 75 (78.9%) 12.6 (12.6%) 7 (7.4%) 1 (1.1%) 95/100%
COR pts (%) 45 (47.4%) 24 (25.3%) 20 (21.0%) 6 (6.3%) 95/100%

Note:—pts indicates patients.

Table 5: Thirty patients were stratified to a higher COR group
with SOR

Modality/Group 0 I II III Total Nr.
SOR 75 12 7 1 95
COR 45 24 20 6 95
Diff. strat. 30 15 13 2

Note:—Diff. strat. indicates patients differently stratified.

Table 6: Stratification of the 4 retreated patients by the 2 SOR
and 2 COR observers

SOR 1 SOR 2 COR 1 COR 2
Pt 1 0 I II II
Pt 2 II III III III
Pt 3 I II III III
Pt 4 0 0 I I

Note:—Pt indicates patient.
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remains not only the main postoperative diagnostic tool2,3,6,8,12

but also the most reliable for late follow-up. The aim of angiogra-

phy after aneurysm clipping is, besides the detection of unclipped

aneurysms or occluded vessels,7 the verification of aneurysm rem-

nants. This allows planning of follow-up intervals and retreat-

ment and the prediction of rebleeding risks.2,3,5,7,11,12 Because the

goal of surgical aneurysm therapy is total and permanent occlu-

sion of the aneurysm, partial occlusion has been seen as a failure

due to the potential consequences of recurrent aneurysm hemor-

rhage.3,11 Factors like the size and shape of the reperfused aneu-

rysm, the relation of the open aneurysm part to the parent vessel,

and the challenge of predicting the risk of rebleeding have been

widely discussed in the literature.8,11,13,14 Currently, the standard

method in the assessment of the occlusion rate of a clipped aneu-

rysm is a subjective occlusion rating based on postoperative early

or late angiography. However, recently we showed that for rup-

tured coil-embolized cerebral aneurysms, the computerized oc-

clusion rating is superior to the SOR by reducing subjective bias in

estimating occlusion rates and by avoiding interobserver variabil-

ity.10 The technical differences between the occlusion of an aneu-

rysm by coils compared with clips and the different angiographic

appearance of the occluding material made it necessary to modify

the initial software. Thus, the possibility of image superimposi-

tion was improved. Perfect image superimposition is mandatory

for COR of clipped aneurysms because the occluded part of the

aneurysm is invisible.

Because the initial occlusion rate is the most important param-

eter for follow-up strategies, the method of occlusion rating

should be reproducible and objective. Therefore, we assessed in-

terobserver variations of SOR and COR. The statistically signifi-

cant interobserver variation for COR demonstrates that subjec-

tive bias may falsify the results of angiographic assessments and

lead to incorrect follow-up or treatment decisions for patients.

When further comparing SOR with COR, we found a different

stratification of 31.6% of all patients to a higher occlusion rate

grade. Thus, from 75 patients assigned to grade 0 by SOR, 26 were

stratified to grade II; and 4, to grade III by COR (Table 5).

Neither of the 2 methods could validate the results. Both

methods are (in this study) based on angiographic pictures taken

in strict anteroposterior and lateral projections. With SOR, only

assessments can be achieved, whereas with COR, a quantification

of the “nonoccluded area” is given in square millimeters. An anal-

ysis of 3D structures must be obtained to approach a validation

(see below), but because the results will still rely on angiographic

pictures, true validations cannot be expected.

Total Aneurysm Occlusion
Of special note, the rate of “total occlusion,” commonly seen as an

important parameter expressing the quality of aneurysm surgery,

was 79% by using SOR, but only 47.4% with COR. Comparing the

high number of “misclippings” (21% with SOR) with literature

data, one can find that of 5 publications dealing with angiographic

clipping rates, 5 describe patients having both ruptured and un-

ruptured aneurysms; there, the rates of misclipping are 4.4%–

18.6%.15-18 The only report analyzing only patients clipped after

subarachnoid hemorrhage as in the current study is the one by Yu

et al,19 who, in 2007, described a series of 169 patients with rup-

tured aneurysms. The authors disclosed a misclipping rate of

16%, but there was no comparable information about preopera-

tive clinical grading in this study, because “patients in poor con-

ditions warranted greater delay.”19 In our series, all patients had

subarachnoid hemorrhage and 19 were medium or poor grade at

the time of surgery (Tables 1–3). A further factor that may have

influenced our misclipping rate is that in emergency cases, the

operations have also been performed by neurosurgeons less expe-

rienced in aneurysm therapy. An overview of the experience level

of the surgeons involved in our misclipped cases showed that

more experienced surgeons had lower aneurysm remnant rates.

When we used COR, the rate of incompletely occluded aneu-

rysms increased to 52.6%. These unusual numbers must be seen

in the light of the high capacity of the COR software to detect very

small areas of contrast in the field of assessment, compared with

the human eye. Due to the frequent mismatch between the

straight or curved clip blade and the anatomy of the neck site, the

angiogram eventually shows minimal amounts of contrast mate-

rial outside the “ideal occlusion line,” which was defined by the 2

investigating neurosurgeons. If the clips could not be applied par-

allel to the parent vessel (eg, rectangular or “palisade-like” clip

application), the amount of extravasal dye may be even more. It is

the responsibility of the surgeon to accept a certain mismatch or

to improve his results by changing or adding clips, both steps

eventually linked to an increased risk of an immediate complica-

tion, especially after previous subarachnoid hemorrhage. All these

circumstances will finally influence the rate of misclipping.

Retreatment
In our series, we observed no recurrent hemorrhage, but 4 pa-

tients (4.2%) underwent retreatment. When we looked at the

stratification of the retreated patients, 2 patients were stratified by

SOR to grade 0, but by COR, to grade I. The former indication for

retreatment of these 2 patients had been made by the surgical

team by using the common SOR. These 2 different SOR assess-

ments at 2 different points in time express the influence of sub-

jective bias with SOR. Another patient stratified to the grades I/II

by the 2 SOR investigators was stratified to grades III/III by using

COR. The fourth patient was stratified to II/III by SOR and to

III/III by COR. Three of 4 patients stratified by SOR showed high

interobserver variation. For any retreated patient, the stratifica-

tion between the 2 COR observers was equal (Table 6). Again this

finding shows the high impact of subjective overestimation of

aneurysm occlusion by SOR. It also demonstrates that despite

statistically high predictive value (log-rank, Kaplan Meier), the

clinical value of SOR may be limited by incorrect overestimation

of aneurysm occlusion. With the COR method however, the de-

gree of aneurysm occlusion was in accordance with the estimated

need for retreatment in all cases.

The reasons for the differences between subjective and

computerized assessments of contrast-perfused areas on an-

giograms are the following: the higher precision of the com-

puter to calculate gray zones in square millimeters compared

with an assessment by the human eye and the lack of accuracy

by using anatomic structures to compare and define percent-

ages of occlusion.
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Clinical Impact
The higher potential of COR to detect small zones of dye in ana-

tomic areas belonging to the aneurysm may stimulate discussion

about the clinical significance of “total occlusion” after aneurysm

clipping because none of the 20 (SOR) or 50 (COR) patients with

misclipping rebled. To define the minimum COR percentage to

prevent retreatment and secondary hemorrhage, larger clinical

studies are warranted. Nevertheless, COR provided reproducible

measurements, allowing better comparison and showing a

good relation to clinical parameters. SOR, on the contrary, has

significant dependency on subjective bias with high interob-

server variation and often an unclear relation of the results to

clinical events.

Limitations
One limiting factor in the present study is its retrospective design

with noncontinuous follow-up, and several patients were lost to

follow-up for various reasons. Further limiting factors are the

restriction to anteroposterior and lateral projections for angiog-

raphy and the statistical comparison of the continuous parameter

COR with the noncontinuous parameter SOR.

Follow-Up
To receive more information about rebleeding and retreatment,

we analyzed those patients who were excluded from the study due

to leakage on follow-up angiography. From the 77 patients in this

additional group, no patient had a secondary hemorrhage or a

retreatment; thus the overall retreatment rate was 2.3%.

It seems realistic to assume a close relation between initial

occlusion and retreatment. Because we observed enough end

points to reach statistical significance despite the short follow-up,

a longer follow-up could only show further end points, thus re-

sulting in an even stronger relation. Nevertheless, our follow-up

data represent a limitation in assessing potential delayed effects of

incomplete, or even complete, aneurysm occlusion.

Angiographic Projections
Under ideal circumstances, oblique projections allowing good vi-

sualization of the aneurysm neck are available for pre- and post-

treatment angiograms. Today, using angular projections is a rou-

tine procedure in endovascular aneurysm therapy because the

rotational parameters of both C-arms can be stored and reused for

follow-up angiography. However, the retrospective nature of our

study implied that for earlier cases of surgical therapy, oblique

projections had been rarely used. If so, the repetition of an oblique

projection at follow-up was either technically not possible, not

seen as necessary, or performed by using nonidentical angles.

The limitations resulting from the sole use of straight projec-

tions are obvious and mainly concern the assessment of the shape

and size of eventual aneurysm remnants. These limitations are

equal for both methods. The primary goal of our study was to

compare SOR and COR, both assessments based on the same

angiographic projections and the same image content. We fully

agree that oblique projections allow better assessment of aneu-

rysm necks; the superiority of COR over SOR also improves the

assessment of oblique comparative angiographic studies, as pre-

viously reported.20

In the future, COR can be used for 3D angiography of cerebral

aneurysms, thus allowing not only increased precision of assess-

ment but eventually also a volumetric quantification of aneurysm

necks. A supplementary work by using 3D COR, which may elu-

cidate this aspect, is in progress and will be reported.

Statistical Comparison of SOR versus COR
Only the use of noncontinuous parameters for SOR guarantees

realistic approximations of occlusion rates and comparability in

an everyday clinical setting. Despite statistical imprecision, it of-

fers a realistic basis for comparison with the continuous-param-

eter COR.

CONCLUSIONS
The computerized angiographic occlusion rating is superior to

the actual standard of subjective occlusion estimations. In addi-

tion, for clipped aneurysms, COR offers the possibility of im-

proved quality control of the treatments by the use of the percent-

age of occlusion rating. It offers considerable reduction of

subjective estimation bias and interobserver variations. SOR may

lead to overestimations of occlusion rates, resulting in erroneous

follow-up and retreatment strategies. The main factor limiting

these results is the retrospective design of this study, with the

consequence of reduced follow-up data and straight angiographic

projections. The high sensitivity of COR in detecting minimal

areas of contrast medium in the neck region should be confirmed

in further studies by using 3D volumetric data.

Disclosures: Camillo Sherif—OTHER RELATIONSHIPS: shareholder of NVtec Neuro-
vascular Technologies and CVtec Cerebrovascular Technologies.
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ORIGINAL RESEARCH
INTERVENTIONAL

RNA-Sequencing Analysis of Messenger RNA/MicroRNA in a
Rabbit Aneurysm Model Identifies Pathways

and Genes of Interest
M. Holcomb, Y.-H. Ding, D. Dai, R.J. McDonald, J.S. McDonald, D.F. Kallmes, and R. Kadirvel

ABSTRACT

BACKGROUND AND PURPOSE: Rabbit aneurysm models are used for the testing of embolization devices and elucidating the mecha-
nisms of human intracranial aneurysm growth and healing. We used RNA-sequencing technology to identify genes relevant to induced
rabbit aneurysm biology and to identify genes and pathways of potential clinical interest. This process included sequencing microRNAs,
which are important regulatory noncoding RNAs.

MATERIALS AND METHODS: Elastase-induced saccular aneurysms were created at the origin of the right common carotid artery in 6
rabbits. Messenger RNA and microRNA were isolated from the aneurysm and from the control left common carotid artery at 12 weeks and
processed by using RNA-sequencing technology. The results from RNA sequencing were analyzed by using the Ingenuity Pathway Analysis
tool.

RESULTS: A total of 9396 genes were analyzed by using RNA sequencing, 648 (6.9%) of which were found to be significantly differentially
expressed between the aneurysms and control tissues (P � .05; false-discovery rate, �0.01; fold change, �2 or �.5). Of these genes, 614
were mapped successfully, 143 were down-regulated, and 471 were up-regulated in the aneurysms as compared with controls. Using the
same criteria for significance, 3 microRNAs were identified as down-regulated and 5 were identified as up-regulated. Pathway analysis
associated these genes with inflammatory response, cellular migration, and coagulation, among other functions and pathologies.

CONCLUSIONS: RNA-sequencing analysis of rabbit aneurysms revealed differential regulation of some key pathways, including inflam-
mation and antigen presentation. ANKRD1 and TACR1 were identified as genes of interest in the regulation of matrix metalloproteinases.

ABBREVIATIONS: IPA � Ingenuity Pathway Analysis; miRNA � microRNA

Cerebral aneurysm biology is poorly understood in general,

with the mechanisms for formation, growth, healing, and

rupture all in need of further elucidation. Understanding the

underlying biology of aneurysms involves detailing the expres-

sion patterns of large clusters of genes and the microRNAs

(miRNAs) that regulate them, alongside other biologic consid-

erations such as hemodynamics, which involves computa-

tional modeling of the fluid dynamics of the aneurysm and

surrounding vessels and has been examined in a number of

recent studies.1-5 miRNAs are small noncoding RNAs (�20

bp) that bind messenger RNA and mediate its degradation or

repression (Fig 1). Therefore, miRNA is an important regula-

tory molecule, and it is known to play a role in a variety of

pathologies.6-12 There are only a handful of previous studies

that have profiled miRNA expression in either human intra-

cranial aneurysms or relevant animal models13-15 and a small

number of studies that have focused on the roles of particular

miRNAs.16,17 Already these studies are revealing potential bio-

markers13 and the importance of these regulatory molecules.

Rabbit elastase-induced experimental aneurysms have been

used to study aneurysm occlusion devices and underlying aneu-

rysm biology.2,18-22 These previous studies relied on detailed in-

formation about the biologic environment of experimental rabbit

aneurysms. Existing studies have used RNA microarray data to

quantify gene expression.18,23-25 Compared with microarrays,

next-generation RNA sequencing offers increased specificity and

sensitivity, broader dynamic range, and the ability to detect new

transcripts and isoforms.26 It also enables the detection of

miRNA. In this study, we used RNA sequencing to establish dif-
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ferential expression patterns of messenger RNA and miRNA in

experimental rabbit aneurysms.

MATERIALS AND METHODS
Aneurysm Creation and Tissue Harvest
The Institutional Animal Care and Use Committee approved all

procedures before initiation of the study. An elastase-induced sac-

cular aneurysm was created in each of 6 New Zealand white rab-

bits by using the rabbit elastase model.27 Aneurysm and contralat-

eral common carotid artery samples were harvested 12 weeks after

aneurysm creation. These tissue samples were then immediately

frozen in liquid nitrogen and stored at �70°C until they were

ready for messenger RNA/miRNA extraction.

Messenger RNA and miRNA Extraction
RNA was isolated from the frozen tissues by using an miRNeasy

mini kit (Qiagen, Valencia, California). The quantity of RNA was

measured by using spectrophotometry, and the integrity of the

RNA was confirmed by electrophoretic separation using the 2100

Bioanalyzer (Agilent Technologies, Palo Alto, California). The

quality of the samples was determined by RNA integrity num-

ber.28 An RNA integrity number of �6 is considered acceptable

for sequencing. One aneurysm sample that did not meet the re-

quired RNA integrity number was excluded, along with its paired

control from the study, so that paired analysis could be performed

on the other samples. The remaining samples (n � 5 each for the

controls and the aneurysms) were used for RNA-sequencing

analysis.

RNA Sequencing
RNA libraries were prepared according to the manufacturer’s in-

structions for the TruSeq RNA sample prep kit version 2 (Illu-

mina, San Diego, California). Then, the libraries were loaded onto

paired-end flow cells following Illumina’s standard protocol by

using the Illumina cBot and cBot paired-end cluster kit (version

3). The flow cells were sequenced on an Illumina HiSeq 2000

using a TruSeq SBS sequencing kit (version 3) and HCS (version

2.0.12) data-collection software. Base calling was performed by

using Illumina’s RTA (version 1.17.21.3).

NEBNext miRNA Sequencing
miRNA libraries were prepared according to the manufactur-

er’s instructions for the NEBNext Multiplex small-RNA kit

(New England Biolabs, Ipswich, Massachusetts). Then, the li-

braries were loaded onto paired-end flow cells following Illu-

mina’s standard protocol by using the Illumina cBot and cBot

paired-end cluster kit (version 3). The flow cells were se-

quenced on an Illumina HiSeq 2000 using a TruSeq SBS se-

quencing kit (version 3) and HCS (version 2.0.12) data-collec-

tion software. Base calling was performed by using Illumina’s

RTA (version 1.17.21.3).

Bioinformatics Analysis
Processing of the messenger RNA data was performed by using

MAP-RSeq (version 1.2.1.3).29 MAP-RSeq consists of the follow-

ing steps: alignment, quality control, obtaining genomic features

for each sample, and summarizing the data across samples. The

pipeline provides detailed quality-control data to estimate the dis-

tance between paired-end reads, evaluates the sequencing depth

for alternate splicing analysis, determines the rate of duplicate

reads, and calculates the read depth across genes by using RSeQC

software (version 2.3.2).30 Paired-end reads were aligned by

TopHat (version 2.0.6)31 against the April 2009 oryCun2 genome

build by using the bowtie132 aligner option. Gene counts were

generated by using HTSeq software (version 0.5.3p9),33 and the

gene-annotation files were obtained from Ensembl (ftp://ftp.

ensembl.org/pub/release-75/gtf/oryctolagus_cuniculus/Oryctolagus_

cuniculus.OryCun2.0.75.gtf.gz) and the University of California

Santa Cruz (http://hgdownload.soe.ucsc.edu/downloads.html#

rabbit). Differential expression in a sample’s aneurysm tissue

compared with that in the same sample’s normal tissue was com-

puted by using the edgeR algorithm (version 2.6.2)34 across all

samples. EdgeR (or empirical analysis of digital gene expression in

R, an open-source programming environment) is a Bioconductor

software package for examining differential expression of repli-

cated count data; it calculates the log fold change, the

P value, and the false-discovery rate between the control and ex-

perimental conditions. Human orthologs were assigned by using

FIG 1. Diagram of miRNA regulation of gene expression. mRNA indicates messenger RNA; ORF, open reading frame; Pol, polymerase; Pri-miRNA,
primary microRNA; RISC, RNA-induced silencing complex.
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ExoLocator.35 The pathway analysis leveraged the Ingenuity

Pathway Analysis (IPA)36 software to identify pathways enriched

with human ortholog targets.

Quantitative Real-Time Polymerase Chain Reaction
Analysis
First-strand complementary DNAs were synthesized from 500 ng

of total RNA by using Superscript III first-strand synthesis (Invit-

rogen, Carlsbad, California). Real-time polymerase chain reac-

tion assays were performed for osteopontin, von Willebrand fac-

tor, TIMP1, tyrosinase, and TACR1 with an iCycler (Bio-Rad,

Hercules, California).

Statistical Analysis
The t-test statistics and corresponding P values were used as a

measure of the mean change in expression between the aneu-

rysm and control groups relative to the variability. The t-test–

based P values were adjusted for multiple comparisons by us-

ing the false-discovery-rate multiple-correction approach.37

Compared with controls, genes in aneurysms with a significant

difference, determined by a P value of � .05, a false discovery

rate of �0.01, and a fold change of �2, were considered up-

regulated, whereas those with a P value of �.05, a false discov-

ery rate of �0.01, and a fold change of �.5 were considered

down-regulated.

RESULTS
Using the criteria discussed above for differential expression, 648

of 9396 (6.9%) genes were identified as being differentially ex-

pressed. Of these genes, 614 were mapped successfully; 143 were

down-regulated, and 471 were up-regulated (On-line Table). The

34 unmapped genes consisted of rabbit genes for which no or-

tholog could be determined. Of 211 miRNAs measured, 11

(5.2%) mature miRNAs were identified as being differentially ex-

pressed by using the same criteria as were used for messenger

RNA. Targeting information was available for 8 of them that tar-

get 230 genes that have been differentially expressed. Increased

expression was seen in 5 of the miRNAs, and decreased expression

was seen in 3 (Table 1).

Pathways
The most up-regulated pathways are shown in Table 2 and Fig 2.

The first 4 pathways, all related to immune response, have the

leukocyte antigen genes (HLA) in common. Another pathway of

interest in aneurysms is coagulation. When comparing aneurysm

tissue with control tissue, IPA identified 50 up-regulated and 12

down-regulated genes related to coagulation, which includes 9

types of collagen, with 8 being up-regulated and 1 (type 28 �1)

being down-regulated (0.29-fold).

Biologic Functions of Interest

Inflammatory Response. The inflammatory response is pro-

jected to be a pathway of major up-regulation (z score, 4.387; P �

Table 1: miRNA expression data
Mature miRNA Fold Change P Value FDR

hsa-miR-1 0.48 4.62E-05 1.01E-03
hsa-miR-9-5p 0.43 4.80E-05 1.01E-03
hsa-miR-10a-5p 2.66 8.83E-09 4.66E-07
hsa-miR-10b-5pa 2.45 3.47E-07 1.47E-05
hsa-miR-21-5p 3.51 4.43E-11 4.67E-09
hsa-miR-34a-5p 2.34 1.15E-04 2.02E-03
hsa-miR-34c-5pb 3.79 1.28E-06 4.38E-05
hsa-miR-146a-5p 3.68 1.45E-06 4.38E-05
hsa-miR-146b-5pc 3.32 9.08E-11 6.39E-09
hsa-miR-204-5p 0.48 7.32E-06 1.93E-04
hsa-miR-223-3p 3.95 6.79E-12 1.43E-09

Note:—FDR indicates false discovery rate.
a Grouped with miR-10a-5p by IPA for targeting purposes.
b Grouped with miR-34a-5p by IPA for targeting purposes.
c Grouped with miR-146a-5p by IPA for targeting purposes.

Table 2: Most up-regulated canonical pathways, determined by IPA

Canonical Biologic Pathway
No. of Genes
Up-Regulated Genes

No. of Genes
Down-Regulated Gene(s)

Dendritic cell maturation 25 CD80, CD83, CD86, CD1C, COL10A1, COL1A1,
COL1A2, FCGR1B, FCGR2A, HLA-A, HLA-DMA,
HLA-DMB, HLA-DOB, HLA-DQA1,
HLA-DRA, HLA-DRB1, HLA-DRB5, IL15,
IL1B, IL1RL2, IL1RN, PIK3CG, PIK3R5, PLCB2,
TREM2

3 CREB5, PLCB4, PLCL1

Role of NFAT in regulation of
the immune response

22 BLNK, BTK, CD80, CD86, FCER1A, FCGR1B,
FCGR2A, FOS, GNG2, HLA-DMA, HLA-DMB,
HLA-DOB, HLA-DQA1, HLA-DRA,
HLA-DRB1, HLA-DRB5, LCP2, LYN,
PIK3CG, PIK3R5, PLCB2, SYK

2 PLCB4, GNAO1

Antigen-presentation pathway 12 CD74, HLA-A, HLA-DMA, HLA-DMB, HLA-DOB,
HLA-DPA1, HLA-DPB1, HLA-DQA1, HLA-DQB2,
HLA-DRA, HLA-DRB1, HLA-DRB5

0 NA

Altered T-cell and B-cell
signaling in rheumatoid
arthritis

17 CCL21, CD80, CD86, HLA-DMA, HLA-DMB,
HLA-DOB, HLA-DQA1, HLA-DRA, HLA-DRB1,
HLA-DRB5, IL15, IL1B, IL1RN, SPP1, TLR1, TLR8,
TNFSF13B

0 NA

Atherosclerosis signaling 19 ALOX5, CCL2, CCR2, COL10A1, COL1A1,
COL1A2, CXCR4, IL8, IL1B, IL1RN, LYZ,
MSR1, PDGFB, PDGFC, PDGFD, PLA2G7,
PLA2R1, SELE, VCAM1

1 RBP4

Note:—NA indicates not applicable; NFAT, nuclear factor of activated T cells.
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1 � 10�31). IPA identified 65 genes with expression directions

consistent with increased activity of this pathway and 21 genes

with inconsistent expression directions. CC chemokine–related

molecules (ligands 2 [5.3-fold]), 13 [8.7-fold], 14 [2.4-fold], 19

[7.0 fold], and 21 [8.2-fold], and receptors type 1 [32.1-fold], 2

[13.1-fold], and 5 [24.1-fold]) were up-regulated in aneurysms

compared with the control arteries. The expression of interleu-

kins was increased over the controls (ie, 7 [3.6-fold], 8 [12.4-fold],

15 [3.9-fold], and 1� [23.1-fold]), with interleukin 1 receptor

type 1 also being up-regulated (2.1-fold). Caspase 1, involved in

cleaving interleukin 1� into its active form, also demonstrated

increased expression (11.6-fold). It is worth noting that the inter-

leukin 1 receptor antagonist, an inhibi-

tor of the interleukin 1 receptor, was also

up-regulated in the aneurysms com-

pared with the control (25.0-fold).

Cellular Migration. Cellular migration

is up-regulated (z score, 4.587; P � 8 �

10�43). One hundred eighteen genes

with regulation directions consistent

with increased migration were identi-

fied, and 61 genes with inconsistent ex-

pression directions were identified.

Those involved with endothelial cell mi-

gration, which were highly expressed in

aneurysms over that of the controls,

included osteopontin, neuregulin 1, and

fibroblast growth factor 1. Oxidized

low-attenuation lipoprotein receptor 1,

thrombospondin 1, and selectin E showed

expression directions inconsistent with in-

creased cellular migration in the aneu-

rysms compared with the controls.

Validation of Microarray Data. Verification of differential gene

expression in the aneurysm and control arteries was performed

for 5 selected genes. Microarray gene-expression levels were com-

parable with those obtained by real-time polymerase chain reac-

tions (Fig 3).

DISCUSSION

In our study we found differential expression in a large assortment

of genes in tissue from experimental aneurysms compared with

FIG 2. Top 10 canonical pathways identified by IPA. NFAT indicates nuclear factor of activated T cells.

FIG 3. Validation of RNA-sequencing results by real-time polymerase chain reaction assays. The
real-time polymerase chain reactions are indicated by blue bars, and RNA sequencing is indicated
by red bars. LCA indicates left carotid artery; OPN, osteopontin; TIMP1, TIMP metalloproteinase
inhibitor 1; TYR, tyrosinase; TACR1, tachykinin receptor 1; vWF, von Willebrand factor.
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the contralateral common carotid arteries. The differentially ex-

pressed genes included groups related to the inflammatory re-

sponse, cellular migration, and coagulation, which may provide

insight into the biologic environment of unruptured human in-

tracranial saccular aneurysms.

The pathways up-regulated in aneurysms are involved primar-

ily in the immune response. The top 4 pathways all center around

the major histocompatibility complex, which is in agreement with

literature on human intracranial aneurysms.38,39

Increased expression related to inflammation was noted in hu-

man intracranial aneurysms in a number of studies.38-43 In particu-

lar, the up-regulation of genes related to the major histocompatibility

complex,38,39 the complement system,41-43 interleukins,42 and

chemokines38,42,43 has been observed. These same inflammation

markers were found in our study to be up-regulated, indicating that

the rabbit saccular aneurysm model maintains fidelity to the human

aneurysm with respect to inflammation.

These inflammatory molecules may be up-regulated in re-

sponse to a decrease in regulatory miRNA. miR-1 and miR-

204 –5p were both down-regulated in the tissue. miR-1 is pre-

dicted to target CCL2 and CXCL6 and has been observed to target

CXCR4,44 among others. miR-204 –5p is predicted to target

CCR2, CCR5, CXCR4, and IL1B, among others. miR-1 was re-

ported to be down-regulated in human intracranial aneurysms

and associated with an increased inflammatory response,14 which

is in contrast to experimentally induced rat cerebral aneurysm

models, which have shown increased levels of miR-1.15

Previous studies reported down-regulation of inflammatory

response genes at 2 weeks in the rabbit model.24 The wider array

of genes accessible via RNA sequencing in our study revealed a

large number of genes with expressions consistent with increased

activity of this pathway. Our results are consistent with the previ-

ous results with respect to calcium-binding glycoprotein os-

teonectin, which was found to be up-regulated in both studies.

Although we observed a lack of histologic evidence for inflamma-

tion in the rabbit aneurysm model,45 the differential expression of

inflammation-related pathways noted in this study is in accor-

dance with that in other human studies.38-43

Krischek et al38 noted differentially regulated networks that had

functions including cellular movement. In the first network they

mentioned related to cellular movement, 9 of their 19 overexpressed

genes were found to be overexpressed in our study as well, with none

of the remaining 10 demonstrating underexpression.

ANKRD1 was the most up-regulated gene in our dataset,

which may indicate that aneurysms heal via a wound-healing

pathway. A dramatic increase in the expression of this gene is

associated with tissue damage, and it plays an important role in

the following wound-healing process.46,47 One of its modes of

action is to regulate matrix metalloproteinases 13 and 10, which

are involved in extracellular matrix remodeling.48 ANKRD1 has

yet to receive attention in the context of aneurysm growth and

healing, but its connection with matrix metalloproteinases and

the wound-healing pathway, and that it was strongly up-regulated

in our model, suggest that it should be a gene of interest.

TACR1 is the most down-regulated gene in our dataset, and it also

relates to matrix metalloproteinase regulation. It is associated with

increased expression of matrix metalloproteinase 2,49 which our

group previously reported as being differentially expressed early after

aneurysm formation.45 The fact that the most up-regulated and most

down-regulated genes are involved in matrix metalloproteinase reg-

ulation is reflective of the fact that the role of matrix metalloprotei-

nases in aneurysm growth, healing, and rupture is complex, being

involved both for the weakening of the aneurysm wall and also the

migration of endothelial cells to the neck of the aneurysm.

Our study was limited. A rabbit RNA database was used for

messenger RNA expression, whereas human databases were used

for miRNA because a rabbit miRNA database is not available. The

RNA collected was not from a single cell type, and bias may have

been introduced by the presence of cells in the aneurysm different

than those in the left common carotid artery. We used IPA for

pathway analysis; different software can yield different results re-

garding the determination of a pathway as having been up- or

down-regulated. Also, “canonical” is essentially a meaningless

designation, though it is the term used in the IPA software.

CONCLUSIONS
Rabbit saccular aneurysms show differential expression in a num-

ber of pathways previously reported to play roles in aneurysm

biology. This expression is dominated by antigen presentation

and the inflammatory response. TACR1 and ANKRD1 are genes

with regulatory functions over matrix metalloproteinase activity,

and their roles in aneurysm biology require further elucidation.
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Evolution of Flow-Diverter Endothelialization and Thrombus
Organization in Giant Fusiform Aneurysms after Flow

Diversion: A Histopathologic Study
I. Szikora, E. Turányi, and M. Marosfoi

ABSTRACT

BACKGROUND AND PURPOSE: Treatment of giant fusiform aneurysms with flow diverters has been associated with a relatively high rate
of complications. Our goal was to study the evolution of flow-diverter endothelialization and thrombus organization at different time
points after flow-diverter treatment in giant fusiform aneurysms to better understand reasons for flow-diverter thrombosis and delayed
aneurysm ruptures.

MATERIALS AND METHODS: Two giant anterior and 2 posterior circulation aneurysms, all of which had partially thrombosed before
treatment, were studied. An unruptured, untreated posterior circulation aneurysm was used as a control. Each specimen was removed at
7 days or at 6, 9, or 13 months after flow-diverter treatment. The 3 patients who survived longer than 7 days were followed up by
angiography and MR imaging. Formaldehyde-fixed paraffin-embedded sections were stained by using H&E, Van Gieson elastic, CD34,
h-Caldesmon, and Picrosirius stains and studied by light microscopy.

RESULTS: According to angiography, aneurysms were found to be obliterated partially at 6 and 9 months and completely at 13 months. MR
imaging revealed that mass effect remained unchanged in each case. Sections of the flow diverter within the normal parent artery were
covered by an endothelialized fibrous layer as early as 6 months, but there was no tissue coverage or endothelialization seen even at 13
months inside the aneurysm itself. Each treated aneurysm had a thin wall with complete lack of smooth muscle cells. No signs of thrombus
organization were found at any of the time points studied.

CONCLUSIONS: Endothelialization of the flow diverter in giant fusiform aneurysms may not occur and thrombus organization may not be
initiated inside these aneurysms for as long as 1 year, which explains delayed flow-diverter thrombosis and the possibility of delayed ruptures.

ABBREVIATIONS: GFA � giant fusiform aneurysm; FD � flow diverter; PED � Pipeline embolization device

Because of the limited efficacy of endovascular coil packing,

intravascular flow diversion has been proposed recently for

large and giant aneurysms.1-6 The relative safety and high efficacy

of flow diversion in saccular aneurysms presenting with mass ef-

fect have been reported.1,7,8 However, a high rate of thromboem-

bolic and hemorrhagic complications has been found in giant

fusiform aneurysms (GFAs), particularly in those located in the

posterior fossa.9,10

Flow diversion is expected to produce aneurysm thrombosis

and facilitate subsequent thrombus organization. Simultane-

ously, the flow diverter (FD) is supposed to become covered by an

intimal layer, sealing the aneurysm cavity from the parent artery

and preventing it from thromboembolic complications. Consid-

ering the poor results in giant fusiform aneurysms, it was reason-

able to assume that one or both of these mechanisms did not work

as expected in these lesions. The primary purpose of this study was

to investigate the efficacy of these processes in GFAs. We also

analyzed whether the clinical problems were related to the loca-

tion (posterior circulation) or the morphology of aneurysms.

MATERIALS AND METHODS
Treatment and Follow-Up
A total of 5 GFAs were studied as approved by our institutional

internal review board. One unruptured, nonthrombosed, and
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untreated aneurysm was removed 7 days after the patient died as

a result of a stroke in the brain stem. This aneurysm was used as a

control. Each of the other ones was partially thrombosed, treated

with an FD, and removed at 7 days or 6, 9, or 13 months after the

treatment after the patients died as a result of either hemorrhagic

or thromboembolic complications. Two of these aneurysms were

located in the posterior and the other 2 in the anterior circulation,

and all were symptomatic. Alternative surgical or endovascular

treatment options, including parent artery occlusion, were dis-

cussed with each patient and excluded after multidisciplinary

consultation in each case. Of the 4 patients, 3 were treated with

double antiplatelets (100 mg of acetylsalicylic acid and 75 mg of

clopidogrel) before and during their follow-up period; the fourth

patient (patient 5) (On-line Table 1) was on dual antiplatelets for

9 months and single-antiplatelet therapy with clopidogrel after-

ward. Platelet functions were tested by the Platelet Function Assay

(PFA 100; Siemens Medical Systems, Erlangen, Germany), aden-

osine diphosphate closure time (ADP-CT; Siemens), and the In-

novance PY2 test (Siemens) and found to be sufficiently inhibited

before the procedure. No further tests were performed during the

follow-up. Four- to 5-mm-diameter telescopic Surpass FDs

(Stryker Neurovascular, Kalamazoo, Michigan) were used in both

posterior circulation aneurysms, and double-layer 3.5- to 4.5-

mm-diameter Pipeline embolization devices (PEDs) (Covidien,

Irvine, California) were applied in the anterior circulation aneu-

rysms. All patients were scheduled for follow-up MR imaging and

DSA studies at 5– 6 and 12 months after the procedure. All the

patients received methylprednisolone (2 � 250 mg/day) for at

least 2 days before and 3–5 days after the procedure, and the dose

was decreased gradually afterward (On-line Table 1).

Histopathologic Analysis
Each aneurysm was removed during autopsy, fixed in buffered

formaldehyde, sectioned, and stained with H&E and Van Gieson

elastic stains. For immunohistochemistry, CD34 was used to

demonstrate endothelium, h-Caldesmon to visualize smooth

muscle cells, and Picrosirius to detect connective tissue. Sections

were studied by light microscopy. Special attention was given to

the identification of any tissue coverage on the internal surface

of the FD, to the structure of the aneu-

rysm wall, and any signs of smooth

muscle cell invasion or connective tis-

sue formation inside the intra-aneu-

rysmal clot, indicating thrombus

organization.

RESULTS
Case 1: Untreated GFA of the
Vertebrobasilar Junction
The cavity of this control aneurysm was

filled with fresh thrombus. The aneu-

rysm wall was well structured and had a

strong muscular layer. There were no

signs of inflammation within the wall or

any signs of thrombus organization by

immunohistochemistry within the cav-

ity (Fig 1, On-line Table 2).

Case 2: GFA of the Vertebrobasilar Junction 7 Days after
FD Treatment
The patient died as a result of SAH related to an intraprocedural

aneurysm rupture. No tissue layer was found covering the internal

surface of the FD. The aneurysm cavity was filled with unorga-

nized thrombus. The aneurysm wall was thin and fragmented

with no smooth muscle cells identified in it (On-line Table 2).

Case 3: Partially Thrombosed GFA of the MCA
This patient died as a result of a major MCA infarct that developed

because of occlusion of one of the M2 branches distal to the FD 6

months after the procedure implanting the FD.

A section of the FD placed within the normal artery proximal

to the aneurysm was covered by a thick tissue layer consisting of

smooth muscle cells and covered by a single endothelial cell layer

corresponding to intimal hyperplasia. The FD inside the aneu-

rysm was free of any tissue coverage. The GFA was filled with

unorganized clot only, despite most of the aneurysm not being

filled with contrast material (as detected by angiography at 6

months). There were no signs of smooth muscle cell invasion or

connective tissue formation inside the thrombus. The aneurysm

wall was thick and fragmented and showed signs of chronic in-

flammation, including lymphocytes and macrophages (Fig 2, On-

line Table 2).

Case 4: GFA of the Vertebrobasilar Junction 9 Months
after FD Treatment
This patient reportedly died as a result of a brain stem infarct, but

no MR imaging was performed to confirm the diagnosis. The FD

was patent, and its internal surface was covered by a thin fibrin

layer only, with no smooth muscle cells or endothelial lining. The

aneurysm was filled with fresh thrombus. There were no signs of

clot organization. According to MR imaging and angiography, the

size and filling of this aneurysm did not change at 6 months. The

wall of the aneurysm was thin and fragmented (On-line Table 2).

Case 5: GFA of the ICA 13 Months after FD Treatment
This patient died as a result of a major MCA infarct that developed

after a sudden thrombosis of the FD construct, as confirmed by

FIG 1. Unruptured, nonthrombosed giant fusiform aneurysm involving the vertebrobasilar junc-
tion. A, Volume-rendering 3D reconstruction of a CTA, demonstrating fusiform aneurysm of the
vertebrobasilar junction. B, Histologic section of the fusiform aneurysm showing fresh clot inside
the aneurysm (star), intact elastic lamina (arrow), and thick aneurysm wall (double arrow) (H&E
staining). C, Section of the aneurysm wall showing a thick layer of smooth muscle cells (arrow)
(h-Caldesmon staining). D, Section of the aneurysm wall showing a thick subintimal layer of
connective tissue (Picrosirius staining) (arrows) and no connective tissue invasion into the throm-
bus inside the aneurysm, indicating a lack of thrombus organization.
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DSA 1 month after the last angiography, while still on a single-

antiplatelet therapy with clopidogrel.

The internal surface of the FD inside the aneurysm was cov-

ered again by a thin fibrin layer only. Despite the aneurysm not

being visible by angiography, the cavity of the aneurysm was filled

with fresh clot only. There were signs of chronic inflammation

inside the wall, which contained no smooth muscle cells. There

were no signs of smooth muscle cell invasion or any other signs of

thrombus organization (Fig 3, On-line Table 2).

MR imaging showed that regardless of the angiographic occlu-

sion of the GFA, none of the treated aneurysms changed in either

size or signal intensity throughout the follow-up period up to 9

months (Fig 2). No perforator occlusions were identified in any of

the follow-up angiograms.

DISCUSSION
Fusiform aneurysms of the circle of Willis represent 3%–13% of

all intracranial aneurysms, with most located in the posterior cir-

culation.11 Their etiology is unclear; both atherosclerosis and dis-

section have been proposed as pathogenetic factors.12 Some may

present with subarachnoid hemorrhage, and these are generally

considered dissecting aneurysms.13 Others may grow very large or

giant and become symptomatic via neural compression or isch-

emia. The clinical course is generally progressive and, without

successful treatment, almost always devastating.

Treatment options are limited. Drake and Peerless14 reported

the results of 120 patients surgically treated for GFAs. Seventy-six

percent of these patients with an anterior circulation GFA had a

good outcome, whereas only 67% of those with a vertebrobasilar

aneurysm had a good outcome. The treatment mostly included

parent artery occlusion. In a more recent series, 6 of 9 symptom-

atic lesions resulted in poor outcomes (1 with bypass surgery, 1

with attempted clipping, and 4 with no intervention). Only those

for whom parent artery occlusion was feasible fared well.15

Among the endovascular techniques, parent artery occlusion re-

mains the best option for those with good collateral circulation.16

Reconstructive endovascular techniques, including FD-supported

coiling or double-FD implantation, have been successfully applied

for smaller fusiform aneurysms17,18 but not for giant ones.

The introduction of FDs raised enthusiasm regarding recon-

structive treatment of hardly treatable intracranial aneurysms, in-

cluding GFAs. Fiorella et al19-21 reported 4 such patients success-

fully treated by FD implantation and coil packing. However, these

FIG 2. Giant, partially thrombosed, fusiform aneurysm of the left MCA treated with a construct of 2 Pipeline embolization devices; the
specimen was removed 6 months after PED implantation. A, T2-weighted MR image before treatment, showing large mass of mixed signal
intensity, associated with significant mass effect and white matter edema, consistent with a giant aneurysm. B, DSA of the same aneurysm. The
arrow points to the proximal, normal portion of the M1 section. and the double arrow points to the fusiform aneurysm expending into the M2
sections. C, Follow-up DSA 6 months later showing “angiographic reconstruction” of the distal M1 section (arrow), significant enlargement of the
dilated proximal section of the cranial M2 branch (bent arrow), and lack of filling (occlusion) of this branch distal to the dilation. The PED
construct can be seen between the 2 dotted arrows. D, Follow-up T2-weighted MR image from 6 months after treatment showing unchanged
mass effect, edema, and mixed signal intensity. E, Longitudinal cut of the proximal landing zone. The luminal surface of the PED is covered by a
smooth tissue layer. F, Microscopic section of the layer removed from the luminal surface of the PED showing neointimal growth consisting of
smooth muscle cells (h-Caldesmon staining). G, The same layer is covered by a single cell layer of endothelium (arrow) (CD34 staining). H,
Macroscopic cross-section of the specimen at the level of the fusiform aneurysm. The implanted PED construct (arrow) is uncovered and
surrounded by fresh clot (bent arrow).

FIG 3. Giant, partially thrombosed fusiform aneurysm of the right ICA treated by a construct of 2 PEDs. The specimen was removed 13 months
after treatment. A, DSA before treatment showing the circulating portion of the partially thrombosed GFA involving the supraclinoid ICA on the
right. B, DSA 1 year after treatment showing angiographic reconstruction of the entire length of the fusiform aneurysm. C. Thin fibrin layer
removed from the luminal surface of the PED construct by H&E staining. The arrows in C and D point to the impressions of the flow-diverter
struts on the outer surface of the fibrin layer. D, h-Caldesmon staining fails to show smooth muscle cells inside this layer. E, CD34 fails to show
endothelial coverage on the luminal surface (arrows) of the layer. F, Histologic section showing a thick aneurysm wall with low cell attenuation
(star) and fresh thrombus underneath the wall (double star) by H&E staining. G, h-Caldesmon staining fails to show any smooth muscle cells
within the wall (star) or invasion into the clot (double star). H, Picrosirius staining reveals subintimal connective tissue within the thick aneurysm
wall (star) but no invasion into the thrombus (double star).
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publications were soon followed by reports on late complications,

including late thrombosis of the FD within 2 years.9 Of 13 delayed

ruptures after FD treatment reported by Kulcsár et al,22 4 were in

patients with a GFA. In a series by Siddiqui et al,10 after FD treat-

ment for posterior circulation GFAs in 7 patients, 4 patients died

and 2 had a poor outcome.

This study was undertaken to investigate potential reasons for

such poor results, particularly when compared with the better

outcomes achieved in patients with saccular aneurysms, even

when those aneurysms were large or giant.1 In general, the low

efficacy of coil packing in giant aneurysms is attributed to the

inability of the coils to induce permanent thrombosis and endo-

thelial lining of the neck. In such lesions, thrombus organization

and neck endothelialization were not found 2– 6 months after

treatment with coils.23 FDs are expected to initially induce aneu-

rysm thrombosis by intra-aneurysmal flow reduction and to seal

the aneurysm cavity off from the circulation by inducing neointi-

mal coverage of the FD surface at the neck. This seal would allow

the intrasaccular thrombus to be eventually organized. In animal

models, neointimal lining of the PED has been demonstrated as

early as 7 days after implantation in normal arterial sections and

4 – 8 weeks after treatment across the neck of saccular aneu-

rysms.24,25 Studies on the endothelialization of FDs in human

subjects have not been reported yet. We hypothesized that the

reason for the poor results in GFAs was the lack of thrombus

organization inside the aneurysm, the lack of intimal coverage of

the FD, or both. Thrombus organization was expected to be visu-

alized in the form of smooth muscle cell invasion and connective

tissue formation within the clot.26 Intimal growth over the lumi-

nal surface of the FD device was expected to be seen as a tissue

layer consisting of smooth muscle cells covered by endothelium.

The design of the FD did not seem to make any difference. Two

types were used, and each diameter was chosen to match the di-

ameter of the normal artery proximal and distal to the fusiform

dilation as closely as possible. Because of the fusiform nature of

the aneurysms, all the FDs were fully opened and reached their

nominal diameter inside the aneurysm. Subsequently, the device-

to-vessel diameter ratio did not affect the final metal coverage,

which is supposed to be approximately 30% for each device. The

Surpass device had higher pore attenuation than the PED (20 –32

and 15–22 pores/mm2, respectively), but that did not influence

the histologic outcome up to 9 months after treatment (On-line

Table 1, patient 4).

The wall of the nonthrombosed control aneurysm contained a

thick layer of smooth muscle cells consistent with myointimal

hyperplasia.27 In contrast, the walls of all treated aneurysms were

fragmented with low cell attenuation, signs of inflammation, and

a lack of smooth muscle cells. Inside the GFAs, there were no signs

of smooth muscle cell invasion or connective tissue formation

indicating clot organization, regardless of the length of follow-up

(for as long as 13 months) and regardless of occlusion or patency

of the aneurysm as seen on angiography. Clinical experience and

experimental evidence have shown that the loss of mural cells is

associated with an inability to transform intraluminal thrombus

to stable scar tissue because of the lack of smooth muscle cells

inside the wall.28 Subsequently, the lack of thrombus organization

is likely to be related to cellular loss of the sick wall in our GFAs.

All the treated aneurysms were partially thrombosed before

treatment, which is likely to be the reason for their wall degener-

ation. The release of thrombocyte-derived growth factors and

peroxidases from the luminal thrombus, together with deoxygen-

ation of stagnating red blood cells and a subsequent lack of oxy-

gen, are supposed to trigger cell death and inflammation inside

the wall.27 FDs may significantly reduce flow velocity within the

aneurysm but cannot repair the aneurysm wall and facilitate clot

organization because of the pre-existing lack of necessary

smooth muscle cells. In fact, the stagnation induced by the FD

may trigger further release of substances, such as matrix met-

alloproteinases, that damage the aneurysmal wall and increase

the risk of rupture.22,29

Histology showed lack of thrombus organization, which was

consistent with MR imaging findings, which showed no change in

signal intensity or size of the aneurysms during the follow-up

period. Considering that simultaneous angiography showed par-

tial or complete occlusion of the aneurysm and reconstruction of

the parent artery, one must keep in mind that nonfilling of an

aneurysm by angiography indicates only that blood is not flowing

inside the aneurysm any more, but it certainly does not indicate

healing of the aneurysm.

Intimal coverage is necessary for preventing FD thrombosis

without aggressive antiplatelet medication. In our patients, only

the section of FD implanted within the normal parent artery and

circumferentially covered by normal arterial wall got covered by

neointima and endothelialized as early as 6 months (patient 3).

The portion of the FD inside the GFA without any contact with

normal vascular wall remained uncovered, and no endothelial

cells were found at any time point inside the aneurysms for as long

as 13 months after treatment. This finding is similar to the lack of

endothelialization seen in aortic FD grafts.30 Although this is a

typical characteristic of fusiform aneurysms, the same phenome-

non may occur in giant aneurysms with very broad necks. Under

such circumstances, any lack of sufficient platelet inhibition may

result in either distal embolization or FD thrombosis.

Because histologic findings were similar in anterior and pos-

terior fossa aneurysms, these phenomena are likely related to the

fusiform morphology rather than the location of the aneurysms.

This work was limited by the small number of samples and

warrants further experimental and clinical pathologic studies.

High-resolution vessel wall imaging and sequential MR imaging

of giant aneurysms after FD treatment may help us to understand

more thoroughly the process of aneurysm thrombosis and the

role of the aneurysm wall in the thrombotic process.

CONCLUSIONS
The results of this study confirm the hypothesis that in GFAs,

thrombus organization and intimal coverage of the FD may not

occur for more than 1 year, which leads to a prolonged risk of

aneurysm rupture and FD thrombosis. The lack of thrombus or-

ganization does not seem to be related to FD design or aneurysm

location and probably results from wall degeneration of partially

thrombosed GFAs. Nonfilling of the aneurysm by angiography

should not be interpreted as a sign of aneurysm healing. Because

of their inefficacy, FDs should be considered for this pathology

only if treatment is needed and no other option is available.
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Intrasaccular Flow Disruption in Acutely Ruptured Aneurysms:
A Multicenter Retrospective Review of the Use of the WEB

T. Liebig, C. Kabbasch, C. Strasilla, A. Berlis, W. Weber, L. Pierot, T. Patankar, X. Barreau, J. Dervin, A. Kuršumović,
S. Rath, B. Lubicz, and J. Klisch

ABSTRACT

BACKGROUND AND PURPOSE: Use of the WEB intra-aneurysmal flow-disruption device in unruptured wide-neck bifurcation aneurysms
has proven safety and efficacy. However, ruptured aneurysms are underrepresented in existing studies. This retrospective multicenter
study describes the use of the WEB in patients with a ruptured intracranial aneurysm.

MATERIALS AND METHODS: Ten centers contributed to this study. Clinical and procedural data of 47 patients with 52 aneurysms were
analyzed retrospectively together with follow-up angiographies.

RESULTS: There were 37 anterior and 15 posterior circulation aneurysms with a neck size of �4 mm in 49 of 52 (94%) aneurysms; 45 (87%)
aneurysms were �10 mm, and 2 were partially thrombosed. Successful placement of the WEB was possible in every case. Adjunctive
devices were used in 8 of 52 (15%) aneurysms. Thromboembolic events were observed in 4 of 52 (8%) patients. Adverse events occurred in
15 patients with 16 aneurysms, 9 of which were potentially related to the WEB procedure (3 thromboembolic events, 5 protrusions, and 1
perforations; 2 perforations were caused by the wire or catheter), but none had a clinical impact. Four patients were retreated. Short-term
follow-up in 25 of 39 patients revealed complete occlusion in 15 of 25 (60%), 5 of 25 (20%) with residual neck, and 5 of 25 (20%) with residual
aneurysm filling. Short- to midterm imaging in 9 of 25 patients revealed complete occlusion in 5 (55.6%), residual neck in 2 (22%), and residual
aneurysm filling in 2 (22%). Of 47 patients, 23 (49%) had an mRS score of 0, 1, or 2; 13 (28%) had an mRS score of 3 or 4; and none had an mRS
score of 5 at discharge.

CONCLUSIONS: This retrospective series showed good procedural safety, feasibility, and stability of midterm occlusion in ruptured
wide-neck bifurcation aneurysms.

ABBREVIATIONS: CLARITY � Clinical and Anatomical Results In the Treatment of Ruptured Intracranial Aneurysms; HH � Hunt and Hess; ATENA � Analysis of
Treatment by Endovascular Approach of Nonruptured Aneurysms

The prevalence of intracranial aneurysms in the general popu-

lation ranges from 0.2% to 9.0%.1,2 Aneurysmal subarach-

noid hemorrhage occurs at an annual incidence of 7–13 per

100,000 person-years in most Western countries. It is associated

with a high mortality rate of up to 50% and a high morbidity rate

for patients admitted to the hospital.3,4 The risk of rupture in-

creases with aneurysm size and location.5-9 The primary purpose

of treating a ruptured aneurysm is to prevent recurrent hemor-

rhage in the acute and subacute phases.10 The preferred treatment

in patients with SAH, endovascular coil occlusion may be limited

by aneurysm geometry, particularly in wide-neck or broad-based

aneurysms that typically necessitate the use of a stent for proper

reconstruction of the neck and sufficient occlusion of the aneu-

rysm sac. This treatment usually requires the use of antiplatelet

medication, which may impose an increased risk in the presence

of a recently ruptured aneurysm.11

The WEB aneurysm embolization system (WEB; Sequent

Medical, Aliso Viejo, California) is a self-expanding microbraid

mesh implant delivered through a microcatheter and sized to fit
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and occlude an aneurysm in a single step. Two versions are avail-

able: a dual-layer type (WEB-DL), which is composed of 2 con-

centric cages, and a single-layer type (WEB-SL or SLS). The avail-

able sizes range from 4 to 11 mm in diameter and 3 to 9 mm in

height. The mesh is designed to disrupt the flow at the neck of the

aneurysm and to ultimately exclude it from the blood flow while

preserving the flow in the parent artery (Fig 1). It seems to be

especially suitable for broad-based bifurcation aneurysms and

may eliminate the need for other reconstructive measures inside

the parent artery, such as placing a stent.12 Numerous publica-

tions have described the successful use of the WEB in the treat-

ment of unruptured wide-neck bifurcation aneurysms.12-14 Just

recently, a single-center experience with the WEB in 6 ruptured

aneurysms was reported, and the results were promising.15 In this

retrospective multicenter case series, we describe use of the WEB

in 52 aneurysms in 47 patients who presented with subarachnoid

hemorrhage secondary to a ruptured intracranial aneurysm.

MATERIALS AND METHODS
A retrospective review of the medical records, radiographic imag-

ing, and interventional reports was performed for 47 patients

treated with a WEB device for a ruptured intracranial aneurysm at

1 of 10 European centers between May 2011 and December 2013.

At each participating center, clinical and interventional treatment

was provided per institutional standards of care. In each partici-

pating institution, the indication for treatment and technique

(surgery or endovascular treatment) were decided on a case-by-

case basis by a local multidisciplinary team that included neuro-

surgeons, neuroanesthesiologists, neurologists, and neuroradi-

ologists. The selection of aneurysms treated with the WEB device

was performed autonomously in each center by the interventional

neuroradiologists according to aneurysm characteristics (ie, loca-

tion, diameter, and neck size).

Permission from each patient to include their data was

achieved in accordance to institutional ethical guidelines. Base-

line patient and aneurysm characteristics, comorbidities, and

SAH severity scores (Hunt and Hess [HH] or World Federation of

Neurosurgical Societies classification) were compiled. Angio-

graphic assessments were made at baseline, immediate postembo-

lization, short-term (2–9 months [mean, 4.2 months]), and mid-

term (7–25 months [mean, 12.9 months]) time points. The

immediate periprocedural hemody-

namic effects and follow-up occlusion

success were rated and reported by each
operator as “complete,” “residual filling
of the neck,” or “residual aneurysm fill-
ing,” as previously described.15 Peripro-
cedural medications, procedural com-
plications, and clinical outcomes were
compiled.

Patient Data
Forty-seven patients harboring a total of

52 aneurysms were evaluated. SAH se-

verity scores (HH or World Federation

of Neurosurgical Societies) were avail-

able for 46 of the 47 patients. Eleven pa-

tients had an HH grade of I, 12 had an

HH grade of II, 8 had an HH grade of III, 7 had an HH grade of

IV, and 5 had an HH grade of V. The median HH score was II.

Three patients were rated according to the World Federation of

Neurosurgical Societies system; 2 patients had a grade of 1, and

1 patient had a grade of 5.

Three patients had 1 additional aneurysm, and 1 patient had 2

additional aneurysms. These aneurysms were treated during the

same procedure with WEB devices. The anatomic locations of the

ruptured aneurysms were distributed as follows: 18 in the MCA,

17 in the anterior communicating artery, 8 in the basilar artery, 6

in the posterior communicating artery, 1 in the ICA terminus, 1 in

the PICA, and 1 in the pericallosal artery. In the 4 patients with

multiple aneurysms treated (9 aneurysms total; 1 patient with 2 in

the MCA and 1 in the PICA, 1 patient with 1 in the ICA terminus

and posterior communicating artery, and 2 patients with 1 in the

MCA and anterior communicating artery), the rupture site could

not be identified with absolute certainty, and each aneurysm was

treated with a WEB device. The rupture site was visible in 32

aneurysms, and in 10 it interfered with deployment of the WEB.

Two of these patients were among those with periprocedural re-

hemorrhage, one that resulted from a microwire perforation and

the other that potentially resulted from the WEB deployment

itself.

Of 52 aneurysms, 10 (19.2%) were �5 mm in diameter, 35

(67.3%) were 5–10 mm in diameter, and 7 (13.5%) were �10 mm

in diameter. Of the 52 aneurysms, 49 (94.2%) had a neck size of

�4 mm (mean, 4.7 mm). Two of the large aneurysms were par-

tially thrombosed.

Procedural Data
Two treatments were performed as one staged procedure; one

required additional coiling of a remnant during a control angio-

gram within 24 hours, and the other was planned as a 2-step

occlusion, first of the dome, including the rupture site, followed 4

days later by stent-assisted coil occlusion with reconstruction of

the neck under dual antiplatelet medication.

For 34 of the aneurysms, the index procedure was performed

with the patient having been given a full bolus of IV heparin (5000

IU); 9 aneurysms were treated with a reduced bolus (2500 IU, all

in the same center); and 9 were treated without heparin. Heparin

was maintained at partial thromboplastin time levels of 40 –50

FIG 1. A, WEB-DL, a double-layer microbraid, used in 37 of the 52 aneurysms in this series. B,
WEB-SL, a single-layer implant, used in 15 of the 52 aneurysms in this series.
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seconds for 48 hours in 5 patients from one center. Low-molecu-

lar-weight heparin was maintained in 22 patients (21 from 1 cen-

ter). Only 1 patient was known to be on aspirin before the treat-

ment. Twenty-three patients received 250 –500 mg of aspirin

during the intervention, usually before introduction of the WEB

device. Glycoprotein IIb/IIIa inhibitors were used to counteract

periprocedural thrombus formation: eptifibatide (Integrilin) in 2

cases of visible clot and abciximab (ReoPro) in 1 case of WEB

protrusion. Postprocedural antiaggregation was maintained con-

tinuously in 27 patients (75–100 mg aspirin/day), and 7 of 27

received additional clopidogrel (75 mg/day) for 12 weeks. Eight

patients who were kept on posttreatment antiplatelet medication

were among those who had either periprocedural thrombus for-

mation or postapplication protrusion of the WEB as the reason to

keep up the medication. Another 19 patients were kept on a single

antiplatelet medication without evident procedural reason (per

the institutional standard of care). One patient with a periproce-

dural clot formation was treated with mechanical clot extraction

by means of a Solitaire stent (Covidien, Irvine, California) and

was administered a single 500-mg dose of aspirin, but no contin-

uous medication was given.

Most procedures were performed with 6F access catheters/

long sheaths, and 17 of 52 aneurysms were treated with interme-

diate catheters in addition to the dedicated microcatheters (32

VIA or VIA PLUS [Sequent Medical], 20 other catheters of

�0.027 inches). Thirty-seven aneurysms were treated with a dual-

layer device that was composed of 2 cages of 144 woven nitinol

strands, and 15 aneurysms were treated with single-layer devices

in which the number of nitinol strands varied from 144 to 216 (on

the basis of device diameter).

RESULTS
Eight aneurysms were treated with additional devices (4 with stent

only, 1 with coils only, 1 with coils and a stent, 1 with coils and a

balloon, 1 with a balloon). The reasons for adjunctive treatments

were planned staged procedure (1 case), to complete neck closure

or sac filling (2 cases), to treat preaneurysm stenosis (1 case), and

to correct device protrusion (4 cases).

Treatment durations ranged from 15 to 193 minutes (average,

68 minutes). Treatment durations for 4 of the treatments with

WEB placement in multiple aneurysms ranged from 67 to 195

minutes.

Adverse Events
Periprocedural adverse events were reported for 15 patients dur-

ing the treatment of 16 aneurysms, including 1 patient with 2

complications. Among those who underwent these procedures,

10 patients had no clinical sequelae and were discharged with an

mRS score of �2 or a score equal to that before the initial SAH

(Table 1).

Thirty-six aneurysms were treated without adverse events. In a

maximum of 12 of 16 complicated treatments, the adverse event

could possibly be attributed to the actual delivery of the WEB

device. However, 3 of those were caused by the guidewire (1 per-

foration) or the microcatheter probing (1 perforation and 1 in-

duced spasm).

Four events were thromboembolic in nature and required an-

tiplatelet medication; 1 received eptifibatide, 1 received eptifi-

batide and additional aspirin and clopidogrel, 1 clot progressed

despite 500 mg of intravenous aspirin and was removed success-

fully with a Solitaire stent, and in 1 case there was no information

with regard to treatment. None of these patients had clinical

sequelae.

Four aneurysms exhibited angiographic protrusion of the

WEB that necessitated the use of a stent and, in 1 case, the addi-

tional use of IV antiplatelet drugs.

Three aneurysms were perforated during the treatment. How-

ever, only 1 case presented evidence of an additional SAH on post-

procedural CT. This SAH might have occurred during the deploy-

ment of the device itself, and there was no clinical impact on the

patient. The other 2 perforations were caused by a wire or a catheter.

There was no delayed bleeding in any of the patients treated

with a WEB device.

Angiographic Results. An immediate postprocedural hemody-

namic effect was achieved in 44 of 52 (84.6%) aneurysms. Twenty

Table 1: Periprocedural events
Patient No. AN Location Complication Device Related Outcome (mRS Score) Clinical Consequence

1 MCA TE Yes 0 at 8 mo None
2 MCA TE Yes 3 (same as before SAH) None
3 PcomA TE Yes 0 at 3 mo None
4 BA TE No 4 at dischargea None
5 MCA TE No 3 at 2 mo Yes

AcomA AN perforation No Yes
6 Pericallosal artery AN perforation Yes 0 at 1 wk None
7 MCA AN perforation No 6 from initial SAH Unknownb

8 AcomA Induced spasm Unknown 6 from initial SAH Unknownb

9 MCA Induced spasm Unknown Unknown Unknown
10 PcomA Infarction No 2 at 6 mo Transient
11 AcomA WEB protrusion Yes 0 at 6 mo None
12 BA WEB protrusion Yes 0 at 8 mo None
13 MCA WEB protrusion Yes 0 at 3 mo None
14 AcomA WEB protrusion Yes 0 at 25 mo None
15 rMCA, lMCA, Dissect Vert rMCA branch partial occlusion Yes 0 at 3 wk None

Note:—AcomA indicates anterior communicating artery; AN, aneurysm; BA, basilar artery; Dissect Vert, dissecting vertebral; lMCA, left MCA; PcomA, posterior communicating
artery; rMCA, right MCA; TE, thromboembolic event.
a Clinical outcome related to ventriculitis.
b Death during hospitalization secondary to the SAH, not during the procedure.
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(38.5%) aneurysms were completely occluded, 15 (28.8%) only

showed contrast in the proximal compartment of the implant,

and another 9 (17.3%) showed at least occlusion of the aneurysm

dome beyond the implant. In 1 patient, a coil was also used within

24 hours to occlude an angiographic remnant outside the WEB

that was not covered by the WEB itself after its initial placement.

Of the 8 aneurysms that did not even partially occlude, 6 at least

showed delay of the contrast washout until the venous phase, 1

even after the venous phase.

Imaging performed in 25 of 39 patients still alive at short-term

follow-up (mean, 4 months [range, 2–9 months]; 21 performed

with DSA, 4 performed with MRA) revealed complete occlusion

of the aneurysm in 15 of 25 (60%) cases, 5 of 25 (20%) had resid-

ual filling of the neck, and 5 of 25 (20%) showed residual filling of

the aneurysm. Imaging performed on 9 of 25 patients at midterm

(mean, 13 months [range, 7–36 months]; all DSA) revealed com-

plete occlusion of the aneurysm in 5 of 9 (55.6%) cases, 2 of 9

(22.2%) had residual neck, and 2 of 9 (22.2%) had residual aneu-

rysm filling. In the midterm follow-ups, none of the implants

themselves showed filling with contrast. There was no conceivable

difference between the single- and dual-layer implants. Among

the 20 aneurysms with immediate complete occlusion, 12 were

treated with a dual-layer device, and 8 were treated with a single-

layer device. None of the aneurysms that exhibited residual filling

of the sac on midterm follow-up had been treated with a single-

layer WEB.

Four patients required endovascular retreatment. In 1 patient,

DSA was performed because of neurologic worsening on the day

of the initial treatment; it was decided to treat this residual aneu-

rysm with coils. One patient required endovascular retreatment

with coils 1 month after the initial procedure. One patient had 3

aneurysms treated with a WEB device initially, and additional

endovascular treatment was required because of a dissecting V4

aneurysm with coils and Y-stent placement 3 weeks later. One

patient required retreatment with coils and a stent 3 months later

for aneurysm regrowth caused by integration of the WEB into an

intra-aneurysmal thrombus. All remnants or recurrences were

treated by endovascular means without additional adverse events.

Clinical Outcome Data. Of 47 patients, 23 were discharged as

independent survivors with an mRS score of 0, 1, or 2; 13 patients

had an mRS score of 3 or 4; and none had an mRS score of 5. Eight

patients died during their hospital stay, 5 as a result of the SAH

and 3 for other reasons (1 from rehemorrhage 3 hours after treat-

ment, probably as a result of dissection from another aneurysm; 1

from acute respiratory distress syndrome; and 1 from vasospasm

and infarction of all territories). For 3 patients, the postproce-

dural mRS score was not recorded.

Nineteen patients experienced a complication during their

hospital stay. Of these 19 complications, 16 were related to the

initial SAH (eg, vasospasm, new infarction on follow-up imaging,

or ventriculitis after insertion of an extraventricular drainage).

Three patients experienced postprocedural hemorrhage during

their hospital stay: 1 intraparenchymal hemorrhage resulted from

external ventricular drainage, 1 aneurysm was insufficiently oc-

cluded and was coiled within 24 hours after clinical worsening of

the patient, which may have been caused by rehemorrhage, and 1

patient experienced rupture of an additional aneurysm 3 hours

after the treatment of the index aneurysm with a WEB. This rup-

ture was of a dissecting aneurysm that was treated with coils but

had a fatal outcome. The dissecting aneurysm was identified as the

source of rehemorrhage by autopsy.

Of 16 complications that were reportedly related to the intra-

operative device and/or the procedure, 9 occurred in patients who

were discharged with an mRS score of �2; one of these 9 patients

already had a pretreatment mRS score of 3 and was discharged

unchanged. Two of these 9 patients died, one of whom had a

guidewire perforation during the treatment; 5 of 9 had an mRS

score of 3 or 4, and no information was available for the other 2

patients.

Of the 30 patients available for midterm follow-up, 27 were

independent. Of the remaining 3, two had maintained their initial

status, and 1 had progressed from an mRS score of 1 at discharge

to an mRS score of 4 after an episode of intraparenchymal hem-

orrhage after tPA administration for pulmonary artery thrombo-

sis (Table 2).

DISCUSSION
Endovascular coil occlusion has been proven to increase the num-

ber of patients with good clinical outcome over that of those who

undergo surgical clipping after aneurysmal subarachnoid hemor-

rhage.16 However, it has 2 potential drawbacks. First, coil occlu-

sion does not immediately and completely exclude the aneurysm

from the bloodstream17; presumably, this is one explanation for

the slightly higher rate of early rehemorrhage after coiling in the

International Subarachnoid Aneurysm Trial.16 Second, coiled an-

eurysms have a greater tendency to recur particularly if they are

Table 2: Nonfatal complications during hospitalization
Patient No. AN Location Type of Event SAH Related Outcome (mRS Score)

1 AcomA Vasospasm Yes 0 at discharge
2 MCA Vasospasm on day 14 Yes 2 at 6 mo
3 MCA Vasospasm on day 7 Yes 0 at discharge
4 BA Vasospasm Yes 4 at 12 mo
5 AcomA Infarct on MRI Yes 2 at 6 moa

6 MCA Stroke on MRI No 0 at discharge
7 BA Ventriculitis Yes 4 at discharge
8 AcomA Rehemorrhage; additional treatment with coils No 0 at 6 mo
9 BA New infarct on day 3 with vasospasm and stenosis visible Yes 0 at 8 mo
10 MCA Stroke on MRI No 3 at discharge
11 rMCA, lMCA, Dissect Vert Brain stem edema on day 23 No 0 at 3 wk

Note:—AcomA indicates anterior communicating artery; AN, aneurysm; BA, basilar artery; Dissect Vert, dissecting vertebral; lMCA, left MCA; rMCA, right MCA.
a Clinical status restored to pre-SAH value in a patient with multiple sclerosis.
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large, broad-based, partially thrombosed, or ruptured. Further-

more, standard coil occlusion may be limited or unsuitable be-

cause of aneurysm geometry. Broad-based aneurysms especially

may require the placement of a stent to remodel the parent artery,

which by itself necessitates the use of antiplatelet medication.

Thus, an endovascular treatment alternative that may be used

safely for broad-based aneurysms without the need for additional

implants in the bloodstream, yet offers efficacious aneurysm oc-

clusion and prevents rehemorrhage, seems to be desirable, partic-

ularly for ruptured aneurysms. The purpose of this study was to

evaluate the use of a relatively novel intra-aneurysmal microbraid

implant, the WEB device, in ruptured aneurysms. In nonruptured

aneurysms, the WEB has been described in a number of published

series to be both safe and efficacious.12-14 Because of its concep-

tual difference from standard coil occlusion, a potential yet un-

proven advantage of the WEB is faster hemodynamic separation

of the aneurysm; immediate stasis is often seen after its deploy-

ment (Fig 2). The absence of overlapping radiopaque material

might enable accurate positioning at the level of the neck, even in

broad-based aneurysms. At the same time, stronger and larger

microcatheters and the acute tip of the implant at the early stage of

deployment and before unfolding may impose an increased risk

for periprocedural rupture. Finally, nitinol coils have a potentially

higher thrombogenicity when compared with the very inert plat-

inum coils.18 Therefore, thromboembolic events are of special

concern, accepting that subarachnoid hemorrhage is known to

induce a hypercoagulative state.19

Recently, a multicenter study by Papagiannaki et al20 of 87
aneurysms (mostly unruptured) in 85 patients was published, and
the results were favorable for the WEB when compared with those
of coil occlusion in the Analysis of Treatment by Endovascular
Approach of Nonruptured Aneurysms (ATENA) trial and the

Clinical and Anatomical Results In the
Treatment of Ruptured Intracranial An-
eurysms (CLARITY) study.21,22 Al-
though the percentage of broad-based
aneurysms was much higher in the Pa-
pagiannaki et al series (85.9% vs 9.1% in
CLARITY), the results for peri-interven-
tional rupture and thromboembolic
events were comparably low, and the
rate of adequate occlusion was even
higher with WEB than in CLARITY. De-
spite these observations, there is still a
lack of evidence regarding the treatment
results for WEB in ruptured aneurysms
so far; in the Papagiannaki et al study,
only 4 aneurysms (4.6%) were ruptured.

In the present series of 52 ruptured
aneurysms, the technical success was
100%. However, failed attempts to place
a WEB device or even the catheter and
the subsequent choice of other treat-
ment algorithms were not specifically
recorded.

A limitation of this novel implant,
which can be attributed to the larger mi-

crocatheter needed and greater rigidity

during the initial delivery when compared with those of coils, is

the fact that in 10 of 52 aneurysms, the operator felt that the

implant interfered with the rupture site during its delivery. How-

ever, only in one such case could a periprocedural rupture (seen as

an increase in the extent of subarachnoid blood on postproce-

dural CT) potentially have been attributed to the WEB delivery

and was of no clinical consequence whatsoever (patient with an

mRS score of 0 on follow-up). Two other complications included

microguidewire and microcatheter perforations, which occurred

before each implant was advanced.

Because of the nature of subarachnoid hemorrhage, the overall

clinical outcome in our series was worse than that in the Papagi-

annaki et al series. Eight patients died during hospitalization, and

another 11 patients experienced SAH-related complications such

as severe vasospasm leading to infarction or ventriculitis after

external ventricular drainage. However, after the acute phase, the

results were relatively good. Of the 30 patients available for mid-

term follow-up, 27 were independent survivors (mRS scores,

0 –2). Of the remaining 3 patients, 2 have remained at their pre-

treatment status, and only 1 had progressed from an mRS score of

1 at discharge to an mRS score of 4 after an episode of intracranial

hemorrhage after tPA administration for pulmonary artery

thrombosis 7 months after the index procedure. Most important

is that there was no late rerupture or late ischemia that could have

been attributed to the WEB. All rehemorrhages occurred during

the acute or subacute phase and could be explained by either

periprocedural perforation with the wire or the catheter/WEB or

incomplete occlusion of the aneurysm, leaving the potential rup-

ture site unprotected by the implant. The midterm occlusion rates

compare favorably to those of other series of ruptured aneurysms,

such as CLARITY. Here, adequate occlusion was observed in 419

of 517 (81.0%) aneurysms, and an aneurysm remnant was found

FIG 2. Ruptured basilar tip aneurysm before (A) and immediately after (B) deployment of the
WEB device. After the WEB is placed, no contrast filling can be seen inside the dome, including
the bleb that is presumed to be the rupture site; furthermore, there is stasis of contrast inside the
WEB beyond the venous phase, indicating sufficient hemodynamic decoupling.
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in 98 of 517 (19.0%) aneurysms at midterm follow-up. In our
series, only 4 aneurysms required additional treatment. One was a
dissecting PICA vertebral aneurysm, initially misjudged as a PICA
aneurysm and later treated with an additional stent and coils.
Another procedure was staged with a WEB in the acute phase
followed by surgical clipping. The remaining 2 aneurysms were a
residual filling at the neck at 1 month treated with coils and re-
growth of a partially thrombosed aneurysm that had been treated
with 2 WEB devices, which both became integrated into the clot.
The recurrence was treated with a stent and coils. Furthermore,
the results of our series cannot really be compared with those of
CLARITY, because 49 of the 52 ruptured aneurysms in our study
had a neck size of �4 mm versus the only 9.1% broad-based
ruptured aneurysms in CLARITY.

The 30.8% (16 of 52) rate of procedural events may seem high
at first. However, the operators were ask to record all procedural
events, including those without clinical sequelae, such as transient
thrombus formation, aggravation of vasospasm induced by wire
and catheter probing, and protrusion of the WEB. When only
events that effectively resulted in clinical worsening or prolonged
hospital stay were rated, this figure was reduced to 3 of 52: one
aneurysm perforated with the guidewire, one thromboembolic
event, and the aforementioned rehemorrhage in a case in which
the presumed site of rupture was not covered with the WEB dur-
ing the first treatment. One additional patient exhibited induc-
tion or aggravation of vasospasm caused by probing with the mi-
crocatheter; this patient died as a result of SAH sequelae. Thus, the
overall rate of procedural complications with clinical worsening
can be extrapolated to parallel that in the aforementioned series of
nonruptured aneurysms treated with a WEB device (13% in the
Papagiannaki et al study). The rate of intraoperative rupture
(5.7% vs 1.3%) was slightly higher than that in the Papagiannaki
et al study and than those of ATENA (2.6%) and CLARITY
(3.7%). The small sample size in our study did not allow for a
validated comparison. The same limitation exists for the rate of
thromboembolic events, mainly comprising thrombus formation
on the implant itself that was more or less equal to that in the
Papagiannaki et al series (9.6% vs 7.6%, respectively). Morbidity
and mortality rates are difficult to calculate for our group of pa-
tients with SAH, because most of the deaths and poor outcomes
could be attributed to the SAH itself. There were only 3 proce-
dural events that most likely led to clinical consequences, only one
of which was related to the implant itself (thromboembolic
branch occlusion). For comparison, the treatment morbidity and
mortality rates were 1.3% and 0.0% in the Papagiannaki et al series,
1.7% and 1.4% in ATENA, and 3.7% and 1.5% in CLARITY,
respectively.20-22

Between the 2 different types of WEB devices (single- or dual-
layer), not many differences could be found. First, because of the
later introduction of the WEB-SL, all treatments before June 2013
were performed with the WEB-DL. Thus, only 15 aneurysms were
treated with a single-layer device. With the introduction of the
single-layer WEB, the question of whether it would be similarly
effective in flow disruption arose. In our series, we could not find
a difference in efficacy between the 2 designs, neither with regard
to the immediate angiographic result nor to long-term occlusion.
The absolute numbers were actually in favor of the single-layer
WEB device. Immediate complete occlusion was recorded for 12

of 37 WEB-DL and 8 of 15 WEB-SL devices. None of the aneu-
rysms with residual filling of the sac on midterm follow-up was
treated with a single-layer WEB. We interpret this trend as an
indication that the flow-disrupting effect of the single-layer sys-
tem most likely is at least as good as that with the dual-layer WEB;
this, however, remains to be proved in a larger comparative study.

With regard to thromboembolic potential, which certainly
plays an important role in the hypercoagulative state during acute
SAH, our results were also in favor of the single-layer version.
Only 1 thromboembolic event was recorded for the WEB-SL de-
vice, and it consisted of local clot formation that could be re-
moved by means of stent-retriever thrombectomy; all the other
thromboembolic events occurred with the WEB-DL device. Fi-
nally, protrusion of the implant seemed to be an issue that de-
pended on aneurysm geometry, because protrusion occurred in
aneurysms �6 mm in diameter. More important is that these
aneurysms had a neck-to-height ratio of �1, meaning that
these aneurysms were not only small but also shallow. With
regard to protrusion, the type of implant did not seem to make
a difference. Recent developments of the WEB with enhanced
visibility and new angiographic visualization techniques seem
to enable us to reliably detect and avoid protrusion as a poten-
tial source of adverse events in the future.23 There was 1 aneu-
rysm with partial thrombosis of the sac that had recurred at 3
months. Hope that the greater and more even surface of the
WEB may sufficiently prevent migration into the clot, regu-
larly seen with bare coils, is not warranted at the moment.
Overall, the WEB provided safe aneurysm occlusion without
necessitating additional stent placement in 90% of the pa-
tients. Periprocedural double-antiplatelet treatment could
have been avoided in 87% of the patients and single-antiplate-
let treatment in 50% of the patients in the acute phase of SAH.
Although the follow-up period was shorter in our cohort, the
rate of target aneurysm rerupture (1 of 52 [2%]) is comparable
with that found in larger trials: 4.2% in the International Sub-
arachnoid Aneurysm Trial for 1 year and 4.5% in a series of 44
ruptured wide-neck aneurysms treated with a stent and coils.24

CONCLUSIONS
The WEB intra-aneurysmal flow disruptor can be used in rup-

tured aneurysms with safety and efficacy equal to those shown in

previous experiences gathered with use of the WEB device in non-

ruptured aneurysms. Comparison with previous series of rup-

tured aneurysms was compromised by the fact that in most cases

in our series, the aneurysms were broad-based. This specific ge-

ometry in combination with acute rupture renders the rate of

necessary retreatments favorably in comparison with that of most

series of coil occlusion. Partial thrombosis is still an unsolved

issue, because the WEB may become integrated into a clot over

time. The single-layer version performed as well as the dual-layer

device in our series, with absolute numbers in favor of the WEB-

SL, particularly with regard to thromboembolism. Protrusion of

the implant is a potential problem that more likely may occur in

small and shallow aneurysms, which is a limitation that will prob-

ably be overcome with an enhanced-visibility version of the braid

and new angiographic imaging modalities. Overall, the WEB

seems to be a very suitable treatment option for ruptured aneu-

rysms, even if they are broad-based. Concerns that the conceptual
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differences between the WEB device and coil occlusion may be

associated with an increased risk of rehemorrhage are not war-

ranted by the results of this series.
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ORIGINAL RESEARCH
INTERVENTIONAL

Long-Term Follow-Up Results following Elective Treatment of
Unruptured Intracranial Aneurysms with the Pipeline

Embolization Device
A.H.Y. Chiu, A.K. Cheung, J.D. Wenderoth, L. De Villiers, H. Rice, C.C. Phatouros, T.P. Singh, T.J. Phillips, and W. McAuliffe

ABSTRACT

BACKGROUND AND PURPOSE: Numerous reports of treatment of wide-neck aneurysms by flow diverters have been published; how-
ever, long-term outcomes remain uncertain. This article reports the imaging results of unruptured aneurysms treated electively with the
Pipeline Embolization Device for up to 56 months and clinical results for up to 61 months.

MATERIALS AND METHODS: One hundred nineteen aneurysms in 98 patients from 3 centers admitted between August 2009 and June
2011 were followed at 6-month, 1-year, and 2�-year postprocedural timeframes. Analyses on the effects of incorporated vessels, previous
stent placement, aneurysm size, and morphology on aneurysm occlusion were performed.

RESULTS: The 1- and 2�-year imaging follow-ups were performed, on average, 13 and 28 months postprocedure. At 2�-year follow-up,
clinical data were 100% complete and imaging data were complete for 103/116 aneurysms (88.8%) with a 93.2% occlusion rate. From 0 to 6
months, TIA, minor stroke, and major stroke rates were 4.2%, 3.4%, and 0.8% respectively. After 6 months, 1 patient had a TIA of uncertain
cause, with an overall Pipeline Embolization Device–related mortality rate of 0.8%. An incorporated vessel was significant for a delay in
occlusion (P � .009) and nonocclusion at 6 months and 1 year, with a delayed mean time of occlusion from 9.1 months (95% CI, 7.1–11.1
months) to 16.7 months (95% CI, 11.4 –22.0 months). Other factors were nonsignificant.

CONCLUSIONS: The Pipeline Embolization Device demonstrates continued very high closure rates at 2� years, with few delayed clinical
adverse sequelae. The presence of an incorporated vessel in the wall of the aneurysm causes a delay in occlusion that approaches sidewall closure
rates by 2 years.

ABBREVIATIONS: DAT � dual antiplatelet therapy; PED � Pipeline Embolization Device

The endovascular treatment of wide-neck aneurysms by flow-

diverting devices has been previously been evaluated for both

small and large aneurysms. The midterm results of implantation

of the Pipeline Embolization Device (PED; Covidien, Irvine, Cal-

ifornia) have been previously reported.1-6 Data collection is now

complete for up to 56 months with a mean of 28 months, and we

report the results in patients who have previously undergone elec-

tive treatment with the PED.

MATERIALS AND METHODS
Patient Population
A previously published existing prospective case registry4 of PED-

treated elective cases (wide neck, �4 mm; unfavorable dome/neck

ratio, �1.6; fusiform anatomy, �10 mm; or previous failed ther-

apy) at 3 centers between August 2009 and June 2011 identified

119 unruptured aneurysms in 98 patients undergoing 107 consec-

utive elective procedures. This includes the 57 consecutive cases

originally reported. Only elective procedures were included to

increase population homogeneity. Written informed consent was

obtained. Periprocedural management, multidisciplinary in-

volvement, and application for use are as previously published.4

Morbidity or death occurring for any reason during follow-up

was noted.

Antiplatelet and Anticoagulation Schedule
Antiplatelet and anticoagulation schedules have been published

previously.4 Antiplatelet protocols, use of platelet-inhibition test-

ing, and duration of dual antiplatelet therapy (DAT) for anterior

circulation aneurysms (3– 6 months) varied among operators;

however, all patients with posterior circulation aneurysms were

prescribed 12 months of DAT routinely. Patients continued/dis-

continued DAT outside these timeframes at operator discretion.

All continued to receive aspirin after cessation of clopidogrel, ex-

cept for 3 patients: Two were continued on clopidogrel, one for an
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unrelated cardiac procedure and the other for aspirin intolerance;

one remained on dipyramidole for aspirin allergy.

Follow-Up Study Intervals and End Points
Clinical follow-up was recorded. Imaging follow-up was noted at

approximately 6-month, 1-year, and 2�-year timeframes and was

grouped as per intention-to-perform at the particular interval,

but exact times varied depending on patient availability. The pri-

mary end point was defined as complete aneurysm closure, and

secondary end points included in-stent stenosis, retreatment, and

delayed complications, including TIA, minor stroke (mRS, 0 –2),

major stroke (mRS, 3– 6), and SAH. Imaging was performed as a

DSA or, less commonly, as MR angiography or CTA if patients

were infirm or refused DSA. If delayed imaging follow-up was not

performed (due to patient infirmity, refusal, or other), clinical

follow-up was undertaken by outpatient clinic or telephone. Fol-

low-up was performed earlier at the operator’s discretion if there

were concerns.

Statistical Analysis
The presence of a notable artery arising from the aneurysm (ie,

incorporated [yes/no], pre-existing stent [yes/no], size [dichoto-

mized into �10/�10 mm], and aneurysm morphology [berry/

fusiform]) was analyzed with respect to occlusion rates at the

6-month, 1-year, and 2�-year timeframes by using the Fisher test

(GraphPad Prism software; GraphPad Software, San Diego, Cal-

ifornia). Multiple regression was performed by using SPSS, Ver-

sion 22 (IBM, Armonk, New York), and statistically significant

associations were assessed for delay in occlusion by using Kaplan-

Meier analysis.

For calculating aneurysm occlusion percentages, we made 2

assumptions: Aneurysms of patients missing a follow-up period

but with documented occlusion before and after were assumed to

have remained occluded. Second, if an aneurysm was nonoc-

cluded at the last imaging examination, it was assumed to have

remained nonoccluded regardless of additional clinical follow-

up. We reviewed prior imaging in aneurysms occluded before the

6-month follow-up period for the Kaplan-Meier analysis to estab-

lish the date of occlusion.

RESULTS
We included 119 aneurysms in 98 patients (78 female; 13– 83

years of age; mean, 55.7 years) treated in 107 consecutive proce-

dures: 43.7% (52/119) of aneurysms were �10 mm; of these, 7

were giant (�25 mm); 17.6% (21/119) were posterior circulation;

16.0% (19/119) were fusiform; 19.3% (23/119) had a notable in-

corporated branch; and 8.4% (10/119) had previous stent

therapy.

Of the 119 aneurysms, 100% (116/116) had clinical follow-up

and 88.8% (103/116) had imaging follow-up to 2�-years. Aneu-

rysms in 11 patients (9.5%) were previously occluded and did not

have imaging at the 2�-year timeframe. Two patients with 2 an-

eurysms refused imaging follow-up entirely and were excluded

from occlusion analysis. Three deaths occurred, all between the 1-

and 2�-year follow-up. Eighty-four percent (100/119) were im-

aged at 6 months, and 65.6% (78/119), at 1-year. Six-month fol-

low-up ranged from 1 to 10 months (average and median, 6

months); 1-year follow-up, from 8 to 19 months (average and

median, 13 � 2.1 months); and 2�-year follow-up, from 17 to 56

months (average, 28 months; median, 26 � 7.8 months). Average

and median clinical 2�-year follow-up was 31 and 30 months,

respectively (range, 17– 61 months).

Aneurysmal Occlusion
Overall aneurysmal occlusion rates increased from 81.6%, 84.1%,

to 93.2% in the 6-month, 1-year, and 2�-year time periods, re-

spectively. Twenty-one of 119 aneurysms were identified as non-

occluded at 6 months; of these, 3 closed by 1-year follow-up, and

a further 11, at 2�-year follow-up.

Seven aneurysms were nonoccluded at 2�-year follow-up

(Table 1). Four of these patients had stopped clopidogrel at 6

months. Three of 7 patients had an incorporated vessel (discussed

below). Two of these 3 patients stopped clopidogrel at 6 months.

Of the 4/7 remaining aneurysms, the first (cavernous aneurysm)

was initially treated with 1 PED (5 � 20 mm) and had retreatment

with a second (4.75 � 16 mm) at 12 months. Final CTA was

performed 22 months post-initial PED, after which follow-up was

stopped due to the patient being 80 years of age. The second

case, patient A (Fig 1), had a basilar blowout aneurysm that was

retreated at 20 months (discussed below). The third had a

blowout aneurysm of the anterior communicating artery

treated with a PED from the left A1 to the right A1/A2 junction

without convincing purchase in the distal right A2. The last

had a pre-existing stent (Enterprise; Codman & Shurtleff, Rayn-

ham, Massachusetts).

Presence of Incorporated Vessel
Of the 21 nonoccluded aneurysms at 6 months, 10 had an incor-

porated vessel. This was statistically significant for causing de-

layed occlusion (P � .009) and nonocclusion at 6 months (10/23

aneurysms with an incorporated vessel, P � .001), and at 1 year

(10/23, P � .001), but not at 2� years (3/23, P � .116). Kaplan-

Table 1: Characteristics of the 7 aneurysms that failed to close during the study

Location
Aneurysm
Size (mm)

Neck
Diameter (mm)

Incorporated
Branch

Final Imaged
Aneurysm Size (mm) Comments

PcomA 8 5 Y 5 Patient B, previous PED (initially 15-mm
aneurysm/7-mm neck)Cavernous 18 Fusiform N 9

Basilar 15 6 N 10 Patient A
AcomA 13 10 N 4
Paraclinoid 10 10 N 1 Previous stent coiling
MCA 3 2 Y Unchanged
PcomA 5 4 Y Unchanged

Note:—Y indicates yes; N, No; PcomA, posterior communicating artery; AcomA, anterior communicating artery.
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Meier analysis suggested that the presence of an incorporated ves-

sel results in a mean time of closure at 16.7 months (95% CI,

11.4 –22.0 months) versus 9.1 months (95% CI, 7.1–11.1 months)

in its absence (Fig 2). Seven of the 10 aneurysms had occluded at

final follow-up. Two of 10 remained un-

changed in size compared with pretreat-

ment; both had only 1 PED and had 26-

and 30-month imaging, respectively. The

third, patient B (Fig 3), had a second PED

at 22 months with 40% reduction in size

at 56-month follow-up.

Ten aneurysms had a previous stent,

and of these, 6 demonstrated occlusion

at 6 months. At 1-year follow-up, none

of the remaining 4 had closed. A further

3 were occluded by 2�-years (9/10).

The results trended toward significance

for nonocclusion at 1 year but not at

other intervals (P � .131). No statisti-

cally significant influence on occlusion

was found for size or morphology

(Table 2).

In-Stent Stenosis or Vessel
Occlusion
Three cases (2.8%) of in-stent stenosis

�70% were noted at 6 months. None of

the patients were current smokers; all

were female. The narrowing lessened

with time, and the patients remained

asymptomatic. In these cases, aspirin and clopidogrel were main-
tained. No new stenoses were identified after 6 months.

Two periprocedural PED occlusions were noted. The first pa-
tient (a 66-year-old male smoker) was treated for a 78-mm para-

FIG 1. Frontal-projection DSA images of the basilar artery. Patient A is a 69-year-old man who lived in a remote location and presented with
syncope and vertigo caused by mass effect from a 15-mm sidewall blowout basilar trunk aneurysm. A, Pretreatment DSA. B, This was initially
treated with 2 PEDs (4 � 14 mm, 4 � 18 mm) and coils (at operator discretion) but continued to fill at 18 months, despite cessation of symptoms
and clopidogrel being stopped prematurely at 6 months without issue. A third PED (4 � 20 mm) was inserted at 20 months (C), but the aneurysm
continued to fill at 27 months on DSA (not shown). At 33 months (13 months after the last PED insertion), clopidogrel was stopped for an inguinal
hernia repair in a distant peripheral hospital, resulting in PED construct thrombosis (perioperative heparin was advised), with symptoms arising
1 day after surgery, progressing to left-sided weakness, obtundation, and MR imaging evidence of multiple posterior circulation infarcts. The
patient was intubated and flown to our institution, but emergency neurothrombectomy was unsuccessful (D) and the patient died.

FIG 2. Kaplan-Meier curves of aneurysms with an incorporated vessel (solid line) versus no
incorporated vessel (dotted line), demonstrating the delayed occlusion of the former group.
Shaded circles represent censored observations (representative of nonoccluded aneurysms at
the last known time of imaging).
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clinoid aneurysm with 4 PEDs and had complications from acute
stent platelet aggregation requiring abciximab. He presented 12
days postprocedure with seizures and in-stent thrombosis. Two
passes with a Solitaire 4 � 15 mm device (Covidien), an 8-mg
bolus of intra-arterial abciximab, and a 12-hour intravenous in-
fusion resulted in recanalization. The patient was converted to
prasugrel. This center had no P2Y12 testing. No clinical sequelae
were noted, and CT at day 9 demonstrated no infarcts. The second
case occurred during treatment of a pericallosal aneurysm in a
74-year-old patient, resulting in clinically silent stroke (discussed
below).

Two delayed PED occlusions were detected. One, in patient C,
was an asymptomatic occlusion in a 3-layer PED construct in a
pericallosal fusiform aneurysm (Fig 4). The second, patient A, was
in a 69-year-old man (Fig 1) who died after an elective inguinal

hernia repair from thrombosis of his 3-layer PED construct in a
blowout basilar aneurysm (discussed below).

Retreatment
Retreatment by using the PED was required in 3/119 aneurysms in

the follow-up period. The first patient, previously published,4 ini-

tially had an elective flow diversion of a 16-mm superior hypo-

physeal aneurysm with a single PED. Thirty-four days later, on

routine CTA, the PED had migrated proximally. Two PEDs were

placed that day. The second, patient A (Fig 1), had a blowout

basilar trunk aneurysm. This was treated with 2 telescoped PEDs

and coils but continued to fill at 18 months, despite cessation of

clopidogrel prematurely at 6 months. Retreatment was performed

at 20 months with another PED, but the aneurysm was seen as

FIG 3. A–C, Lateral DSA images of the left ICA. D, Sagittal maximum-intensity-projection reconstruction of CT angiography. Patient B is a
63-year-old man who had an asymptomatic left posterior communicating artery aneurysm, initially treated with a single PED (3.75 � 12 mm).
Preinsertion (A) and immediate postinsertion images (B) of a flow diverter demonstrate the large incorporated posterior communicating artery.
Twenty-two months after insertion of the initial PED, a second (3.75 � 14 mm) was inserted (not shown). C, Final available catheter angiographic
imaging 9 months postinsertion of the second flow diverter. Clopidogrel was stopped 6 months postinsertion of the second PED. D, CT
angiography 56 months post-initial flow diversion demonstrates persistence of the aneurysm but with a decrease in its size.

Table 2: Summary of completeness of aneurysm follow-up and occlusion rates since initial flow-diverter therapy

Follow-Up Period 6 Months 1 Year 2+ Years

P Value

6 Months 1 Year 2+ Years
No. of aneurysms with data available

for analysis
114/119 107/119 103/116

Percentage complete
follow-up data

95.8 89.9 88.8

Percentage aneurysms occluded
Incorporated vessel 54.5 56.5 85.7 �.001 �.001 .116
No incorporated vessel 88.0 92.3 95.7
Pre-existing stent 66.7 66.7 90 .363 .131 .484
No pre-existing stent 82.9 86.7 94.2
�10 mm 82.5 87.3 95.3 .811 .598 .697
�10 mm 80.4 82.4 92
Berry 82.3 85.6 93.8 .741 .717 1
Fusiform 77.8 82.4 94.4
Total 81.6 84.1 93.2
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continuing to fill at 27-month DSA.7 The third case was a 77-year-

old patient presenting with abducens palsy from an 18-mm cav-

ernous aneurysm. Due to nonocclusion at 11 months, a second

PED was placed, but the aneurysm remained open, albeit smaller

(9 mm), at 22 months. The sixth nerve palsy resolved. This case

was classed as a nonocclusion because the patient declined further

imaging.

Transient Ischemic Attacks, Strokes, Subarachnoid
Hemorrhage, and Deaths
From 0 to 6 months, in addition to the 5 TIAs and 3 strokes (all

mRS 1) in the previously reported population,4,7 2 strokes oc-

curred, for a rate of TIA of 4.2%, minor stroke of 3.4%, and major

stroke of 0.8%. The first was in a 57-year-old smoker who under-

went elective flow diversion for a recurrent 5-mm right MCA

aneurysm, previously coiled for acute rupture in 2009. A single

3 � 14 mm PED was placed uneventfully. The patient’s clopi-

dogrel was stopped against instructions for hematuria 11 days

postprocedure, and he had an infarct on day 17, with hemiplegia

and severe dysphasia (mRS 3). The second was a clinically silent

stroke occurring in a 74-year-old patient with a 4-mm pericallosal

aneurysm. Two PEDs were placed, and intraprocedural PED oc-

clusion occurred; thus, 4 mg of intra-arterial abciximab was ad-

ministered. Recanalization occurred within 15 minutes, and the

patient remained asymptomatic. Despite this outcome, frontopo-

lar branch and medial lenticulostriate infarcts were noted on rou-

tine 1-month CT. The patient remained neurologically intact

(mRS 0). Of note, the center also did not use P2Y12 testing.

From 6-month follow-up onward, 1 case of TIA was noted, a

62-year-old smoker who experienced 3 possible TIAs on aspirin

between 26 and 53 months post-PED with normal clinical exam-

ination and MR imaging findings. No action was taken.

Three deaths occurred during follow-up from all causes, for a

mortality rate of 2.5%, with a PED-related mortality of 0.8%. In

the first, patient A (Fig 1), the PED thrombosed, and he died at 33

months after initial insertion of 2 PEDs for his blowout basilar

aneurysm (13 months after retreatment with a third PED) after

stopping clopidogrel for an elective inguinal hernia repair. The

second was a 58-year-old man with active non-Hodgkin lym-

phoma who died of unrelated causes 17 months after receiving a

PED. The third was a 66-year-old patient who had undergone

treatment of a 78-mm aneurysm with 4 PEDs and was placed on

aspirin and prasugrel (clopidogrel resistance). The aneurysm was

thrombosed at 6-month DSA, but DAT was continued for heavy

smoking, and he died 12 months later from a fall-related posttrau-

matic right frontal hematoma.

DISCUSSION
Flow diversion has been demonstrated effective in treating aneu-

rysms,1-6 enabling repair without the need to enter the sac. These

stentlike devices reduce aneurysm perfusion by directing flow

through the lumen of the stent bypassing the neck, inducing an-

eurysm thrombosis while maintaining perfusion to side branches.

Most recent articles have focused on the uncommon short- to

medium-term complications of ipsilateral parenchymal hemor-

rhage,8-12 delayed rupture1,13,14 and side branch occlusion,7,15 or

thromboembolism2,6,12,16; there is an evolving understanding of

flow-diversion complications. However, the body of knowledge

relating to the long-term effects of flow diversion is still

incomplete.

In our cohort, delayed aneurysmal nonocclusion is statistically

associated with the presence of an incorporated vessel. The pres-

ence of flow demand is the premise by which small perforators

FIG 4. Subtracted frontal views of the left ICA DSA. Patient C is a 62-year-old nonsmoking woman who had a dysplastic 6 � 20 mm pericallosal
fusiform aneurysm identified on investigation for headaches and retro-orbital pain. Pretreatment appearance (A) of a dysplastic fusiform A2
segment aneurysm and appearance immediately postdeployment (B) of 3 PEDs (2.5 � 20 mm, 2.5 � 18 mm, and 2.5 � 14 mm). Clopidogrel was
stopped after 6 months, and aspirin was continued. C, At DSA 21 months post-PED deployment, the aneurysm demonstrates 90% occlusion with
no in-stent stenosis, but spontaneous asymptomatic PED occlusion is found at 35 months (D). It is unknown exactly when the PED construct
thrombosed (between 21 and 35 months postimplantation) because the patient was asymptomatic.
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jailed by the PED are preserved; however, it is likely that this plays

an important role in prolonging aneurysmal perfusion in these

cases. Such aneurysms have been described as remodeling into an

infundibulum-like structure,5 and this study suggests that such a

process may take longer but will eventually occur. This finding is

similar to a recent study of MCA aneurysms17 in which the

6-month occlusion rate was 85.7% versus 91.2% in the larger

study addressing all aneurysms.5 This finding is important, given

that flow diverters are sometimes a preferred option in such cases;

an analysis by Brinjikji et al18 suggested that 22% of aneurysms

may fall into this category. Most aneurysms appear to close fol-

lowing cessation of clopidogrel; thus, this is an important strategy

to consider to promote aneurysm closure. Not all aneurysms,

however, may respond because 2 of 3 patients with an incorpo-

rated vessel and nonocclusion at 2�-years had stopped clopi-

dogrel at 6 months.

One explanation is that an incorporated branch decreases the

slow, turbulent flow achieved in flow diversion of a stand-alone

aneurysm; thus, the efficacy of clot formation is reduced. Only 1

of these patients had an additional PED placed to promote aneu-

rysm closure, and perhaps additional PEDs in a delayed fashion

need to be considered. This staging of treatment maximizes the

temporal development of pial-pial collateralization, with the vas-

cular territory of the incorporated branch being devolved to

neighboring vessels. This result is clearly seen in flow diversion15;

with a diminished requirement for high flow at the incorporated

vessel, eventual aneurysm thrombosis should occur.

Our rate of severe in-stent stenosis is similar to that previously

published1,4,5,19; all remained asymptomatic and the stenoses re-

duced with time. It would seem reasonable to continue DAT until

there is an observable reduction of narrowing to at least 50%.

Two cases of delayed PED occlusion were encountered at 33

and 35 months. The first, patient A (Fig 1), occurred in a large

blowout aneurysm with cessation of clopidogrel for elective sur-

gery. Delayed thrombosis of the basilar artery in these aneurysms

has been previously reported, and life-long DAT may well be re-

quired in these cases.20 Intimal cover in large/giant basilar aneu-

rysms may never occur or may be slow. The second case involved

asymptomatic occlusion of an A2 vessel with 3 overlapping PEDs

in a fusiform aneurysm, representing a big metal load in a small

vessel. Slow asymptomatic occlusion of vessels is recognized, and

the phenomenon has been reported by previous authors19,21;

there may be a relation to the cessation of clopidogrel, and life-

time DAT may be required in multiple overlapping PEDs in

smaller vessels.

Delayed aneurysm rupture did not occur in our cohort. This

phenomenon has previously been described in large or giant an-

eurysms.13 Fifty-six percent of our cohort consisted of aneurysms

of �10 mm. This supports a theory that delayed PED-related

rupture is rare in smaller aneurysms.

Our occlusion rates for comparable periods are similar to

those published.4-6,22-24 They add to the information gleaned by

O’Kelly et al,19 who studied a cohort of 97 PEDs to a median

follow-up 1.25 years, but from a range of 0.25–2.5 years. Saatci

et al5 were able to follow up a minority of cases at 18 –24 months

(69 aneurysms [27.5%] in 49/191 patients; 25.7%). Similarly,

Szikora et al2 followed a small cohort (12/19 aneurysms, 63.1%)

between 1.5 and 2 years with MRA. A third series starting with a

cohort of 178 aneurysms in 143 patients and followed 58 aneu-

rysms to 18 months.25 Other larger case series followed patients to

approximately an average of �1 year.1,3,6,19 A small study of 12

patients demonstrated that all except 1 aneurysm occluded at

6-month angiography, but the authors continued to follow the

cohort by CT or MR angiography to a range of 12– 47 months.26

Our cohort represents the largest and longest reported imaging

follow-up (average duration of 28 months and a maximum fol-

low-up of 56 months postprocedure) and clinical follow-up (av-

erage of 31 months and median of 30 months). Moreover, at 2�

years high clinical (100%) and imaging (88.8%) follow-up rates

were achieved, both markedly higher compared with other pub-

lished data during this time. These data give surety to the efficacy

of the response to PEDs because there was no loss of patients at

follow-up.

A number of limitations to our study are noted. The imaging

follow-up at 2� years is very high but, nevertheless, incomplete.

Long-term 100% imaging follow-up is difficult despite a diligent

approach because patients are geographically mobile and can de-

cline follow-up. The basis of the study was taken from a registry,

and the retrospective nature limited the flexibility of statistical

analysis.

CONCLUSIONS
The PED demonstrates continued favorable clinical and imaging

findings up to 61 and 56 months postprocedure, respectively.

From 0 to 6 months, the TIA, minor stroke, and major stroke rates

were 4.2%, 3.4%, and 0.8%, respectively. The TIA rate from 6

months onward was 0.8%, with a PED-related mortality rate of

0.8%. The treatment is durable, complete, and reliable. The pres-

ence of an incorporated vessel does appear to be statistically sig-

nificant in causing delayed aneurysmal occlusion, but most

(85.7%) still do occlude with time. Delayed vessel thrombosis is

distinctly uncommon and may be asymptomatic. Some aneu-

rysms continue to represent a challenge, and life-long DAT may

be required.
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pCONus Device for the Endovascular Treatment of Wide-Neck
Middle Cerebral Artery Aneurysms

X B. Gory, M. Aguilar-Pérez, E. Pomero, F. Turjman, W. Weber, S. Fischer, H. Henkes, and A. Biondi

ABSTRACT

BACKGROUND AND PURPOSE: Endovascular treatment of bifurcation middle cerebral artery aneurysms with a wide neck could be
challenging, and many lesions are still treated by a surgical approach. The pCONus is a newly emerging device for wide-neck bifurcation
intracranial aneurysms. To date, a single report on the treatment of intracranial aneurysms including all locations has been published. We
report our experience with pCONus in the treatment of wide-neck MCA aneurysms.

MATERIALS AND METHODS: MCA aneurysms treated with pCONus in 4 European centers were retrospectively reviewed.

RESULTS: Forty MCA aneurysms (mean dome size, 7.7 mm; mean neck size, 5.6 mm) were treated in 40 patients (mean age, 62 years).
Aneurysm coiling was performed after deployment of 1 pCONus in 95% (38/40) of cases and after deployment of 2 pCONus devices in 5%
(2/40). No procedural angiographic complications were observed. Reversible neurologic complications were noted in 5% (2/40), and
permanent neurologic complication, in 2.5% (1/40) at 1 month. There was no mortality. No aneurysms bled or rebled after treatment.
Immediate angiographic results were complete aneurysm occlusion in 25% (10/40), neck remnant in 47.5% (19/40), and aneurysm remnant
in 27.5% (11/40). Follow-up (mean, 6.8 months) was available for 33 aneurysms (82.5%). Stable or improved results were observed in all except
3 cases, including 48.5% complete occlusions (16/33), 30.3% neck remnants (10/33), and 21.2% aneurysm remnants (7/33). There was no
in-stent stenosis or jailed branch occlusion. There was no angiographic recurrence of initially totally occluded aneurysms.

CONCLUSIONS: MCA aneurysms with a wide neck are amenable to treatment with pCONus.

Although the superiority of endovascular treatment compared

with surgery appears unaffected by aneurysm location in the

randomized International Subarachnoid Aneurysm Trial,1 man-

agement of middle cerebral artery aneurysms remains a matter of

debate. Nevertheless many institutions still use surgical clipping

as the first treatment for MCA aneurysms.2,3 Balloon and stent-

assisted techniques have widened the indications for endovascu-

lar treatment of MCA aneurysms with a wide neck and/or unfa-

vorable anatomy that were otherwise unsuitable for coiling.4,5

However, the risk of procedure-related morbidity and mortality is

not negligible, especially with double-stent placement in Y and X

configurations.4,6,7 The widespread adoption of endovascular

treatment for MCA aneurysms with unfavorable anatomy re-

quires an improvement of the safety of the endovascular ap-

proach. A new device, the pCONus aneurysm implant (phenox,

Bochum, Germany), has recently been developed to improve the

safety of endovascular treatment of these challenging aneurysms.

To date, a single published article on intracranial aneurysms

treated with pCONus reported a series including some cases of

MCA aneurysms.8 The aim of this study was to evaluate the results

in the treatment of wide-neck MCA aneurysms with the pCONus

device.

MATERIALS AND METHODS
From June 2012 to July 2014, the clinical and angiographic out-

comes of 40 consecutive patients treated at 4 institutions with the

pCONus device and coils for MCA aneurysms were retrospec-

tively analyzed. “Wide neck” was defined as a neck of �4 mm. The

decision to assist the aneurysm coiling with a pCONus device was

made at the discretion of the operator. All patients were informed

of the procedure. In each center, the procedures were performed

according to the local institutional policy.
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The pCONus is a new stentlike self-expanding nitinol implant

with 4 distal petals, which is fully retrievable and electrolytically de-

tachable. The distal intra-aneurysmal inner diameter of the pCONus

is additionally crossed by 6 polyamide fibers, creating a mechanical

barrier between the aneurysm and the parent vessel for preventing

coil protrusion into the lumen. The proximal extra-aneurysmal end

of the implant and the 4 distal loops carry segmental radiopaque

markers made of platinum-iridium wire. The pCONus is compatible

with standard microcatheters with an inner diameter of 0.021 inches.

In a suitable working projection, the distal end of the pCONus was

deployed in the middle of the aneurysm sac, and the device with the

microcatheter was gently pulled back; this step brings the petals more

proximal to the neck of the aneurysm. Thereafter, a second micro-

catheter was inserted through the shaft into the aneurysm sac, and

coiling was then performed.

All patients were treated under general anesthesia and full an-

ticoagulation. In addition, double antiplatelet therapy was ad-

ministered preoperatively according to the operator’s protocol. A

Multiplate test (Verum Diagnostica, Munich, Germany), VASP

test (Lancet Laboratories, Durban, South Africa), or VerifyNow

P2Y12 test (Accumetrics, San Diego, California) was systemati-

cally performed before the procedure to confirm sufficient inhi-

bition of the platelet function. In unruptured aneurysms, a single

dose of 500 mg acetylsalicylic acid and 600 mg clopidogrel was

given the day before or 75 mg acetylsalicylic acid and 75 mg clopi-

dogrel/per day were administered 5 days before the procedure. If

the platelet-function inhibition was not sufficient, the patient was

directly premedicated with 180 mg ticagrelor or 60 mg prasugrel.

In case of SAH, patients received 600 mg clopidogrel via a gastric

tube and 500 mg acetylsalicylic acid in-

travenously during the procedure. Post-

procedural medication included 75

mg clopidogrel for 3 months and ace-

tylsalicylic acid (75–160 mg) orally

during 12 months or for life according

to each center’s protocol. Postproce-

dural medication was the same in both

the ruptured and unruptured aneu-

rysm group.

Clinical Events
Any clinical event appearing in the post-

operative course was noted. A neuro-

logic assessment was performed before

and after the treatment, at discharge,

and at follow-up.

Angiographic Follow-Up
Angiographic images were acquired in

anteroposterior, lateral, and working

projections before and immediately

after treatment. Angiographic images

obtained immediately after endovas-

cular treatment were compared with

those obtained at each angiographic

follow-up.

Immediate aneurysm occlusion after

the procedure and at follow-up was clas-

sified by using the simplified 3-point scale (complete occlusion,

neck remnant, aneurysm remnant).9 In addition, the aneurysm

changes were also evaluated (ie, increase or decrease in size of

aneurysm neck remnants or aneurysm remnants). Two readers

(B.G., A.B.) independently evaluated all the angiograms. Dis-

agreements were solved by consensus.

The angiographic follow-up protocol consisted of a first an-

giographic follow-up performed from 3 to 6 months after the

procedure and a second one performed at 1 year.

RESULTS
Forty MCA bifurcation aneurysms were treated with the pCONus

(23 on the right side and 17 on the left). Aneurysms dome sizes

ranged from 2.7 to 17.4 mm (mean, 7.7 mm), and neck sizes ranged

from 2.8 to 13.8 mm (mean, 5.6 mm; �4 mm in 35 aneurysms).

Forty patients (27 women and 13 men) ranged from 36 to 77 years of

age (mean, 62 years). Ninety percent (36/40) of aneurysms were un-

ruptured, 5% (2/40) were recanalized (all were previously treated

endovascularly), and 5% (2/40) were ruptured. Thirty-eight aneu-

rysms were treated with 1 pCONus device, and in 2 patients, the

aneurysm was treated by using 2 pCONus devices. In 4 patients, the

pCONus treatment was performed after failure of aneurysm endo-

vascular treatment with the WEB aneurysm embolization system

(Sequent Medical, Aliso Viejo, California). Coiling was performed

with bare platinum coils in 97.5% of cases (39/40).

Immediate Angiographic Results
In all cases, the pCONus devices were successfully deployed. An-

atomic outcome is detailed in the On-line Table. Immediate an-

FIG 1. Case 1, patient 1. Left unruptured MCA aneurysm in a 76-year-old woman. A, Subtracted
angiography of the internal carotid artery shows a wide-neck MCA aneurysm. B, Subtracted
angiography of the internal carotid artery at the end of the procedure shows a neck remnant. C,
Subtracted angiography of the internal carotid artery at 3 months shows complete aneurysm
occlusion. D, Subtracted angiography of the internal carotid artery at 12 months shows persistent
aneurysm occlusion.
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giograms showed complete occlusion in 25% (10/40), neck rem-

nant in 47.5% (19/40), and aneurysm remnant in 27.5% (11/40).

Angiographic Follow-Up
Angiographic follow-up from 3 to 12 months (mean, 6.8

months) was available in 33 aneurysms (82.5%), and 14 aneu-

rysms (35%) had a 12-monthfollow-up. Angiographic fol-

low-up showed complete occlusion in 48.5% (16/33), neck

remnants in 30.3% (10/33), and aneurysm remnants in 21.2%

(7/33). Adequate occlusion (total occlusion and neck rem-

nant) was obtained in 78.8% (26/33) (On-line Table and Figs

1–3).

At follow-up, among these 33 aneurysms, aneurysm occlusion

improved in 42.4% (14/33), was stable in 48.4% (16/33), and

worsened in 9.2% (3/33). In 5 cases, the aneurysm remnants in-

creased in size, requiring further endovascular procedures in 4 of

them. No in-stent stenosis or jailed branch occlusion was ob-

served. During the first year of follow-up, retreatment was per-

formed in 17.5% of cases (7/40) due to persistent or increase in

size of aneurysm remnants (6/7) or an important increase in size

of the neck remnant (1/7). The size of the retreated aneurysms was

�10 mm in 57.1% (4/7). Retreated an-

eurysms had a neck size of �6 mm

in 71.4% (5/7). Postoperative angio-

graphic outcome included 1 complete

occlusion, 4 neck remnants, and 2 aneu-

rysm remnants.

Procedural and Clinical
Complications
No angiographic thromboembolic

event or intraoperative rupture was

observed. Reversible neurologic com-

plications were noted in 5% of the pa-

tients (2/40). In 1 case (patient 3), the

patient sustained a reversible right

hemiparesis immediately after the

procedure. A thromboembolic inci-

dent with a new ischemic lesion on MR

imaging was observed. The patient was

asymptomatic at discharge (mRS 0).

In the other case (patient 35), the pa-

tient had a transient hypostenia of her

left hand immediately after the proce-

dure. The mRS scale was 1 at dis-

charge. A patient (patient 1) presented

with a permanent neurologic compli-

cation with right hemiparesis and

aphasia, due to an ischemic lesion. No

specific treatment was started. The pa-

tient improved within 2 days and was

discharged with NIHSS 3 and mRS 1.

Consequently, permanent morbidity

was 2.5% and mortality was 0% at 1

month. There were no delayed neuro-

logic deficits or deaths at follow-up.

pCONus in Subarachnoid Hemorrhage
Two aneurysms (5%) were treated with pCONus in the setting

of subarachnoid hemorrhage. The first was an 11.1-mm right

MCA aneurysm with a 10.6-mm neck in a man 46 years of age

who presented with a Fisher grade 4 SAH (patient 5). The final

angiogram showed a residual aneurysm. Follow-up angiogra-

phy performed 3 months and 1 year later demonstrated that

the residual aneurysm was unchanged. The second case was an

11.1-mm aneurysm of the right MCA bifurcation in a 53-year-

old woman with a Fisher grade 3 SAH (patient 14). The post-

procedural angiogram showed a neck remnant. The follow-up

angiogram at 3 months demonstrated an aneurysm remnant

with worsening angiographic findings.

DISCUSSION
The use of pCONus in MCA bifurcation aneurysms with a wide

neck allows a relatively efficient and safe endovascular treatment

of the aneurysm despite the very specific population. In fact, we

reported 1 permanent neurologic complication (2.5%) and no

death. These findings compare favorably with the morbidity and

FIG 2. Case 2, patient 33. Right unruptured MCA aneurysm in a 50-year-old woman. A, 3D
reconstruction after rotational angiography shows a large MCA aneurysm with a 9-mm neck.
The superior branch is emerging from the neck of the aneurysm. B, Subtracted angiography
of the internal carotid artery at the end of the procedure shows a neck remnant. Subtracted
angiographies of the internal carotid artery at 6 months (C) and at 12 months (D) show a stable
neck remnant.
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mortality of endovascular treatment of MCA aneurysms reported

by Brinjikji et al5 (3.9% and 1.2%, respectively). In the first pub-

lished series, the safety of the pCONus was also highlighted be-

cause no clinically evident complication associated with its use

was observed in 28 wide-neck aneurysms, including 9 recently

ruptured ones.8

An endovascular approach to MCA aneurysms often requires

the use of a balloon- or stent-assisted coiling technique. In a re-

cent prospective cohort of 131 consecutive nonselected MCA an-

eurysms (34.2% ruptured aneurysms), balloon assistance was re-

quired in 60.3%.4 As previously reported, the balloon-assisted

coiling technique does not seem to increase the complication rate

compared with simple coiling in unruptured and ruptured aneu-

rysms.4,10 Similar results concerning safety have also been re-

ported by using stent-assisted coiling of wide-neck aneu-

rysms.11-14 In a multicenter study reporting the use of the

Neuroform stent (Stryker Neurovascular, Kalamazoo, Michi-

gan),12 permanent morbidity and mortality rates were 1%, re-

spectively, at 12- to 18-month follow-up. In another article, treat-

ment-related permanent morbidity was 1.6% and mortality was

0% by using the Solitaire AB stent (Covidien, Irvine, Califor-

nia).13 On the contrary, other authors reported that intracranial

stent placement, especially with double stents in Y and X config-

urations, seems to highly increase the risk of clinical complica-

tions.6,7 The rate of procedure-related permanent neurologic

deficits in one study was 10% in 97 patients with complex and

wide-neck bifurcation aneurysms.6 The odds of developing

complications were 4.8� greater when

stents were used in the treatment of non-

selected MCA aneurysms.4 In addition,

the MCA location is more likely to be

associated with procedural complica-

tions in stent-assisted coiling, as recently

outlined.15 We encountered no case of

in-stent stenosis at follow-up, a rate

lower than that reported (4.2%) in a se-

ries of stent-assisted coiling of 52 unrup-

tured MCA aneurysms with longer fol-

low-up (mean, 14 months).16 However,

angiography was performed in only 58%

of patients.

The University of California, San

Francisco, surgery group reported a

4.6% permanent morbidity rate and a

5.3% mortality rate after surgery in 631

MCA aneurysms in 543 patients,2 which

seems less safe than the endovascular

outcome. However, for the morbidity-

mortality rate, one must consider that

ruptured aneurysms were present in

51.9% in the University of California,

San Francisco, series, whereas our series

included only 5% ruptured lesions. In

the International Subarachnoid Aneu-

rysm Trial, patients with a ruptured

MCA aneurysm treated with endovas-

cular coiling had a significantly better

outcome at 1, 7, and 18 years compared with those treated by

surgery.1,17,18 Nevertheless, to date, no randomized clinical trials

have addressed the question of the first treatment for wide-neck

MCA aneurysms, to our knowledge. In addition, although the rate

of aneurysm recurrence appears low after surgical clipping, it is

difficult to compare the rate of aneurysm recurrence after endo-

vascular treatment versus surgical clipping because only a few

surgical series reported long-term angiographic follow-up.7,8 In

the University of California, San Francisco, surgical series, long-

term follow-up with angiography was performed in only 106 of

480 patients (22%).2

Although stent placement is generally avoided in acutely rup-

tured aneurysms because of the requirement of dual antiplatelet

medication,19 2 aneurysms of our series were ruptured. More

complications were also reported in cases of ruptured MCA an-

eurysms managed by a surgical approach (8.5% versus 4.9%).2 In

the setting of acute SAH, an intrasaccular flow disrupter, such as

the WEB device, could be a therapeutic solution due to the lack of

antiplatelet agents. However, it may not provide the immediate

protection from rebleeding offered by coiling or surgical clipping.

In a recent small series of 6 patients with acute ruptured aneu-

rysms (3 MCA and 3 anterior communicating artery aneurysms)

treated with the WEB device, no rebleeding was reported.20 The

use of flow diverters is relatively limited in cases of bifurcation

aneurysms because preservation of the bifurcation branches is

unpredictable.21 However, no clinical complication was recently

reported after treatment of 5 large and 3 giant MCA aneurysms,22

FIG 3. Case 3, patient 36. Left unruptured MCA aneurysm in a 41-year-old man. A, 3D reconstruc-
tion after rotational angiography and subtracted angiography (B) of the internal carotid artery
shows a 4.2-mm MCA aneurysm with a 5.1-mm neck. C, Subtracted angiography of the internal
carotid artery at the end of the procedure shows a neck remnant. D, Subtracted angiography of
the internal carotid artery at 6 months shows a neck remnant.
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whereas other authors reported a 16% (4/25) rate of morbidity

after treatment of 25 MCA aneurysms with the Pipeline Emboli-

zation Device (Covidien).23

In the past, the TriSpan (Boston Scientific, Natick, Massachu-

setts) had been specifically developed for the treatment of wide-

neck aneurysms. However, the TriSpan is no longer available, and

few data were published. In 1 series, the authors evaluated the

TriSpan neck-bridge device to assist coiling in a series of patients

with wide-neck bifurcation aneurysms of the anterior circulation

(6 MCA aneurysms, 6 anterior communicating artery aneurysms,

1 carotid siphon aneurysm, and 1 carotid bifurcation aneu-

rysm).24 A complication and severe procedure-related complica-

tion occurred in 6 cases (37.5%) and 1 case (6.25%), respectively.

Late aneurysmal outcome, assessed by MRA or angiography at

1–39 months (mean, 12.9 months) posttreatment, was available

in 8 patients and showed complete occlusion in 2 (14.3%), neck

remnant in 2 (14.3%), and aneurysm remnant in 4 (28.6%) cases.

A novel assisted coiling device, the PulseRider aneurysm neck

reconstruction device (Pulsar Vascular, San Jose, California), in-

tended for use in the treatment of wide-neck aneurysms arising at

bifurcations, was used in 3 patients; however, the article is in press

and no follow-up is available with this new device.25,26

In the present series, immediate adequate aneurysm occlusion

(complete occlusion or neck remnant) was achieved in most cases

(72.5%). Moreover, no case of angiographic in-stent stenosis or

jailed branch occlusion was observed. Although long-term fol-

low-up is available in only 35% of cases in our series, pCONus

seems to achieve a durable treatment with a low rate of angio-

graphic recurrence. No angiographic recurrence of initially totally

occluded aneurysms was observed. In addition, the pCONus

could promote progressive aneurysm thrombosis because 42.4%

of aneurysms demonstrated a better angiographic result at short-

or midterm follow-up. Previously published series have also re-

ported a progressive thrombosis phenomenon after stent-assisted

coiling.7,13

In a series of 33 wide-neck MCA aneurysms treated by using

the WEB device, a similar adequate occlusion rate (83.3%) has

been reported at follow-up.27 However, in our series, the rate of

neck remnants with the pCONus (30.3%) was inferior to that

reported by using the WEB device (56.7%). In addition, the

pCONus could be an effective treatment after WEB-placement

failure. Actually, in 4 aneurysms in our series in which the WEB

deployment had failed, a successful treatment with pCONus was

performed in all 4 aneurysms with complete occlusion in 3. How-

ever, longer follow-up is mandatory to evaluate the efficacy of this

treatment in terms of aneurysm recanalization. In our series, all

patients were followed by using angiography, which remains the

criterion standard. At the present, artifacts introduced by the

pCONus limit the value of MR imaging as a follow-up technique,

especially for the evaluation of the parent artery where the extra-

aneurysmal part of the pCONus is deployed. Contrast adminis-

tration could improve vessel lumen visualization.28

The present study has some limitations including the number

of patients being relatively small and the long-term follow-up

lacking in some cases. However, our preliminary evaluation of

this new endovascular approach for the treatment of MCA aneu-

rysms with unfavorable anatomy shows that the pCONus device

can be an interesting and safe option for such complex lesions.

CONCLUSIONS
In our selected population, pCONus stent-assisted coiling safely

allows endovascular treatment of wide-neck MCA aneurysms that

are usually considered surgical due to defavorable anatomy. Lon-

ger follow-up is mandatory to evaluate the efficacy of this treat-

ment in terms of aneurysm recanalization.
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Artery of the Superior Orbital Fissure: An Undescribed Branch
from the Pterygopalatine Segment of the Maxillary Artery to

the Orbital Apex Connecting with the Anteromedial Branch of
the Inferolateral Trunk

H. Kiyosue, S. Tanoue, N. Hongo, Y. Sagara, and H. Mori

ABSTRACT

BACKGROUND AND PURPOSE: Some branches of the internal maxillary artery have anastomoses with the inferolateral trunk that are
important as intracranial-extracranial collateral pathways and as dangerous anastomoses for transarterial embolization of these branches.
We present here an undescribed branch potentially anastomosing with the anteromedial branch of the inferolateral trunk, which is
provisionally named the artery of the superior orbital fissure, defined as an arterial branch from the pterygopalatine segment of the
maxillary artery to the orbital apex at the superior orbital fissure.

MATERIALS AND METHODS: Two neuroradiologists reviewed 3D and MPR images of the external and/or common carotid artery
with particular interest paid to the artery of the superior orbital fissure in 54 patients who underwent 3D angiography with a field of
view covering the pterygopalatine fossa and the cavernous sinus. The underlying diseases in these patients were 17 parasellar
hypervascular lesions (including 13 cavernous sinus dural arteriovenous fistulas and 4 meningiomas), 18 internal carotid artery
stenoses/occlusions, and 19 other diseases.

RESULTS: The artery of the superior orbital fissure was identified in 20 of 54 patients; it arose at the pterygopalatine segment of the
maxillary artery, either singly or from a common trunk with the artery of the foramen rotundum, and ran upward to reach the superior
orbital fissure. It anastomosed with the anteromedial branch of the inferolateral trunk at the superior orbital fissure with blood flow
toward the cavernous sinus (n � 14) and/or the ophthalmic artery (n � 2). It was more prominent in parasellar hypervascular lesions and
internal carotid artery stenoses/occlusions than in other diseases.

CONCLUSIONS: The artery of the superior orbital fissure, a remnant of the anastomotic artery, was often identified, especially in patients
with parasellar hypervascular lesions.

ABBREVIATIONS: ILT � inferolateral trunk; PPF � pterygopalatine fossa; SOF � superior orbital fissure

The maxillary artery is a major terminal branch of the exter-

nal carotid artery, which is divided into 3 segments. The

first segment originates anterosuperiorly in the deep parotid

gland, and the second segment runs anteriorly to reach the

pterygomaxillary fissure. It then turns medially to enter the

pterygopalatine fossa (PPF) through the pterygomaxillary fis-

sure, becoming the third segment.1 The third segment, the

terminal part of the maxillary artery, runs transversely in the

PPF, which is a narrow space bounded by multiple bony struc-

tures. The maxillary arterial branches from the third segment

run through various fissures, canals, and foramina to supply

various tissues and organs of the surrounding areas.1-7 The

artery of the foramen rotundum is thought to be the sole arte-

rial branch of the third segment of the internal maxillary artery

to enter the cavernous sinus through the foramen rotun-

dum.1,5,6 It can supply skull base tumors and dural arterio-

venous fistulas, and it has a potential anastomosis with the

anterolateral branch of the inferolateral trunk (ILT).

There are 2 communication pathways between the PPF and

orbita. The uppermost part of the PPF communicates directly

with the orbital apex at the superior orbital fissure (SOF), and the

PPF communicates anterolaterally with the inferolateral part of

the orbita through the inferior orbital fissure (Fig 1).8,9 The
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upward communication can be a potential pathway communicat-

ing between the PPF and the orbita as well as the middle cranial

fossa. Similarly, we found an undescribed branch via the direct

communicating pathway between the uppermost part of the PPF

and orbital apex, which is provisionally named the artery of the

SOF, which originates from the pterygopalatine segment of the

maxillary artery and runs upward to reach the orbital apex at the

SOF. It frequently anastomoses with the anteromedial branch of

the ILT to supply parasellar hypervascular lesions through the

SOF. In this study, we investigated the presence and course of the

artery of the SOF in various pathologic conditions by using 3D

rotational angiography.

MATERIALS AND METHODS
We retrospectively reviewed biplane and 3D rotational angiogra-

phy of the external carotid artery and/or common carotid artery

performed at our institution from June 2010 to February 2014.

FIG 1. MPR images of rotational angiography in patients with left cavernous sinus dural arteriovenous fistulas. The coronal plane at the
level of the inferior orbital fissure (IOF) shows the infraorbital artery (IOA) running through the inferior orbital fissure, through which
the pterygopalatine fossa communicates anteriorly with the orbita. The third segment of the maxillary artery (Max A) is located in the
pterygopalatine fossa. The coronal plane at the level of the medial part of the PPF shows the pterygopalatine fossa communicating
superiorly with the orbital apex (arrowheads) at the SOF. Note a small arterial branch (artery of the SOF) running from the PPF to the SOF
through this communication pathway. The PPF communicates medially with the nasal cavity via the sphenopalatine canal containing the
sphenopalatine artery (SPA). The PPF communicates posteriorly with the middle cranial fossa via the foramen rotundum (FR), which
contains the artery of the foramen rotundum (AFR). The superior orbital fissure continues to the cavernous sinus (CS). MMA indicates
middle meningeal artery.
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Datasets of 3D rotational angiography of which the field of view

did not cover the entire PPF, orbital apex, or cavernous sinus were

excluded. Sixty-four datasets in 54 patients were selected for fur-

ther evaluation. The characteristics of the 54 patients are summa-

rized in the Table. Patient ages ranged from 23 to 85 years (mean

age, 67.7 years), and there were 30 men and 24 women. Underly-

ing diseases included 19 cases of dural arteriovenous fistula at the

cavernous sinus (n � 13), transverse-sigmoid sinus (n � 2), or

another location (n � 4); 10 cases of brain tumor (including 7

meningiomas at the paraseller region [n � 4] or convexity [n �

3]); 18 cases of internal carotid artery stenosis (15 stenoses and 3

occlusions); and 7 other diseases.

Rotational angiography and biplane digital subtraction

angiography of the external carotid artery and/or the common

carotid artery were performed in all patients by using

biplane angiography equipment (Infinix VB; Toshiba Medical,

Tokyo, Japan). The rotational angle was 200°, and the rota-

tional speed of the C-arm was 50°/s. The data were acquired in

a 512 � 512 matrix by using an 8-inch field-of-view flat panel

detector. A nonionic iodinated contrast material (iopamidol

[Iopamiron 300; Bayer Health Care, Osaka, Japan]) was in-

jected at a flow rate of 1.5–3.5 mL/s (14 –24.5 mL of total vol-

ume) through an automatic injector, and the injection was

initiated 1.0 –2.0 s before the rotation. The 3D rotational an-

giography raw data were transferred to a workstation (Ziosta-

tion; Ziosoft, Tokyo, Japan), and 3D and MPR images consist-

ing of sections with 0.3- to 1-mm thickness and a 0.5-mm

interval were reconstructed.

All angiographic images and partial MIP and MPR images

from the 3D digital angiography were reviewed by 2 experienced

neuroradiologists (H.K. and S.T.) to reach consensus on the pres-

ence, origin, and course of the artery of the SOF. The artery of the

SOF was defined as an arterial branch that originates from

the third segment of the maxillary artery and runs superiorly in

the pterygopalatine fossa to reach the orbital apex at the SOF.

Selective angiography of the feeding arteries of the maxillary ar-

tery was also reviewed as a reference when available.

Each patient was classified into 1 of 3 groups according to the

type of underlying disease: 1) parasellar hypervascular disease,

including cavernous sinus dural arteriovenous fistulas and para-

sellar meningiomas, 2) stenosis or occlusive disease of the cervical

internal carotid artery, and 3) other disease.

RESULTS
The artery of the SOF was identified in 20 of 54 patients (20 of

64 sides). It originated upward at the pterygopalatine segment

of the maxillary artery. It arose by a common trunk, with the

artery of the foramen rotundum in 12 patients and indepen-

dently at a more distal part of the maxillary artery in 8 patients.

It ran upward in the upper part of the PPF along its postero-

medial wall to reach the orbital apex at the SOF. It anasto-

mosed with the anteromedial branch of the ILT with blood

flow toward the cavernous sinus (n � 14) and/or the ophthal-

mic artery (n � 2) (Fig 2).

The artery of the SOF was seen as a feeding artery in 11 of 17

patients with parasellar hypervascular lesions (9 cavernous sinus

dural arteriovenous fistulas and 2 parasellar meningiomas) (Figs 3

and 4) and as a collateral pathway communicating with the an-

teromedial branch of the inferolateral trunk to the internal ca-

rotid artery and/or the ophthalmic artery in 5 of 18 patients with

internal carotid artery stenosis/occlusion (Fig 5). Of 19 patients

with other diseases, it was observed in 4 patients, and it was very

small and could not be traced beyond the SOF in any of the

patients.

DISCUSSION
In human embryos, there are several anastomotic arteries be-

tween the maxillary artery and internal carotid artery. These

Characteristics of 54 patients
Characteristic Patient Data

Gender, n
Male 30
Female 24

Age (range �average�), y 23–85 (67.7)
Injected arteries, n

Right ECA 18
Left ECA 17
Right CCA 14
Left CCA 15

Diseases, n
CSDAVF 13
Other DAVF 6
Meningioma 7
Glioma 3
Head or neck tumor 2
ICA stenosis 15
ICA occlusion 3
Other disease 5

Note:—CCA indicates common carotid artery; CSDAVF, cavernous sinus dural arte-
riovenous fistula; DAVF, dural arteriovenous fistula; ECA indicates external carotid
artery.

FIG 2. Schematic drawing of the course of the artery of the SOF from
the third segment of the maxillary artery (MA). The artery of the SOF
(ASOF) runs upward to reach the orbital apex and turns posteriorly to
enter the cavernous sinus through the SOF. It has potential anasto-
mosis with the anteromedial branch of the ILT and the ophthalmic
artery (OPA). The artery of the foramen rotundum and the artery of
the pterygoid canal (APC) run more posteriorly to enter the middle
cranial fossa through the foramen rotundum and the foramen lace-
rum through the pterygoid canal, respectively. The infraorbital artery
runs anteriorly to enter the orbital fossa through the inferior orbital
fissure.
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anastomotic arteries regress before birth, and remnants of

these anastomotic branches of the internal carotid artery be-

come the branches of the inferolateral trunk.10,11 These anas-

tomoses can remain as potential anastomotic pathways com-

municating between the maxillary artery and the inferolateral

trunk, such as the cavernous sinus branch of the middle men-

ingeal artery with the posterolateral branch, posterior branch

of the accessory meningeal artery with the posterolateral

branch, and the artery of the foramen rotundum with the an-

terolateral branch of the inferolateral trunk (Fig 6). Among

these anastomotic arteries, an anastomotic branch arising

from the distal portion of the maxillary artery communicates

with the ophthalmic artery and an anastomotic branch of the

internal carotid artery, which is a precursor of the anterome-

dial branch of the inferolateral trunk. The extreme variation of

the remnant of anastomoses between the inferolateral trunk

and the ophthalmic artery is the so-called persistent dorsal

ophthalmic artery, coined by Lasjaunias.12 Similarly, the rem-

nant of the anastomotic branch from the distal maxillary artery

to the ophthalmic artery and the anteromedial branch of the

inferolateral trunk would become the artery of the SOF.

In this study, the artery of the SOF anastomosing to the an-

teromedial branch of the ILT was frequently identified in 65% of

parasellar hypervascular lesions as a feeding artery and 28% of

internal carotid artery steno-occlusive lesions as a collateral path-

way. It was observed in other diseases as a very tiny branch, which

suggests that the artery of the SOF is difficult to identify and trace

unless a pathologic condition increases its blood flow. Therefore,

the artery of the SOF has not been described in anatomic studies

because of its very small size. Recently, an anatomic study of the

pterygopalatine fossa by Oomen et al13 demonstrated a previously

undescribed neural branch that communicates with the ophthal-

FIG 3. Case of left cavernous sinus dural arteriovenous fistulas supplied
by the artery of superior orbital fissure. A, The lateral view of the right
external carotid angiography shows cavernous sinus dural arteriovenous
fistulas fed by multiple feeding arteries, including the artery of the fora-
men rotundum (arrows) and the artery of the SOF (arrowheads). The
artery of the foramen rotundum (arrows) originates posterosuperiorly
from the pterygopalatine segment of the maxillary artery and runs pos-
terosuperiorly to the cavernous sinus. The artery of the SOF arises more
superiorly from the maxillary artery and runs upward. B, Axial reformatted
images of the rotational angiography of the right external carotid artery.
The artery of the SOF (arrow) originates at the terminal portion of the
maxillary artery just before the sphenopalatine artery. The artery of
the foramen rotundum (AFR) originates at the more proximal portion of
the pterygopalatine segment of the maxillary artery. The artery of the
foramen rotundum runs posteriorly to enter the middle cranial fossa
through the foramen rotundum. The artery of the SOF runs upward in the
posteromedial portion of the pterygopalatine fossa, and then it runs pos-
teriorly to enter the cavernous sinus through the SOF. The intracranial
part of the arterial opacification represents its anastomosis with the an-
teromedial branch of the inferolateral trunk. Note that the inferior orbital
artery (IOA) runs anteriorly to enter the orbital floor through the inferior
orbital fissure. C, Sagittal MPR images show that the artery of the foramen
rotundumrunsposterosuperiorly inthepterygopalatinefossaandentersthe
middle cranial fossa through the foramen rotundum. The artery of the SOF
(arrows) originates independently from the artery of the foramen rotundum
and runs upward in the small canal to reach the orbital apex and then turns
posteriorly to enter the cavernous sinus through the SOF by anastomosis
with the anteromedial branch of the inferolateral trunk.
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mic nerve (V1) and pterygopalatine ganglion. They reported that

the nerve was identified in all 5 specimens, and it originated up-

ward from pterygopalatine ganglion and separated into 2 rami

entering the orbita anteriorly and cranial cavity posteriorly to join

the ophthalmic nerve. The course of this nerve is similar to that of

the artery of the SOF in our study. The branches of the maxillary

artery often accompany the neural bundle, especially along with

branches of the trigeminal nerve. Therefore, the presence of the

communicating neural branch between the ophthalmic nerve and

the pterygopalatine ganglion supports the presence of the artery

of the SOF.

In previous angiographic studies for hypervascular parasellar

lesions and collateral pathways between the external carotid ar-

tery and internal carotid artery, the artery of the SOF would be

ignored or confused with the artery of the foramen rotundum or

other maxillary arterial branches because of the lack of recogni-

FIG 4. Case of parasellar meningioma supplied by the artery of the SOF. A, Lateral view of the right
external carotid angiography in a patient with a sphenoid ridge (parasellar) meningioma showing a
remarkable stain supplied by multiple feeding arteries from the maxillary arteries. Arrows indicate the
artery of the foramen rotundum, and arrowheads indicate the artery of the SOF. B, Sagittal MPR images
of rotational angiography of the right external carotid angiography show that the artery of the SOF
(arrows) originates at the distal portion of the maxillary artery. It runs upward into the SOF and feeds
the tumor. The artery of the foramen rotundum (AFR) runs posterosuperiorly through the foramen
rotundum and enters the middle cranial fossa to feed the tumor. C, Selective angiography with
contrast injection at the terminal portion of the maxillary artery clearly shows the artery of the SOF
(arrows) supplying the tumor.

FIG 5. Case of left internal carotid artery occlusion with collateral from the maxillary
artery to the internal carotid artery and the ophthalmic artery via the artery of the SOF.
A, Lateral view of the left common carotid angiography in a patient with occlusion of
the cervical internal carotid artery shows multiple collaterals from the external carotid
artery to the ophthalmic artery and the ILT of the internal carotid artery. Arrows
indicate the artery of the foramen rotundum communicating with the ILT. Arrowheads
indicate the artery of the SOF communicating with the ILT and ophthalmic artery. B,
Sagittal MPR images of rotational angiography of the left common carotid artery show
the artery of the foramen rotundum running posterosuperiorly to anastomose with the
ILT. The artery of the SOF (arrows) runs upward and connects posteriorly with the ILT
and anterosuperiorly with the ophthalmic artery (OPA). Arrowheads indicate the an-
teromedial branch of the ILT. C, Coronal MPR image of rotational angiography of the
left common carotid artery showing that the artery of the SOF (arrows) originates by a
common trunk with the artery of the foramen rotundum (AFR). Note an anastomosis
between the artery of the SOF and the ophthalmic artery at the orbital apex.
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tion and knowledge of this artery. Furthermore, it is difficult to

evaluate the exact course of the small branch by conventional DSA

because of overlapping vessels and a lack of information on the

relationship of the branches of the maxillary artery and the com-

plicated bony structure of the orbital apex and PPF. We used MPR

and 3D images reconstructed from a rotational angiography da-

taset. It has been reported that CT-like reconstructions of 3D

rotational angiography are superior to 2D DSA in assessing vas-

cular structures and their relationships with bony structures.14,15

After recognition of the discriminative course of the artery of the

SOF via 3D rotational angiography, it can be identified easily on

the lateral view in conventional DSA. It goes straight upward to

reach the level of the orbital apex, and then it turns posteriorly

with an approximately 90° angle to enter the middle fossa by anas-

tomosis with the intracranial portion of the anteromedial branch

of the inferolateral trunk. It can also run anterosuperiorly in the

orbital fossa to connect to the ophthalmic artery by anastomosis

with the orbital portion of the anteromedial branch of the infero-

lateral trunk. The artery of the foramen rotundum also originates

at the pterygopalatine segment of the maxillary artery, but it can

be differentiated from the artery of the SOF on DSA because it

runs more dorsally up to enter the middle fossa through the fora-

men rotundum.

Regarding the clinical importance of the artery of the SOF, it

can work as a collateral pathway, communicating between the

external carotid artery and the internal carotid artery and oph-

thalmic artery in steno-occlusive diseases of the internal carotid

artery. Furthermore, it may be important to evaluate for nasopha-

ryngeal tumors and infections, because some tumors or infectious

diseases, such as adenoid cystic carcinoma, can spread along the

neurovascular bundle.16 Although it is well known that the fora-

men rotundum is an important canal through which tumors ex-

tend from the PPF into the cranial cavity, a tumor can spread from

the PPF through the SOF into the cranial cavity along the artery of

the SOF.

As mentioned previously, the artery of the SOF frequently

works as a feeding artery for parasellar hypervascular lesions, such

as meningiomas and dural arteriovenous fistulas, which are often

treated by endovascular techniques. Embolization from the artery

of the SOF is more dangerous than from other branches of the

maxillary artery because it has a potential risk of migration of

embolic materials into the internal carotid artery as well as the

ophthalmic artery. Despite the apparent communication of the

artery of the SOF with the ophthalmic artery, and with the antero-

medial branch of the ILT (the embryonic dorsal ophthalmic ar-

tery, as termed by Lasjaunias et al), it does not seem that the artery

of the SOF serves as a major pathway for collateral reconstitution

of the ophthalmic artery. In fact, its existence may have been hith-

erto overlooked simply because it is so small. However, the pos-

sibility now exists, and extra care must be taken. Furthermore,

cranial nerve injury of the ophthalmic nerve (V1), which is poten-

tially supplied by the artery of the SOF, is another potential risk of

embolization. Therefore, recognition of the artery of the SOF is

important for clinical practice.

This study had some limitations. We included a relatively

small number of cases, especially for normal circulation in the

evaluated area. A low frequency of the presence of the artery of

the SOF in patients without hypervascular parasellar lesions

may be attributed to the limitations of current 3D rotational

angiography resolution for depicting tiny arteries. Therefore,

the exact frequency of the presence of the artery of the SOF is

unclear.

CONCLUSIONS
The artery of the SOF, an undescribed anastomotic artery be-

tween the third segment of the maxillary artery and the antero-

medial branch of the ILT, was often identified, especially in pa-

tients with parasellar hypervascular lesions. A special attention

FIG 6. Schematic drawing of the anastomotic arteries between the
maxillary artery and internal carotid artery in the fetal period (upper
figure) and potential anastomosis in an adult (lower figure). The oph-
thalmic artery anastomoses with the anterior branch of the middle
meningeal artery (AB of MMA) and an ophthalmic branch of the max-
illary artery (arrow). Several branches arising from the internal carotid
artery anastomose with the branches of the maxillary arteries, includ-
ing the middle meningeal artery (MMA), accessory meningeal artery
(AMA), artery of the foramen rotundum (ARF), and the ophthalmic
branch of the maxillary artery (arrow) in the fetal period. Anasto-
motic branches from the internal carotid artery become branches of
the ILT. There are several potential anastomoses between the maxil-
lary artery branches and the ILT. The ophthalmic branch of the max-
illary artery and its anastomoses in the fetal period becomes the
artery of the superior orbital fissure.
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should be paid for the presence of the artery of the SOF during

transarterial embolization of the branches originating from the

third segment of the maxillary artery.
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ORIGINAL RESEARCH
INTERVENTIONAL

C-Arm Flat Detector CT Parenchymal Blood Volume
Thresholds for Identification of Infarcted Parenchyma in the

Neurointerventional Suite
M. Kamran and J.V. Byrne

ABSTRACT

BACKGROUND AND PURPOSE: C-arm flat detector CT parenchymal blood volume imaging allows functional assessment of the brain paren-
chyma in the neurointerventional suite. This study aimed to determine the optimal C-arm flat detector CT parenchymal blood volume thresholds
for demarcating irreversibly infarcted brain parenchyma by using areas of restricted diffusion on MR imaging as a surrogate marker for infarction.

MATERIALS AND METHODS: Twenty-six patients with delayed cerebral ischemia following aneurysmal SAH underwent research C-arm
CT parenchymal blood volume scans by using a biplane angiography system and contemporaneous MR imaging. Infarct and peri-infarct
tissue VOIs and their homologous VOIs in the contralateral uninvolved hemisphere were delineated on the basis of the review of DWI,
PWI, and ADC images. Voxel-based receiver operating characteristic curve analysis was performed to estimate the optimal absolute and
normalized parenchymal blood volume values for demarcating the infarct voxels.

RESULTS: For 12 patients with areas of restricted diffusion (infarct volume, 6.38 � 7.09 mL; peri-infarct tissue volume, 22.89 � 21.76 mL)
based on the voxel-based receiver operating characteristic curve analysis, optimal absolute and normalized parenchymal blood volume
thresholds for infarction were 2.49 mL/100 g (area under curve, 0.76; sensitivity, 0.69; specificity, 0.71) and 0.67 (area under curve, 0.77;
sensitivity, 0.69; specificity, 0.72), respectively (P value � .01). For the moderate-to-severely ischemic peri-infarct zone, mean parenchymal
blood volume values of the involved hemisphere VOIs were lower compared with the uninvolved hemisphere VOIs (P value � .01).
However, for the mild-to-moderately ischemic peri-infarct zone, there was no statistically significant difference between the mean
parenchymal blood volume values of the involved and uninvolved hemisphere VOIs (P value � .05).

CONCLUSIONS: C-arm flat detector CT parenchymal blood volume maps in conjunction with optimal thresholds are sensitive and
specific for the estimation of irreversibly infarcted parenchyma. Parenchymal blood volume maps allow reliable detection of moderate-
to-severe ischemia; however, the potential for underestimation of mild-to-moderate ischemia exists.

ABBREVIATIONS: DCI � delayed cerebral ischemia; FDCT � flat detector CT; PBV � parenchymal blood volume; ROC � receiver operating characteristic

Flat detector equipped C-arm angiographic systems used in the

neurointerventional suite are now capable of measuring pa-

renchymal blood volume (PBV) by using a specially designed scan

protocol.1 Initial reports document agreement between C-arm

flat detector CT (FDCT) PBV and CT perfusion– derived cerebral

blood volume in both canines and humans.2,3 The availability of

PBV maps in the interventional suite is an important develop-

ment and has potential implications in the management of pa-

tients with ischemic cerebrovascular disease and their selection

for revascularization procedures.4

Areas of reduced PBV on the initial C-arm FDCT PBV maps

have been shown to correlate with the infarct volume on fol-

low-up imaging in patients with acute middle cerebral artery oc-

clusion.4 C-arm FDCT PBV and the CTP-derived CBV are not

identical. However, an equivalence between the 2 is usually inferred

if a steady-state contrast concentration is achieved in the cerebral

vasculature during the C-arm FDCT PBV scan; in the absence of an

ideal steady-state, the PBV may have combined CBF and CBV

weighting or even preferential CBF weighting.1,5 For CTP, although

debate exists as to which perfusion parameter best defines irreversible

infarction, thresholds for various parameters corresponding to acute

DWI abnormality and infarct core have been reported.6-8 No such

thresholds have so far been investigated for C-arm CT PBV.
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The aims of this study were: 1) to determine the optimal C-

arm CT PBV thresholds for irreversibly infarcted parenchyma by

using contemporaneous MR DWI in patients with delayed cere-

bral ischemia (DCI) following aneurysmal subarachnoid hemor-

rhage, and 2) to investigate whether the C-arm CT PBV values in

the peri-infarct ischemic zone allow reliable demarcation of the

ischemic tissue.

MATERIALS AND METHODS
With local research ethics committee approval, a series of patients

(n � 26) with aneurysmal SAH meeting the inclusion and exclu-

sion criteria was enrolled in this prospective study. Inclusion cri-

teria were patients older than 18 years of age with documented

aneurysmal SAH who subsequently developed symptoms and

signs suggesting DCI and requiring confirmatory imaging. The

diagnosis of DCI was based on clinical assessment by the multi-

disciplinary neuro–intensive care unit team and was defined as

clinical deterioration (focal neurologic deficits or reduced level of

consciousness) lasting 2 hours or longer with no evidence of re-

bleed or hydrocephalus on NCCT of the head and no other med-

ical causes such as infections or metabolic disturbances. Exclusion

criteria were the following: a history of allergy to iodinated con-

trast medium, renal impairment, pregnancy, or contraindications

to MR imaging. All recruited patients had undergone aneurysm

repair by endovascular coil embolization. Written informed con-

sents were obtained from patients or, if they were unable to com-

plete the consent process, from a family member or a designated

surrogate as defined by the research ethics committee guidelines.

All recruited patients underwent an MR imaging examination

concurrent with the research C-arm CT scan by using the intra-

venous PBV protocol. The imaging protocols and postprocessing

steps for the 2 imaging studies are described in the following

sections.

C-Arm FDCT Imaging
C-arm FDCT scans were obtained on a flat panel– equipped bi-

plane angiography system (Axiom Artis dBA; Siemens, Erlangen,

Germany) in the neurointerventional suite. The imaging protocol

included 2 rotational acquisitions: mask and contrast-enhanced

runs. Projection data for each run were acquired by using the

following parameters: 419 projection images, 0.5° frame angle,

210° angular scan range, 8-second acquisition time, 0.36-�Gy ra-

diation dose per frame. The contrast-enhanced dataset was ac-

quired following manually triggered intravenous injection of ra-

diographic contrast material, iopamidol (Niopam 370; Bracco,

Milan, Italy) by using a power injector (Medrad, Indianola, Penn-

sylvania). The injection parameters were the following: contrast

concentration, 370-mg iodine/mL; volume, 80 mL; injection rate,

4 mL/s administered through the antecubital vein; injection pres-

sure, 300 psi; and injection duration, 20 seconds. Passage of con-

trast material through the cerebral vasculature was monitored on

2D fluoroscopic images (2 frames/s), and the contrast-enhanced

run was triggered when maximal opacification of the superior

sagittal sinus was observed, as described previously by Struffert

et al.3

Postprocessing of the data to generate color-coded PBV maps

was performed on a dedicated research workstation (Leonardo;

Siemens) by using prototype software. The steps involved were

the following: 1) coregistration of the 2 volumes, mask and con-

trast-enhanced; 2) subtraction of the mask volume from the con-

trast-enhanced volume; 3) normalization of the subtracted data

with an input function automatically estimated from the histo-

gram analysis of vascular tree; and 4) color-coding with a standard

color look-up table to generate the color-coded PBV maps for

visualization and interpretation. The final PBV values were ex-

pressed in units of milliliters/1000 mL of cerebral tissue. PBV

values for volume-of-interest analysis were converted to more

commonly used units of milliliters/100 g by using a simple con-

version factor that takes into account the cerebral tissue density

(1.05 g/mL).

MR Imaging
A standard MR image protocol comprising sagittal T1-weighted,

axial T1-weighted, axial T2-weighted, diffusion-weighted, perfu-

sion-weighted, and time-of-flight MR angiography sequences was

performed on an Achieva 1.5T MR imaging unit (Philips Health-

care, Best, Netherlands). Details for the diffusion- and perfusion-

weighted sequences and the parameters used for these sequences

are briefly discussed below.

DWI. DWI parameters were the following: TR, 2897 ms; TE, 73

ms; FOV, 174 � 249 mm; reconstruction matrix, 144 � 144;

sections, 25; section thickness, 5 mm; voxel size, 1.74 � 1.73 � 5

mm; b-values, 0, 1000; EPI factor, 51; scan duration, 34 seconds.

PWI. Perfusion data were acquired by using the dynamic suscep-

tibility contrast technique with the following parameters: T2*-

weighted gradient-echo echo-planar sequence: TR, 2000 ms; TE,

44 ms; FOV, 248 � 248 mm; reconstruction matrix, 256 � 256;

voxel size, 0.98 � 0.98 � 4 mm; sensitivity encoding factor, 2.1;

bandwidth, 806 Hz/pixel; scan duration, 1 minute 46 seconds.

Paramagnetic contrast material was administered intravenously

with an MR imaging– compatible power injector (Medrad, Indi-

anola, Pennsylvania) at 5 mL/s followed by a 10-mL saline flush.

Fifteen sections covering the whole brain were acquired at 50 time

points following the injection of 0.2 mmol/kg of gadoteridol (Pro-

Hance; Bracco).

Postprocessing of the perfusion data was performed by using

commercially available software (nordicICE perfusion package;

NordicNeuroLab, Bergen, Norway). After motion correction of

the raw data, we created perfusion maps by using the singular

value deconvolution technique. The arterial input function to de-

convolve the dynamic tissue response curve was automatically

determined, and singular value decomposition regularization was

achieved with the truncated singular value deconvolution ap-

proach (cutoff fraction, 0.20) and iterative thresholding (target

oscillation index, 0.10). Semiquantitative output perfusion maps

for clinical interpretation included cerebral blood flow, cerebral

blood volume, mean transit time, and time to peak.

Postprocessing and Quantitative Image Analysis
C-arm CT PBV, PWI, apparent diffusion coefficient, and DWI

were further processed by using the fMRI of the Brain Software

Library tools.9 The Brain Extraction Tool (http://fsl.fmrib.ox.

ac.uk/fsl/fslwiki/BET) was used to delete the nonbrain tissues
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from the images of interest followed by linear registration of the

C-arm PBV maps and the MR-PWI, PWI, and ADC images for

each patient to the T1-weighted average structural template brain

volume in Montreal Neurological Institute 152 space with the

fMRI of the Brain (FMRIB) Linear Image Registration Tool

(FLIRT; http://www.fmrib.ox.ac.uk). 10,11 Alignment of all coreg-

istrations was visually confirmed in 3 orthogonal planes. Areas of

infarction were identified on the basis of the review of DWI and

ADC maps. 3D VOIs corresponding to the infarct core were de-

fined on the DWI with a semiautomated approach by using

MRIcro software (http://www.mccauslandcenter.sc.edu/mricro/

mricro/mricro.html).12 In the next step, the infarct core VOIs

were grown to include the peri-infarct ischemic parenchyma

identified as the region of asymmetrically reduced CBF (�95%

relative to the mean contralateral hemisphere CBF) surrounding

the infarct core defined on the DWI. From the grown VOIs that

included both the infarct core and the peri-infarct ischemic tissue,

the infarct core VOIs were subtracted, thus creating the subtrac-

tion VOIs defining only the peri-infarct ischemic tissue. In the

contralateral normal hemisphere, mir-

rored homologous tissue VOIs were then

created corresponding to the affected

hemisphere infarct core and peri-infarct

ischemic tissue VOIs. In a small subset of

patients for whom bilateral areas of isch-

emia or infarction existed, substitute

VOIs with comparable volume in the un-

involved adjacent parenchyma were cre-

ated and used for comparison and nor-

malization. All VOIs were subsequently

transposed onto coregistered C-arm CT

PBV maps. Figures 1 and 2 illustrate the

VOI masks used for analysis. Mean, me-

dian, and SD of the absolute PBV values in

all VOIs were measured by using FMRIB

software maths (http://fsl.fmrib.ox.ac.uk/

fsl/fslwiki/Fslutils) and FMRIB software

stats utilities (http://fsl.fmrib.ox.ac.uk/

fsl/fslwiki/Fslutils). Normalized PBV val-

ues were calculated by dividing the abso-

lute PBV value for each VOI by the mean

contralateral hemisphere PBV value ob-

tained by using separate hemispheric

masks.

Statistical Analysis
A paired t test was performed to investi-

gate whether mean PBV in the infarct tissue

VOIs and the mean PBV in the contralateral

uninvolved homologous tissue VOIs were

statistically different and whether the mean

PBV in peri-infarct ischemic parenchyma

VOIs and the mean PBV in contralateral

uninvolved homologous tissue VOIs

were statistically different.

To test the predictive performance of

C-arm CT PBV maps across various thresh-

olds for demarcating infarcted tissue, we

performed voxel-based receiver operating characteristic (ROC)

curve analysis. Sensitivity and specificity of PBV maps for demarcat-

ing the infarct voxels (DWI/ADC abnormality) from the noninfarct

voxels across patients as a function of increasing PBV thresholds were

computed. The accuracy of PBV maps in demarcating the infarct

voxels (DWI/ADC abnormality) from the noninfarct voxels was de-

termined from the area under curve statistic that ranges from 0.5 (no

predictive value) to 1 (absolute predictive value). The ROC curve

analysis was performed separately for the absolute and the normal-

ized PBV values. The final absolute and normalized PBV thresholds

for demarcating infarcted tissue were calculated as the optimal ROC

curve points with equally attributed weights to sensitivity and speci-

ficity. Statistical analysis was performed by using GraphPad Prism

software (GraphPad Software, San Diego, California).

RESULTS
Study Population Characteristics
Twenty-six patients (mean age, 55 years; 9 men, 17 women) en-

tered the study. Patients’ World Federation of Neurosurgical So-

FIG 1. Binary masks used for VOI analysis. An area of restricted diffusion was identified on the
DWI and ADC maps (A and B). Corresponding to the area of restricted diffusion (surrogate for
infarcted tissue), a VOI mask (yellow) was created by a semiautomatic approach, along with a
mirrored VOI mask (blue) in the contralateral normal hemisphere. Surrounding the VOI mask
corresponding to the area of restricted diffusion, a peri-infarct tissue VOI mask (gray) was
created on the basis of the review of PWI relative CBF maps. A mirrored VOI mask for the
peri-infarct tissue in the contralateral normal hemisphere was constructed by transposing the
peri-infarct tissue VOI mask. Hemispheric masks for the ipsilateral (orange) and contralateral
hemisphere (green) were constructed for calculation of normalized PBV values.
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cieties grades at the time of admission to the hospital were the

following: grade I in 16 (61%), grade II in 7 (27%), grade III in 2

(8%), and grade IV in 1 patient (4%). The onset of DCI after SAH

varied from day 2 post-SAH to day 12 post-SAH (median, day 7

post-SAH). All patients received standard medical management

according to the institutional protocol. Of the 26 patients, 8

(31%) underwent chemical angioplasty with selective intra-arte-

rial nimodipine administration, 2 (8%) of whom received chem-

ical angioplasty treatment twice. The mean duration between the

C-arm FDCT PBV scan and the MR imaging was 124 minutes. Of

the 26 patients, 12 had areas of restricted diffusion on MR imag-

ing. On these scans, 22 VOIs each for infarcted parenchyma, peri-

infarct tissue, and their contralateral homologous tissue were de-

fined (total, 22 � 4 VOIs); The Table describes the patient

characteristics and details of DWI lesions.

Quantitative Image Analysis
For the patients with areas of restricted diffusion on DWI, mean

DWI lesion volume (infarcted parenchyma) was 6.38 � 7.09 mL

(range, 0.91–26.5 mL) and the mean peri-infarct ischemic tissue

volume was 22.89 � 21.76 mL (range, 4.18 – 85.61 mL).

Mean PBV values in the infarct VOIs were significantly lower

compared with the mean PBV values in the mirrored contralateral

uninvolved homologous tissue VOIs (paired t test P value � .01),

as illustrated in the box-and-whisker plot (Fig 3A). Voxel-based

ROC curve analysis was performed for both absolute and normal-

ized C-arm CT PBV volumetric parametric maps, and the result-

ing ROC curves are shown in Fig 4. The optimal absolute C-arm

CT PBV threshold identifying the infarcted parenchyma by using

DWI abnormality as a marker was 2.49 mL/100 g. The corre-

sponding area under the curve, sensitivity, and specificity were

76.4% (95% CI, 76.1–76.7), 69.4% (95% CI, 68.9 – 69.8), and

70.7% (95% CI, 70.2–71.1) (P value � .01), respectively. The

optimal normalized C-arm CT PBV threshold was 0.67. The cor-

responding area under the curve, sensitivity, and specificity were

76.9% (95% CI, 76.6 –77.1), 69.4% (95% CI, 69.0 – 69.7), and

72.2% (95% CI, 71.8 –72.5) (P value � .01), respectively.

A paired-samples t test conducted to compare the mean PBV

values for peri-infarct ischemic tissue VOIs and the mean PBV

values for corresponding mirrored VOIs in the contralateral un-

involved hemisphere showed no significant difference between

the mean PBV values for the 2 groups of VOIs (P � .05). Given

this finding, the analysis was extended by dividing each of the

peri-infarct VOIs into 2 segments based on the review of MR

imaging relative CBF maps: 1) moderate-to-severely ischemic

peri-infarct zone with MR CBF of �75% relative to the mean

contralateral hemisphere CBF, and 2) a mild-to-moderately isch-

emic peri-infarct zone with MR CBF of 75%–95% relative to the

mean contralateral hemisphere CBF (Fig 2). VOIs and binary

masks for the 2 zones were created for both the involved and the

uninvolved hemisphere by following the same approach as used

earlier in the analysis, followed by the application of the binary

masks to the C-arm CT PBV maps. Mean PBV values for the 2 sets

of VOIs corresponding to the mild-to-moderate and the moder-

ate-to-severely ischemic peri-infarct zones were then compared

with their contralateral homologous tissue VOIs by using the

paired-samples t test. For the moderate-to-severely ischemic peri-

infarct zone, the mean PBV values of the involved hemisphere

VOIs were statistically significantly lower compared with the un-

involved hemisphere VOIs (Fig 3B, P value � .01). However, for

the mild-to-moderately ischemic peri-infarct zone, there was no

statistically significant difference between the mean PBV values of

the involved and uninvolved hemisphere VOIs (Fig 3C, P value �

.05).

DISCUSSION
This study reports optimal absolute and normalized C-arm CT

PBV threshold values for demarcating irreversibly infarcted brain

parenchyma in the neurointerventional suite.

In determining the PBV threshold for infarcted brain paren-

chyma, areas of restricted diffusion identified on the review of

DWI and ADC maps were used as a marker for irreversibly in-

farcted tissue. Although DWI abnormality is not perfectly specific

for infarct core, it is highly accurate and is an accepted standard

for both clinical care and research analysis.13-15 In our analysis, we

used 3D VOIs, defined semiautomatically for the DWI abnormal-

FIG 2. Schematic illustration of the infarct and peri-infarct VOIs. In
the involved hemisphere (L), the infarct VOI (A) corresponds to the
area of restricted diffusion (surrogate for infarction) on DWI and ADC
images. Surrounding the infarct VOI, the peri-infarct zone (B � C)
corresponds to the region of asymmetrically reduced MR imaging CBF
(CBF of �95% relative to the mean contralateral hemisphere CBF).
The peri-infarct zone (B � C) was further subdivided into a mild-to-
moderately ischemic zone (B; CBF of 75%–95%, relative to the mean
contralateral hemisphere CBF) and a moderate-to-severely ischemic
zone (C; CBF of �75%–95%, relative to the mean contralateral hemi-
sphere CBF). Contralateral homologous tissue VOIs in the uninvolved
hemisphere (R) corresponding to infarct (a) and peri-infarct (b � c)
zones were created by transposing the involved hemisphere VOIs
across the midline.
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ity (infarcted parenchyma), which, along with mirrored con-

tralateral homologous tissue VOIs, were transposed onto the

coregistered C-arm CT PBV maps before performing the ROC

curve analysis. This objective approach toward image analysis re-

duces any bias that may be introduced due to subjective differ-

ences in image display, such as color look-up tables for PBV maps,

window settings, and pixel conspicuity, which can be sources of

error for manual segmentation.7

That any perfusion study represents a “snapshot in time” and

the cerebral hemodynamics and thresholds for ischemic damage

may vary with time are issues well-recognized from CTP imaging

of acute brain ischemia. For acute stroke imaging, this limitation

may be addressed through stratifying data by duration post-

ictus.7 However, unlike acute ischemic stroke, the complex

pathophysiology of cerebral vasospasm and resulting hemody-

namic alterations make it difficult to define a specific time-of-

onset for DCI secondary to vasospasm. Moreover, the limited

number of patients in our study precluded any such analysis,

which could theoretically be performed by using an arbitrary

time point such as the development of neurologic deficits in

patients post-SAH.

An important factor that may introduce variability in C-arm

CT PBV measurements and consequently shift the optimal PBV

thresholds for infarction is how well the steady-state assumption

is met. For calculation of C-arm CT PBV, the intravenously ad-

ministered iodinated contrast material is assumed to have reached

a steady-state concentration in the cerebral vasculature (contrast

concentration in arteries � contrast concentration in tissues �

contrast concentration in veins), maintained for the duration

of the scan.1 If this assumption is fully met, the C-arm CT PBV

would be equivalent to the CBV derived from dynamic perfu-

sion imaging modalities. However, an ideal steady-state may

not be achieved in practice for the clinical scans, and the

contrast profile in the cerebral vasculature may show intersub-

ject differences due to various factors such as recirculation of

contrast, hemodynamic perturbation effect, and slow bolus

Demographic, aneurysm, and clinical characteristics of patients and the location of DWI lesions
Patient

No.
Age
(yr) Sex

Aneurysm
Location

Aneurysm
Size (mm)

WFNS
Grade

Fisher
Grade

DWI
Deficits DWI Deficits Distribution

1 47 M Anterior communicating artery 6 � 4 I 3 � Right frontal operculum; right centrum semiovale
2 55 F Left anterior cerebral artery 12 � 10 III 4 � –
3 61 F Right posterior communicating artery 8 � 5 II 3 � –
4 49 F Anterior communicating artery 10 � 7 I 3 � –
5 68 F Right posterior communicating artery 10 � 6 II 4 � –
6 71 F Anterior communicating artery 6 � 5 I 4 � Right frontal and left posterior frontal lobes
7 46 M Right middle cerebral artery 4 � 3 III 3 � Bifrontal and posterior left parietal lobes
8 77 F Left anterior cerebral artery 6 � 4 I 4 � –
9 46 M Right posterior communicating artery 4 � 4 I 4 � –
10 50 F Right internal carotid artery 3 � 3 I 3 � Right frontal lobe
11 53 F Basilar artery tip 7 � 6 II 3 � Left frontal lobe
12 55 M Right posterior communicating artery 5 � 3 II 4 � –
13 55 F Left posterior communicating artery 4 � 4 II 4 � –
14 69 F Left anterior cerebral artery 11 � 7 I 4 � Bifrontal lobes
15 66 M Anterior communicating artery 7 � 5 I 0a � –
16 45 M Anterior communicating artery 15 � 8 II 4 � Right parietal lobe and corpus striatum
17 66 M Right middle cerebral artery 8 � 3 IV 4 � Right parietal lobe and Sylvian fissure
18 30 M Anterior communicating artery 7 � 4 I 3 � Left frontal lobe
19 39 F Right posterior communicating artery 5 � 3.5 I 4 � Right parietal lobe
20 50 F Anterior communicating artery 4 � 3.5 I 4 � –
21 69 M Right posterior communicating artery 7 � 4 I 4 � –
22 39 F Right posterior communicating artery 10 � 9 I 4 � Right frontal lobe
23 52 F Right posterior communicating artery 5 � 5 I 4 � –
24 54 F Left posterior communicating artery 8 � 5 I 3 � –
25 58 F Right anterior cerebral artery 5 � 4 I 3 � Right frontal lobe
26 60 F Left pericallosal artery 12 � 8 II 4 � –

Note:—WFNS indicates World Federation of Neurological Societies; �, present; �, absent.
a NCCT of the head was negative for SAH, which was later confirmed on lumbar puncture.

A B C

FIG 3. Box-and-whisker plots showing PBV (mean and SD) in the infarct VOIs—that is, areas of restricted diffusion (A), moderate-to-severely
ischemic peri-infarct VOIs (relative CBF of �75%) (B), mild-to-moderately ischemic, peri-infarct VOIs (relative CBF of 75%–95%) (C), and the PBV
in the corresponding mirrored contralateral homologous tissue VOIs.
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transit in the setting of low cardiac output and multifocal

vasospasm.16

Preferential contrast wash-in or washout during the acquisi-

tion of fill run data for the C-arm CT PBV study (8 seconds) may

result in variable blood flow weighting to the calculated PBV. In a

separate analysis for the same cohort (subject of another publica-

tion), we found that for clinical examinations, the C-arm CT PBV

has 	60% CBF and 40% CBV weighting, with similar supporting

observations for multidetector CT.5,17 Thus, differences in con-

trast dynamics can result in differences in blood flow and blood

volume weighting to PBV, which can translate into differences in

final PBV measurements. Assuming identical contrast dynamics

or an ideal steady-state in all patients despite the differences in

their hemodynamic physiology may overlook the blood flow

weighting to C-arm CT PBV, particularly in cases in which the

time-attenuation curves depart from the steady-state, thus poten-

tially resulting in overestimation (or underestimation) of irre-

versibly infarcted parenchyma when using a specific threshold.

This limitation can be overcome by a simple ROI-based time-

attenuation-curve analysis of the raw C-arm CT projection data

for the clinical PBV scans, which can pro-

vide an estimate of how adequately the

steady-state contrast concentration was

achieved during a particular study.

Our results indicate that the measured

PBV values in the peri-infarct ischemic

tissue may or may not show reduction,

depending on the severity of the ischemic

insult. We found that in moderate-to-se-

verely ischemic peri-infarct tissue (rela-

tive MR CBF, �75%), the PBV measure-

ments showed statistically significant

reduction compared with the contralat-

eral uninvolved homologous tissue.

However, PBV values in the mild-to-

moderately ischemic peri-infarct paren-

chyma (relative MR CBF, 75%–95%)

were not significantly reduced relative to

the contralateral uninvolved homologous tissue. The peri-infarct

ischemic zone we identified for analysis is conceptually similar to

the penumbra region seen in the setting of acute ischemic stroke.

These findings are interesting and can be explained by the com-

bined blood volume and blood flow weighting to C-arm CT PBV.

CT perfusion reveals that in the setting of acute ischemic stroke,

the infarcted tissue shows a matched decrease in CBV and

CBF.18,19 However, the ischemic tissue surrounding the infarct

core has only reduced CBF, while the CBV may be maintained or

elevated secondary to autoregulatory hemodynamics whereby

precapillary vessels dilate in response to decreased cerebral perfu-

sion pressure.19 In the setting of severe or prolonged ischemia, the

autoregulatory mechanisms fail, leading to eventual reduction in

CBV. The degree to which the CBF is reduced and whether the

CBV is elevated, maintained, or reduced are thus functions of the

severity of the ischemic insult. In a separate analysis for the same

cohort, we found that with combined blood volume and blood

flow weighting (subject of another publication), C-arm CT PBV

behaves as a composite parameter. Thus, in the irreversibly in-

A B

FIG 4. ROC curves for absolute and normalized PBV. Voxel-based ROC curves for absolute PBV (A) and normalized PBV (B), with near-identical
configurations. Absolute and normalized PBV thresholds for demarcating the areas of restricted diffusion were chosen by defining the optimal
point on the ROC curve with equally attributed weights to sensitivity and specificity.

FIG 5. A theoretic understanding of C-arm CT PBV at various degrees of ischemia. In the
infarcted tissue (black central zone in A–C), a matched decrease in CBV and CBF with conse-
quent reduced PBV is observed, given its combined blood flow and blood volume weightings. In
mild ischemia (A), CBF is reduced while there is a compensatory autoregulatory increase in CBV;
consequently, PBV values may be maintained. In moderate ischemia (B), the CBF reduces further,
and despite autoregulation, CBV may not increase; consequently PBV values may be in the lower
part of normal range or begin to show mild reduction. In severe ischemia bordering infarction
(C), both CBV and CBF would be decreased with consequent reduction in PBV.
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farcted tissue, due to an underlying matched decrease in CBV and

CBF, we see a definitive reduction in PBV (Fig 3A). In the peri-

infarct ischemic region of reduced CBF, PBV would be main-

tained when the ischemic insult is less severe and the autoregula-

tory mechanisms are intact and effective in increasing the regional

CBV (Fig 3C). On the contrary, PBV measurements would be

reduced if the ischemia is prolonged or worsens in severity with

consequent impaired autoregulation, ineffective in increasing or

maintaining the CBV (Fig 3B). Therefore, C-arm CT PBV mea-

surements would reliably detect moderate-to-severe ischemia but

can potentially underestimate mild-to-moderate ischemia.

We recognize that C-arm CT PBV imaging cannot replace

DWI, which is highly accurate in the demarcation of irreversibly

infarcted brain parenchyma. However, its availability in the neu-

rointerventional suite is a unique advantage with implications for

management of acute cerebrovascular ischemia. Struffert et al4

proposed that PBV maps may potentially be used to guide revas-

cularization procedures through their ability to monitor the brain

viability. In this regard, a single C-arm CT study can provide both

the anatomic and physiologic data for patients with acute stroke

in the interventional suite without the need to transfer patients to

CT or MR imaging facilities. For example, the C-arm CT soft-

tissue images can reliably exclude intracranial hemorrhage, the

angiographic reconstructions can help evaluate proximal vessel

occlusion, and the PBV maps provide patient-specific physiologic

data that can potentially be used, instead of the more generalized

and nonspecific time criteria, in selecting appropriate patients for

acute stroke interventions, particularly when a significant delay

exists between initial imaging and patient arrival in the angiogra-

phy suite.4,20 Similarly, in the patients with aneurysmal SAH who

develop delayed clinical deterioration, the PBV maps can be used

to determine the hemodynamic significance of vessel narrowing

detected on catheter angiography and to identify any ongoing

ischemia or established infarcts, thus guiding the angioplasty pro-

cedures. For these applications, extended craniocaudal coverage

allowing whole-brain PBV measurements would be particularly

beneficial—for example, the changes related to vasospasm may be

multifocal or global in nature and the acute ischemic stroke may

be in a distribution located outside the traditional supratentorial

coverage of CTP and may thus be better evaluated with extended

craniocaudal coverage of C-arm CT PBV.

For CTP and PWI, thresholds of various perfusion parameters

have been studied to demarcate the irreversibly infarcted paren-

chyma, and it is widely recognized that the generalizability of any

specific threshold may be limited secondary to marked differences

across different algorithms and postprocessing software.17,21 For

C-arm CT PBV measurement, currently only 1 commercially

available application (syngo Neuro PBV IR; Siemens) exists. It is

conceivable that in the future other similar postprocessing plat-

forms will become available, in which case the validation of

thresholds reported in this study across different platforms would

be imperative.

The mean interval between the C-arm CT and MR imaging

examinations in this study was 124 minutes, a duration during

which the hemodynamics of the parenchymal areas included in

the analysis may have altered; this change could result in an over-

or underestimation of the reported thresholds. The observations

in this study should therefore be interpreted allowing for this

limitation. Additionally, optimal PBV thresholds reported in this

study were assessed for whole-brain tissue VOIs. However, differ-

ences between the gray and white matter exist regarding cellular

composition, metabolism, the normal perfusion parameter val-

ues, and their neurochemical responses to ischemia.22-24 Tissue-

specific infarction thresholds may thus be more informative in

predicting the tissue outcomes in the setting of cerebrovascular

ischemia.25 In our cohort, the limited number of patients and

DWI lesions precluded such tissue-specific analysis to explore the

differential variability of gray and white matter to ischemia. Fu-

ture studies, including a larger number of patients with cerebral

ischemia, may help in addressing this issue.

CONCLUSIONS
This study reports the following: 1) the optimal absolute and nor-

malized C-arm CT PBV threshold values for demarcation of the

irreversibly infarcted parenchyma in the neurointerventional

suite; and 2) C-arm CT PBV maps reliably detect moderate-to-

severe ischemia but can potentially underestimate the mild-to-

moderate ischemia with intact autoregulatory mechanisms, likely

related to its combined blood flow and blood volume weighting.

Optimal C-arm CT PBV thresholds for infarction have not been

studied previously and are of value in providing an objective cri-

terion for the demarcation of irreversibly infarcted parenchyma.

An accurate assessment of the brain viability thus obtained has

implications for the management of acute brain ischemia.
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ORIGINAL RESEARCH
INTERVENTIONAL

Histologic Analysis of Retrieved Clots in Acute Ischemic Stroke:
Correlation with Stroke Etiology and Gradient-Echo MRI

S.K. Kim, X W. Yoon, T.S. Kim, H.S. Kim, T.W. Heo, and M.S. Park

ABSTRACT

BACKGROUND AND PURPOSE: It is unclear whether clot composition analysis is helpful to predict a stroke mechanism in acute large
vessel occlusion. In addition, the relationship between early vessel signs on imaging studies and clot compositions has been poorly
understood. The purpose of this study was to elucidate the relationship between clot composition and stroke etiology following
mechanical thrombectomy and to investigate the effect of varied clot compositions on gradient-echo MR imaging of clots.

MATERIALS AND METHODS: Histopathologic analysis of retrieved clots from 37 patients with acute MCA occlusion was performed.
Patients underwent gradient-echo imaging before endovascular therapy. Retrieved clots underwent semiquantitative proportion analysis
to quantify red blood cells, fibrin, platelets, and white blood cells by area. Correlations between clot compositions and stroke subtypes
and susceptibility vessel signs on gradient-echo imaging were assessed.

RESULTS: Stroke etiology was classified as cardioembolism in 22 patients (59.4%), large-artery atherosclerosis in 8 (21.6%), and undeter-
mined in 7 (18.9%). The clots from cardioembolism had a significantly higher proportion of red blood cells (37.8% versus 16.9%, P � .031) and
a lower proportion of fibrin (32.3% versus 48.5%, P � .044) compared with those from large-artery atherosclerosis. The proportion of red
blood cells was significantly higher in clots with a susceptibility vessel sign than in those without it (48.0% versus 1.9%, P � .001), whereas
the proportions of fibrin (26.4% versus 57.0%, P � .001) and platelets (22.6% versus 36.9%, P � .011) were significantly higher in clots without
a susceptibility vessel sign than those with it.

CONCLUSIONS: The histologic composition of clots retrieved from cerebral arteries in patients with acute stroke differs between those
with cardioembolism and large-artery atherosclerosis. In addition, a susceptibility vessel sign on gradient-echo imaging is strongly associ-
ated with a high proportion of red blood cells and a low proportion of fibrin and platelets in retrieved clots.

ABBREVIATIONS: GRE � gradient-echo; RBC � red blood cell; WBC � white blood cell

Endovascular therapy is increasingly used for treating acute

ischemic stroke due to intracranial large-vessel occlusion.

Among various endovascular therapies, mechanical thrombec-

tomy is now accepted as the first-line endovascular therapy for

acute large-vessel occlusion. Recent studies have shown that

thrombectomies with a retrievable stent or flexible aspiration

catheter were associated with high-recanalization and low-com-

plication rates.1-5 One of the striking features of mechanical

thrombectomy is that it enables physicians to perform histo-

pathologic examination of clots retrieved from human intracranial

arteries. Recent studies suggested that histologic examination of re-

trieved clots can offer new insights into the pathogenesis of acute

stroke due to intracranial large-vessel occlusion.6-9 However, it is

currently unclear whether clot-composition analysis is helpful to pre-

dict a stroke mechanism in acute large-vessel occlusion. Only a few

studies have been conducted on this topic, and prior studies have

yielded only vague and contradictory results.8-10

In addition, histopathologic analysis of retrieved clots allows

understanding of the pathologic basis of early vessel signs on im-

aging studies in patients with acute ischemic stroke. Several stud-

ies have shown that the hyperattenuated vessel sign on CT and the

susceptibility vessel sign on gradient-echo (GRE) MR imaging

were more often associated with erythrocyte-rich thrombi (red

thrombi) than fibrin-rich thrombi (white thrombi).8,10,11 Plate-

lets play an important role in the pathogenesis of white thrombi
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associated with atherosclerotic plaque rupture.12 However, the

relationship between early vessel signs on imaging studies and the

proportion of platelets within the retrieved clots has been poorly

understood. Thus, we performed histopathologic analysis on re-

trieved clots from patients with acute MCA occlusion to further

elucidate the relationship between clot composition and stroke

etiology and to investigate the effect of platelet levels on GRE MR

imaging of clots.

MATERIALS AND METHODS
Patients
From January 2011 to October 2012, 56 consecutive patients pre-

senting with acute stroke due to MCA occlusions were treated

with mechanical thrombectomy, including stent-based thrombec-

tomy and manual aspiration thrombectomy at a tertiary university

hospital. Patients underwent a nonenhanced CT scan and multi-

modal MR imaging before endovascular thrombectomy procedures.

Of these patients, those who had GRE images of insufficient quality

for reliable evaluation (n � 7) or did not have thrombus material

suitable for histopathologic analyses (n � 12) were excluded. This

step left 37 patients in this study. We prospectively collected the fol-

lowing clinical and radiologic data of these 37 patients: demographic

features, cerebrovascular risk factors, NIHSS scores on admission

and at discharge, use of IV thrombolysis, time to endovascular treat-

ment, procedure time, time to reperfusion, revascularization status,

clinical outcomes, and stroke subtypes.

Subtypes of ischemic stroke were determined at the time of

discharge by stroke neurologists according to the classification of

the Trial of Org 10172 in Acute Stroke Treatment.13 Large-artery

atherosclerosis was defined as “catheter angiographic” findings

showing �50% stenosis or occlusion of the ipsilateral extracranial

or intracranial carotid artery proximal to the occlusion site

without evidence of potential sources of cardioembolism in other

diagnostic studies. Moderate or severe (�50%) underlying intra-

cranial atherosclerotic stenosis was also regarded as large-artery

atherosclerosis. Cardioembolsim was defined as having at least 1

of the following predisposing factors: atrial fibrillation or flutter,

left atrial thrombus, a prosthetic valve, severe mitral stenosis, a

patent foramen ovale, concomitant acute myocardial infarction,

congestive heart failure, infective endocarditis, and sick sinus syn-

drome, in the absence of moderate or severe (�50%) ipsilateral

arterial stenosis on imaging studies. The institutional ethics com-

mittee approved this study. For each patient, written informed

consent for endovascular therapy and histopathologic analysis of

retrieved thrombi was obtained from a family member.

Endovascular Treatment
On admission, a stroke neurologist performed a neurologic as-

sessment based on the NIHSS. The inclusion criteria for endovas-

cular thrombectomy were as follows: presentation within 6 hours

of stroke onset; baseline NIHSS score of �4; no intracranial hem-

orrhage detected on cranial CT or MR imaging; a target mismatch

pattern on multimodal MR imaging based on visual estimation

(time-to-peak map of perfusion imaging showing a lesion volume

�30% larger than that detected with diffusion imaging); and in-

farct volume on diffusion imaging or nonenhanced CT of less

than one-third of the MCA territory.

Cerebral angiography and endovascular therapy were per-

formed with the patient under conscious sedation. In cases of

agitation, an intravenous bolus of midazolam was given and re-

peated if necessary. Stent-based thrombectomy with a Solitaire

stent (Covidien, Irvine, California) was performed as the first-line

endovascular treatment. When stent-based thrombectomy was

unsuccessful, additional mechanical approaches were performed,

including manual aspiration thrombectomy with a Penumbra

reperfusion catheter (Penumbra, Alameda, California). The de-

tails of the techniques used for stent-based thrombectomy and

manual aspiration thrombectomy were previously described.5,14

Revascularization status was assessed on the final angiogram and

was classified according to the modified TICI scale,15 and success-

ful revascularization was defined as a modified TICI grade of 2b or

3. Clinical outcome was assessed by a stroke neurologist by using

the mRS during an outpatient visit 3 months after treatment. If

patients were unable to attend the outpatient clinic, outcomes

were obtained via telephone interview. A good clinical outcome

was defined as an mRS score of �2.

MR Imaging Analysis
MR imaging examinations were performed by using a 1.5T unit

(Signa HDxt; GE Healthcare, Milwaukee, Wisconsin). Before the

endovascular procedure, patients underwent MR imaging includ-

ing DWI, GRE, FLAIR, 3D TOF MRA, and perfusion imaging.

GRE sequence parameters included a TR of 750 – 800 ms, TE of 14

ms, flip angle of 20°, section thickness of 4 mm, intersection gap of

0 mm, and FOV of 230 � 230 mm. All GRE images were retro-

spectively reviewed by 2 neuroradiologists (with 2 and 4 years of

experience, respectively) who were blinded to the findings of con-

ventional angiography. Conclusions were reached by consensus

regarding the presence or absence of the susceptibility vessel sign

on GRE imaging. A positive susceptibility vessel sign was defined

as a hypointense signal change on GRE imaging within the oc-

cluded MCA, in which the diameter of the hypointense signals

exceeded that of the contralateral MCA.16,17 A negative suscepti-

bility vessel sign was defined as an absence of a positive suscepti-

bility vessel sign in the occluded MCA.

Histopathologic Analysis
Retrieved clot material was fixed in 10% neutralized buffered for-

malin immediately after retrieval. Formalin-fixed, paraffin-em-

bedded tissue was cut at 4-�m thickness. All clots were stained

with hematoxylin-eosin. Then, deparaffinized sections were im-

munohistochemically stained with antibodies for platelet glyco-

protein IIIa, CD61 (LifeSpan Biosciences, Seattle, Washington).

Immunostains were performed by the routine avidin-biotin com-

plex method. Immunoreactivity was visualized with a diamino-

benzidine (DAB; Dako, Glostrup, Denmark) solution and then

counterstained with hematoxylin.

Stained slides were scanned at �200 magnification by using a

Scanscope XT digital scanner (Apergio, Vista, California). ImageJ

software (National Institutes of Health, Bethesda, Maryland) was

used for semiquantitative analysis of the percentage of red blood

cells (RBCs), fibrin, platelets, and white blood cells (WBCs) by

area. Histopathologic analysis was performed by an experienced
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pathologist without knowledge of the patient characteristics and

imaging findings.

Statistical Analysis
Continuous data are presented as means or medians with SDs,

and categoric data are presented as frequencies and percentages.

Percentages of each specific clot component were regarded as

continuous variables. First, the percentages of each clot compo-

nent were compared between patients with cardioembolism and

those with large-artery atherosclerosis. Then, the percentages of

RBCs, fibrin, platelets, and WBCs were compared between pa-

tients with a positive susceptibility vessel sign on GRE imaging

and those with a negative susceptibility vessel sign. The �2 or

Fisher exact test was used for categoric variables, and the Mann-

Whitney U or Kruskal-Wallis test was used for continuous vari-

ables. All statistical analyses were performed with SPSS software

(Version 21.0; IBM, Armonk, New York). P � .05 indicated a

statistically significant difference.

RESULTS
During the study period, 37 eligible patients (20 men and 17

women; mean age, 69 years; age range, 40 –91 years) were identi-

fied. In our study group, 68% (25/37) of patients had hyperten-

sion, 51% (19/37) had atrial fibrillation, 32% (12/37) had dyslip-

idemia, 24% (9/37) had a history of ischemic stroke, 16% (6/37)

had a smoking history, 11% (4/37) had diabetes mellitus, 8% (3/

37) had a history of coronary artery disease, and 5% (2/37) had

congestive heart failure.

The median NIHSS score on admission was 15, with scores

ranging from 5 to 19. The median time from symptom onset to

endovascular therapy was 240 minutes (range, 60 –360 minutes),

the median procedure time was 30 minutes (range, 10 –90 min-

utes), and the median time to reperfusion was 257 minutes

(range, 93– 420 minutes). IV rtPA was administered in 23 patients

(62%) before mechanical thrombectomy. Of 37 patients, 5 had a

tandem occlusion at the proximal cervical portion of the ICA and

received carotid artery stent placement before the intracranial re-

vascularization procedure. Successful reperfusion (modified TICI

2b or 3) was achieved in 83.7% (31/37) of patients, and complete

reperfusion (modified TICI grade 3) occurred in 70.2% (26/37) of

patients. No patient had symptomatic hemorrhage during the

hospital stay. At discharge, the NIHSS score improved (decrease

of �4 points) in 28 patients (75.6%). The median NIHSS score at

discharge was 5. At the 3-month follow-up, 16 patients (43.2%)

showed a good clinical outcome (mRS 0 –2). Mortality was 14%

(5/37) at 3 months.

On histopathologic examination, the mean percentage of

components across all retrieved clots was 29.3 � 29.33% RBCs,

38.8 � 22.64% fibrin, 28.4 � 14.89% platelets, and 3.5 � 3.90%

WBCs. Cholesterol crystals or calcified material was not identified

in extracted clots in this study.

The subtypes of stroke were classified as cardioembolism in 22

(59.4%), large-artery atherosclerosis in 8 (21.6%), and undeter-

mined in 7 (18.9%). The percentages of RBC and fibrin compo-

sition differed significantly between patients with cardioembo-

lism and those with large-artery atherosclerosis (Fig 1). The clots

in patients with a cardioembolism had a higher proportion of

FIG 1. Differences in the mean percentages of clot compositions between cardioembolism (CE) and large-artery atherosclerosis (LAA). Red
blood cell (A), fibrin (B), platelet (C), and white blood cell (D) composition.
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RBCs (37.8% versus 8.5%, P � .013) and a lower proportion of

fibrin (32.3% versus 52.1%, P � .035) than in those with large-

artery atherosclerosis. There were no significant differences in the

proportion of platelets (26.6% versus 34.5%) and WBCs (3.3%

versus 4.9%) between patients with a cardioembolism and those

with large-artery atherosclerosis. There were no correlations be-

tween the proportion of clot components and initial stroke sever-

ity or subsequent revascularization status or clinical outcome.

The mean percentage of clot components in patients with unde-

termined etiology was 26.6 � 33.81% RBCs, 44.3 � 29.59% fi-

brin, 26.7 �7.99% platelets, and 2.4% � 2.07% WBCs. There

were no significant differences in the proportion of clot compo-

nents between patients with an undetermined etiology and those

with a cardioembolism or large-artery atherosclerosis.

At GRE imaging, a positive susceptibility vessel sign was iden-

tified in 22 (59.4%) of 37 patients. The relationships between clot

component proportion and susceptibility vessel sign on GRE im-

aging are shown in Fig 2. The mean percentage of RBC composi-

tion was higher in clots with a positive susceptibility vessel sign

(48.0% versus 1.9%, P � .001) (Fig 3), whereas the percentages of

fibrin composition (26.4% versus 57.0%, P � .001) and platelets

(22.6% versus 36.9%, P � .011) were significantly higher in clots

with a negative susceptibility vessel sign (Fig 4). The percentage of

WBC composition was consistently low in all clots and was not

statistically different between clots with a positive susceptibility

vessel sign and those with a negative susceptibility vessel sign

(3.0% versus 4.2%).

DISCUSSION
This study demonstrated that histologic compositions of clots

from patients with acute stroke differ between 2 major subtypes of

ischemic stroke, namely, large-artery atherosclerosis and cardio-

embolism. To date, very few studies investigating a possible rela-

tionship between the histology of retrieved clots and stroke mech-

anisms have been reported.8-10 Moreover, the results of previous

studies have been inconsistent and confusing. Liebeskind et al10

performed histopathologic analysis of retrieved clots in 50 pa-

tients with acute ischemic stroke who had undergone endovascu-

lar thrombectomy. They briefly stated that clot composition was

unrelated to the final determination of stroke etiology; however,

they did not provide detailed data on this issue. More recently,

Niesten et al8 investigated 22 thrombi retrieved after mechanical

thrombectomy in patients with acute stroke. In contrast to our

study, they reported that clots originating from large-artery ath-

erosclerosis had the highest percentage of RBCs compared with

other stroke subtypes, while there were no significant differences

in the proportion of fibrin and platelets between different stroke

subtypes. In their study, the patient population included a small

number of patients with large-artery atherosclerosis (n � 8) and

cardioembolism (n � 6), which was the major limitation. The

most recent study by Boeckh-Behrens et al9 investigated the his-

topathology of retrieved clots from 34 patients with acute anterior

circulation stroke. They reported that there was a significantly

higher proportion of WBCs in the thrombi of patients with car-

dioembolism compared with those with other stroke subtypes. In

FIG 2. Differences in the mean percentages of clot compositions relative to a positive susceptibility vessel sign (P-SVS) and a negative
susceptibility vessel sign (N-SVS). Red blood cell (A), fibrin (B), platelet (C), and white blood cell (D) composition.
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their study, the quantitative composition of all thrombi consisted

of 60% fibrin, 32% RBC, and 8% WBC, and the patient popula-

tion included 16 patients with cardioembolism and only 3 with

large-artery atherosclerosis. They did not provide detailed data

regarding proportions of RBCs and fibrin between different

stroke subtypes.

In contrast to those previous studies, our study supports the

traditional concept that cardioembolic thrombi forming in re-

gions of stasis or slow flow are mainly composed of entrapped

RBCs, and thrombi occurring in the context of atherosclerotic

large arteries are mainly composed of fibrin and platelets,12,18 in

the setting of acute ischemic stroke. In our study, we found that

the proportion of RBC composition in retrieved clots was higher

in patients with cardioembolism compared with those with large-

artery atherosclerosis, whereas the proportion of fibrin composi-

tion was higher in patients with large-artery atherosclerosis com-

pared with those with cardioembolism. There were no differences

in proportions of platelets and WBCs between large-artery ath-

erosclerosis and cardioembolism in our study. In the coronary

circulation, most of the thrombi detected at atherosclerotic

plaque rupture sites consisted of a mixture of fibrin and platelets,

and fibrin was more abundant.19 The results from our study are

exactly in accordance with those in a previous postmortem study

by Sato et al,18 which examined the cerebral arteries and thrombi

of 17 patients who had died of cardioembolic (n � 11) and large-

artery atherosclerotic (n � 6) strokes within 30 days of stroke

onset. They found that the ratio and total area of RBCs in thrombi

were significantly larger in cardioembolic than in large-artery ath-

erosclerotic stroke and that the ratio of the area of fibrin was

3-fold larger in large-artery atherosclerotic than in cardioembolic

stroke.

Our study also confirmed the relationship between clot com-

position and early vessel signs on MR imaging. Paramagnetic in-

tracellular deoxyhemoglobin in acute clots leads to a nonuniform

magnetic field and resultant rapid dephasing of spins, which

causes marked signal loss on GRE imaging—that is, a susceptibil-

ity vessel sign.16,20 Only 1 previous study investigated the rela-

tionship between retrieved clot composition and susceptibility

vessel signs on GRE imaging. Liebeskind et al10 correlated suscep-

tibility vessel signs on GRE imaging and the composition of re-

trieved clots in 32 patients with acute MCA stroke. In their study,

a susceptibility vessel sign on GRE imaging occurred in 56% (17/

32) of patients. They found that a susceptibility vessel sign was

more common in RBC-dominant and mixed clots compared with

fibrin-dominant clots and the mean percentage of RBCs was

greater in clots with a susceptibility vessel sign than in those with-

out a susceptibility vessel sign. These results are in line with those

in the present study. In our study, a susceptibility vessel sign oc-

curred in 59% (22/37) of patients. The mean percentage of RBC

component was significantly higher in clots with a positive sus-

ceptibility vessel sign than in those with a negative susceptibility

vessel sign, whereas the percentage of fibrin component was sig-

nificantly higher in clots with a negative susceptibility vessel sign

than in those with a positive susceptibility vessel sign. Moreover,

FIG 3. Brain images from a 53-year-old man
with acute MCA occlusion and atrial fibrilla-
tion. A, Axial GRE image reveals a positive sus-
ceptibility vessel sign (arrow) in the M1 seg-
ment of the right MCA. B, Microscopic view of
a retrieved clot shows that most thrombi con-
sist of red blood cells in a hematoxylin-eosin
stained section (�100 magnification). Magni-
fied images are presented in the bottom right
(�400 magnification). C, CD61 immunostained
section shows small areas of platelet infiltra-
tions (brown) in the periphery of the clot (�100
magnification).
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we found that the proportion of platelets was significantly differ-

ent between clots with and without a susceptibility vessel sign on

GRE imaging. In our study, the proportion of platelets was signif-

icantly higher in clots with a negative susceptibility vessel sign

than in those with a positive susceptibility vessel sign; this finding

has not been reported previously.

Platelets were not investigated in the study of Liebeskind et

al.10 Only 1 study investigated the platelet component in retrieved

clots with an immunohistochemical study. Niesten et al8 per-

formed CD31 immunostaining to investigate platelet composi-

tion in retrieved clots, in addition to hematoxylin-eosin staining,

and correlated clot compositions with attenuation on noncon-

trast CT. They found a nonsignificant, weak negative correlation

between CT attenuation and the proportion of platelets.

Our study has several limitations. The size of the study pop-

ulation was too small to draw a strong conclusion. The number

of patients with large-artery atherosclerosis was relatively

small compared with those with cardioembolism. During the

study period, many cases were excluded because of a lack of

retrieved thrombi or insufficient thrombi or incomplete imag-

ing. In addition, successful reperfusion occurred in 84% of

patients in the present study. Thus, we could not evaluate

whole clots occluding the MCA in 16% of cases. Finally, clot

composition might be affected by medical treatment in pa-

tients before the stroke onset and intravenous rtPA given be-

fore mechanical thrombectomy.10

CONCLUSIONS
This study suggests that the histologic composition of clots re-

trieved from cerebral arteries in patients with acute stroke is different

between stroke subtypes. We found that the proportion of RBC com-

position in retrieved clots is higher in patients with cardioembolism

compared with those with large-artery atherosclerosis, whereas the

proportion of fibrin composition is higher in patients with large-

artery atherosclerosis compared with those with cardioembolism. In

addition, a susceptibility vessel sign on GRE MR imaging is strongly

associated with a high proportion of RBCs and a low proportion of

fibrin and platelets in retrieved clots. These findings would be helpful

for clinicians in predicting clot composition and stroke etiology with

GRE imaging before endovascular therapy in patients with acute

ischemic stroke.

FIG 4. Brain images from a 74-year-old man
with acute ischemic stroke and underlying
atherosclerotic stenosis in the MCA. A, Axial
GRE image reveals a negative susceptibility
vessel sign (arrow) in the M1 segment of the
left MCA. B, Microscopic view of the clot
shows that most thrombi consist of orga-
nized fibrin aggregates with sparse cellular
elements in a hematoxylin-eosin stained
section (�100 magnification). Magnified im-
age is presented in the top left (�400 mag-
nification). C, CD61 immunostained section
shows abundant infiltrations of platelets
(brown) in the central and peripheral portion
of the clot (�100 magnification).
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ORIGINAL RESEARCH
INTERVENTIONAL

The Preventive Effect of Endovascular Treatment for
Recurrent Hemorrhage in Patients with Spinal Cord

Arteriovenous Malformations
Y. Niimi, H. Matsukawa, X N. Uchiyama, and A. Berenstein

ABSTRACT

BACKGROUND AND PURPOSE: Spinal cord AVMs represent rare and insufficiently studied pathologic entities. Embolization is thought
to play an important role in the management of spinal cord AVMs. Factors for recurrent hemorrhage and the impact of endovascular
treatment on prevention of recurrent hemorrhage remain to be confirmed. We aimed to assess recurrent hemorrhagic incidence of spinal
cord AVMs and its prevention by endovascular treatment.

MATERIALS AND METHODS: We reviewed 80 patients with spinal cord AVMs by spinal cord angiography who had hemorrhage before
the first endovascular treatment at New York University Medical Center, Beth Israel Medical Center, or Roosevelt Hospital in New York.
We compared the baseline and radiologic characteristics of patients with and without recurrent hemorrhage by the log-rank test and the
Cox proportional hazards model.

RESULTS: We observed recurrent hemorrhage in 35 (44%) patients (1/41 patients with endovascular treatment and 34/39 patients without
endovascular treatment). The median length of total follow-up was 659 days (interquartile range, 129 –2640 days), and the median length
from first-to-recurrent hemorrhage was 369 days (interquartile range, 30 –1596 days). The log-rank test revealed that endovascular treat-
ment and venous thrombosis reduced recurrent hemorrhage, and associated aneurysm was related to recurrent hemorrhage. Even in
multivariate analysis, the endovascular treatment reduced (hazard ratio, 0.027; P � .0001) and associated aneurysm increased (hazard ratio,
3.4; P � .044) the risk of recurrent hemorrhage.

CONCLUSIONS: Endovascular embolization is the first choice of treatment for spinal cord AVMs and is effective in preventing recurrent
hemorrhage.

ABBREVIATIONS: ASA � anterior spinal artery; NBCA � n-butyl 2-cyanoacrylate; SCAVM � spinal cord AVM

Spinal cord AVMs (SCAVMs) represent rare and insufficiently

studied pathologic entities characterized by considerable vari-

ation.1 Insufficient study of this disease is associated with the rar-

ity and complexity of its diagnosis.2,3 Spinal cord arteriovenous

fistula is a direct communication between arteries and veins,

while spinal cord arteriovenous malformation in its narrow de-

notation has a nidus, an abnormal vascular network interposed

between arteries and veins. On some occasions, both AVF and

AVM constitute a shunt, which is also called AVM in its broader

meaning.4 Spinal cord AVFs and AVMs manifest with sudden or

gradual deterioration of sensorimotor function in the extremities

and/or of micturition, defecation, or sexual function due mainly

to venous hypertension/ischemia and, in some cases, arterial steel,

hemorrhage, or mass effect.4

There has been advancement in endovascular treatment of

SCAVM, including monitoring systems. Treatment of an SCAVM

aims to decrease the risk of hemorrhage and arrest the progression

of neurologic deterioration.5 Embolization is thought to play an

important role in the management of SCAVMs, both as a primary

treatment and as an adjunct to surgical excision. However, com-

plete cure of SCAVMs by endovascular embolization is excep-

tional except for spinal cord AVFs, and endovascular treatment

often results in partial obliteration of the lesion by target emboli-

zation. Target embolization aims at occluding dangerous struc-

tures causing hemorrhage or neurologic symptoms, such as aneu-

rysms, high-flow fistulas, and nerve root lesions for radicular

pain. To date, various studies investigated the factors related to
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initial hemorrhage.6-10 However, factors for recurrent hemor-

rhage and the impact of endovascular treatment on prevention of

recurrent hemorrhage remain to be confirmed. The purpose of

this study was to assess the recurrent hemorrhagic incidence

of SCAVMs and its prevention by endovascular treatment.

MATERIALS AND METHODS
The study is reported on the basis of criteria from the Strength-

ening the Reporting of Observational Study in Epidemiology

statement.11

Study Participants
We retrospectively reviewed 153 patients diagnosed with SCAVM

by spinal cord angiography at centers where the senior author

worked (New York University Medical Center, Beth Israel Medi-

cal Center, or Roosevelt Hospital in New York) between April

1980 and October 2010. Exclusion criteria are shown in Fig 1.

After exclusions, we analyzed 80 patients with SCAVMs who had

hemorrhage before the first endovascular treatment.

Clinical Characteristics
We collected the following data: age, sex, the presence of SCAVM-

related syndrome, endovascular treatment after the first hemor-

rhage or radiation therapy, and radiologic characteristics. We de-

fined pediatrics as younger than 18 years of age.

Radiologic characteristics included hemorrhage type, detailed

diagnosis, lesion level, the presence of an associated aneurysm,

venous thrombosis, venous stricture, venous ectasia, and venous

hypertension.

Improvement of Angiographic and Embolization
Techniques
There has been improvement in angiographic and embolization

techniques during the 30 years of the study and continuous im-

provement in knowledge of disease, angiographic imaging qual-

ity, endovascular equipment including microcatheters, microgu-

idewires, embolic agents, and monitoring systems. We started by

using guidewire-assisted and flow-guided microcatheters in the

late 1980s. As a monitoring system, somatosensory evoked poten-

tials introduced in the mid-1980s, and transcranial motor evoked

potentials, in the mid-1990s as well as the provocative testing

method.12 We switched from isobutyl cyanoacrylate to n-butyl

2-cyanoacrylate (NBCA) as a liquid embolic agent in the late

1980s. Detachable coils became available for certain diseases in

the early 1990s. All these improvements enhanced the safety and

adequacy of endovascular occlusion of SCAVMs. However, our

conceptual approach for endovascular treatment of an SCAVM

(ie, partial targeted embolization) is, in principle, unchanged dur-

ing the 30 years of the study because we still have difficulty in

completely obliterating an SCAVM by embolization itself. There-

fore, we decided to analyze all cases of SCAVMs during 30 years.

Current Angiographic/Embolization Protocol
All angiographic procedures were performed with the patients

under general anesthesia with neuroleptic agents and neurophys-

iologic monitoring, including somatosensory evoked potentials

and transcranial motor evoked potentials. Superselective cathe-

terization of the appropriate feeding pedicles was performed by

using a microcatheter before embolization to analyze the vascular

anatomy of the lesion. Pharmacologic provocative testing was

performed with superselective injection of amobarbital sodium

and lidocaine when indicated. The details of the indication, tech-

nique, and results of neurophysiologic monitoring and provoca-

tive testing for SCAVMs have been described previously.12 After

hemorrhage with neurologic deficits, patients were treated con-

servatively until their neurologic deficits became stabilized, and

we then performed endovascular treatment if indicated. We per-

form targeted partial embolization for nidus-type SCAVMs to

close aneurysms and fistulas to prevent hemorrhage and improve

spinal cord hemodynamics to treat symptomatic myelopathy/ve-

nous hypertension. Complete angiographic cure is not the goal

with most intradural lesions with the exception of AVFs. n-butyl

2-cyanoacrylate was the main embolic agent for both intra- and

extradural lesions. Particulate embolization was used when

NBCA embolization was not feasible on the basis of the flow dy-

namics of the lesion. Coils were used for embolization of aneu-

rysms, high-flow fistulas, and protection of the normal vascular

territories when embolizations were performed from proximal

positions (nonintranidal). Ethylene-vinyl alcohol copolymer

(Onyx; Covidien, Irvine, California) was not used for intradural

lesions. The embolization procedure was repeated in a staged

fashion if considered preferable.

Outcome
The treatment results were confirmed by angiography after em-

bolization. MR imaging was also performed if indicated. Clinical

follow-up was performed in a multidisciplinary clinic attended by

both interventional neuroradiologists and neurosurgeons. In case

of any clinical suspicion of recurrence or progression of the dis-

ease, MR imaging or angiography or both were repeated at that

time. Repeat embolization was performed on the basis of the an-

giographic findings. Annual follow-up MR imaging was per-

formed if the patient was neurologically stable. If there was any

change in the appearance, spinal angiography was performed with

the intent to treat.

FIG 1. Exclusion criteria of the present study. SVM indicates spinal
vascular malformation.
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The end points were survival without recurrent hemorrhage

from SCAVMs.

Statistical Analysis
Statistical analysis was performed by using SPSS for Mac (Version

21.0; IBM, Armonk, New York). Variables are expressed as

mean � SD, median (interquartile range: 25th–75th percentile),

or number of patients (percentage) as appropriate. The normality

of the data was evaluated by using the Shapiro-Wilk test. We per-

formed receiver operating characteristics curve analysis for age

and the binary end point of recurrent hemorrhage, and we se-

lected the age cutoff point that optimized sensitivity and

specificity.

We compared the baseline and radiologic characteristics of

patients with and without recurrent hemorrhage by the log-rank

test and performed multivariate analysis by the Cox proportional

hazards model by using variables that were marginally or signifi-

cantly associated with progression on the log-rank test (P � .20).

The probability of freedom from recurrent hemorrhage was esti-

mated by using the Kaplan-Meier method; comparisons of the

survival curves by the number of factors were performed by using

the log-rank test. Differences were considered significant at P �

.05 for a 95% CI.

RESULTS
Forty-four patients (55%) presented with subarachnoid hemor-

rhage and 36 (45%) presented with hematomyelia. Types of initial

hemorrhage were not related to recurrent hemorrhage (P � .54).

We observed recurrent hemorrhage in 35 (44%) patients, includ-

ing 1 of 41 patients treated by embolization and 34 of 39 patients

not treated by embolization. The median length of total follow-up

was 659 days (interquartile range, 129 –2640 days), and the me-

dian length from the first-to-recurrent hemorrhage was 369 days

(interquartile range, 30 –1596 days). We found that 31% of pa-

tients rebled within 1 month of the first hemorrhage and 40% of

them rebled in �3 years (Table 1). Associated diseases were noted

in several patients: spinal arterioveonous metameric syndrome in

10 patients (13%) with recurrent hemorrhage and in 9 (20%)

without recurrent hemorrhage; Klippel-Trenaunay-Weber syn-

drome in 1 (2.9%) with recurrent hemorrhage, not seen in those

without recurrent hemorrhage; and Osler-Weber-Rendu disease

in 1 (2.9%) with recurrent hemorrhage, not seen in those without

recurrent hemorrhage. No significant difference was found

among these associated diseases and recurrent hemorrhage (P �

.94). Radiation therapy was performed in 3 patients (8.6%) with

recurrent hemorrhage and was not performed in patients without

recurrent hemorrhage (P � .42). Clinical and radiologic charac-

teristics of 80 patients with and without recurrent hemorrhage are

shown in Table 2. The log-rank test revealed that endovascular

treatment (Fig 2) and venous thrombosis significantly and mar-

ginally reduced recurrent hemorrhage, respectively, and an asso-

ciated aneurysm was significantly related to recurrent hemor-

rhage. Even in multivariate analysis, the endovascular treatment

reduced and associated aneurysm increased the risk of recurrent

hemorrhage (Table 3).

Illustrative Case
This male patient initially presented with a spinal subarachnoid

hemorrhage at 11 years of age. A diagnosis of an SCAVM was

made by MR imaging and spinal angiography at that time, but no

treatment was performed. He then experienced 3 spinal subarach-

noid hemorrhages in a month, documented by spinal tap at 14

years of age. He was then referred to us for endovascular treat-

ment. On admission, he was neurologically intact. Angiographic

study demonstrated a nidus-type SCAVM at the T2 spinal level

supplied mainly by the anterior spinal artery (ASA) with multiple

intranidal aneurysms (Fig 3A). Superselective angiography from a

feeder coming off the ASA failed to demonstrate the aneurysms

(Fig 3B, -C). Superselective angiography from the ASA near the

feeder origin demonstrated an intranidal aneurysm supplied by a

branch of the ASA different from the feeder that was previously

catheterized (Fig 3D). Because of the inability to superselectively

catheterize the feeder supplying the aneurysm, embolization from

the ASA near the origin of the feeder was performed by using

NBCA (Fig 3E). Control angiography after the embolization

showed decreased size of the AVM without opacification of the

aneurysms. The ASA was disconnected for a short segment, but

the distal segment was opacified through the collateral. The re-

maining nidus was also opacified by the ASA and the posterior

spinal artery opacified from the left T10 and the left T8 intercostal

artery, respectively (not shown). The patient remained neurolog-

ically intact and had no further hemorrhage during the follow-up

for 6 years after the embolization.

DISCUSSION
The results of the present study showed that the endovascular

treatment reduced and associated aneurysm increased the risk of

recurrent hemorrhage in patients with hemorrhagic SCAVM.

Hemorrhage
The congenital nature of SCAVMs in their form at presentation is

also debatable,13 because their appearance after hemorrhage may

reflect the result of decompensation of the vasculature lesion and

the surrounding spinal cord, which occurred after birth. It has

previously been reported that once a patient hemorrhages, the

incidence of recurrent hemorrhage is very high.14 The overall an-

nual hemorrhage rate was 4%, increasing to 10% for spinal glo-

mus (type 2) SCAVMs with previous hemorrhage,8 and lesions

with initial hemorrhage also had a greater annual rate of recurrent

hemorrhage (5.6%) compared with nonhemorrhagic lesions

(0.4%) in spinal cord AVF.15 Our series showed an higher inci-

dence of hemorrhage: 58% as the initial symptom and 66% before

treatment. In the literature, initial hemorrhage was encountered

in 70% of pediatric and 27%– 45% of adult patients with

Table 1: Duration between initial and recurrent hemorrhage in
patients with SCAVMs

Duration No. (n = 35) Percentage
�7 Days 6 18
8–31 Days 5 14
1–6 Months 2 5.7
6 Months to 1 year 4 11
1–2 Years 2 5.7
2–3 Years 3 8.6
�3 Years 13 37
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SCAVMs, 20%–37% of pediatric and adult patients with AVF,

and 50% of pediatric and adult patients with glomus-type

AVMs.6,8,9,15,16 In the present study, initial hemorrhage was seen

in 52% of all patients, 51% of pediatric patients, and 53% of

adults, and this finding supported the

results of the previous studies. Previous

study also showed that early (within the

12 months after the first hemorrhage)

recurrent hemorrhage was seen in 4.8%

of pediatric patients and in 3.6% of

adults, and late (�1 year after the first

hemorrhage) recurrent hemorrhage was

seen in 4.8% of pediatric patients and

14% of adults with SCAVM.6 However,

early recurrent hemorrhage was seen in

20% of pediatric patients and in 20% of

adults, and late recurrent hemorrhage

was seen in 33% of pediatric patients

and in 18% of adults in the present

study. This result indicated that the rate

of recurrent hemorrhage from SCAVMs

in both pediatric patients and adults was

higher than previously expected.

Recurrent hemorrhages after endo-

vascular embolization were seen in 4%,

and all of these were cervical SCAVMs in

the previous study.17 We observed that

only 1 of 41 patients (2.4%) had recur-

rent hemorrhage among those who un-

derwent endovascular treatment, as opposed to 34 of 39 patients

(87.2%) without endovascular treatment. Many of those who had

rehemorrhage without endovascular treatment were treated by

endovascular embolization without further hemorrhage in our

series (data not shown). The low incidence of hemorrhage after

partial embolization of SCAVMs has also been reported by other

authors.5

Associated aneurysms of the feeding arteries and nidus are

common in SCAVMs.7 Spinal cord artery and intranidal aneu-

rysms are associated with a high risk for hemorrhage in

SCAVMs.7 Some studies have shown that SCAVM-related arterial

aneurysms (distinct from false aneurysms) were associated with

initial hemorrhage,6,8,14,18 though one group of authors showed

that arterial aneurysms (distinct from false aneurysms) were not

related to hemorrhagic presentation.16 It was also reported that

recurrent hemorrhages were mostly due to rerupture of an asso-

ciated false aneurysm in SCAVMs.6 The results of the present

study showed that associated aneurysms were seen in 89% of pa-

tients with recurrent hemorrhage and in 56% of those without

recurrent hemorrhage and supported the relationship between

associated aneurysms and recurrent hemorrhage in patients with

an SCAVM.

Although venous architectural factors (either venous ectasias

or venous stricture) were most often associated with initial hem-

orrhage,16 they were not related to recurrent hemorrhage in the

present study.

Endovascular Treatment
Embolization of an SCAVM is performed once the endovascular

“dissection” of the SCAVM with microcatheter angiography and

provocative testing is complete. Analysis of vascular anatomy is

most important for safe embolization, but electrophysiologic

FIG 2. Kaplan-Meier plot of cumulative freedom from the progres-
sion by endovascular embolization.

Table 2: Univariate freedom from recurrent hemorrhage of SCAVMsa

Variables Total (n = 80)

Recurrent Hemorrhage Unadjusted
P Value(+) (n = 35) (−) (n = 45)

Baseline characteristics
Median age (yr) (IQR) 20 (10–32) 18 (8–25) 21 (15–38)

Pediatric 30 (38) 16 (46) 14 (31) .87
Male 31 (39) 12 (34) 19 (42) .73
Endovascular embolizationb 41 (51) 1 (2.9) 40 (89) �.0001

Radiologic characteristics
Subclassification .51

SCAVM 63 (79) 31 (89) 32 (71)
SCAVF, single hole 7 (8.8) 1 (2.9) 6 (13)
SCAVF, multiple holes 10 (13) 4 (11) 6 (13)

SCAVM level .92
Cranial-cervical 2 (2.5) 1 (2.9) 1 (2.2)
Cervical 33 (41) 16 (46) 17 (39)
Cervical-thoracic 1 (1.3) 0 1 (2.2)
Thoracic 31 (39) 13 (37) 18 (40)
Thoracic-lumbar 9 (11) 4 (11) 5 (11)
Lumbar 4 (5.0) 1 (2.9) 3 (6.7)

Associated aneurysmb 56 (70) 31 (89) 25 (56) .049
Venous thrombosisb 7 (8.8) 1 (2.9) 6 (13) .19
Venous stricture 2 (2.5) 0 2 (4.4) .21
Venous ectasia 16 (20) 7 (20) 9 (20) .24
Venous hypertension 16 (20) 7 (20) 9 (20) .66

Note:—SCAVF indicates spinal cord AVF; IQR, interquartile range 25th–75th percentile.
a Data are expressed as number of lesions (%), unless otherwise indicated.
b Variables related to the recurrent hemorrhage by log-rank test (P � .20).

Table 3: Multivariate analyses using the Cox proportional hazards
model for recurrent hemorrhage from SCAVMs

Variable
Adjusted

HR 95% CI

Multivariable
Adjusted
P Value

Endovascular treatmenta 0.027 0.0040–0.19 �.0001
Associated aneurysma 3.4 1.2–11 .044
Venous thrombosis 0.61 0.082–4.5 .63

Note:—HR indicates hazard ratio.
a Variables related to recurrent hemorrhage.
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FIG 3. A, Posteroanterior view of the right T2 intercostal artery angiogram showing a nidus-type SCAVM supplied by the anterior spinal artery
with multiple intranidal aneurysms (arrows). B, Nonsubtracted image of the microcatheter inserted into a feeder to the SCAVM. C, Superse-
lective angiogram from the microcatheter inserted into the same feeder as B. No aneurysms are visualized. D, Superselective angiogram from
a microcatheter placed in the ASA at the origin of the feeder to the SCAVM. Intranidal aneurysms and the distal anterior spinal artery are
visualized. Embolization was performed from this catheter position using NBCA. E, Cast of NBCA. A small amount of NBCA is in the ASA axis near
the catheter tip (arrow). F, Posteroanterior view of the right T2 intercostal artery after embolization. There is decreased visualization of the
nidus without opacification of the intranidal aneurysms. The distal ASA is seen through the collateral (arrow).
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monitoring with provocative testing provides additional safety,

especially when vascular anatomy is modified by previous hem-

orrhage or treatment.12 We prefer to use a flow-guided micro-

catheter for embolization because it is smaller in caliber and less

traumatic to the blood vessel compared with a guidewire-assisted

microcatheter. We prefer to use NBCA as an embolic agent be-

cause of its penetration small vessels and long-lasting occlusion

effect. We try to reach the target as close as possible, but if not

possible, we modify our technique to accomplish occlusion of the

target as demonstrated in the illustrative case. We avoid emboli-

zation from a microcatheter wedged in a feeding artery because of

the high risk of penetration of the embolic material into the nor-

mal territory or draining veins. The details of embolization tech-

niques have been described elsewhere.12,14 We proved that tar-

geted embolization is beneficial to prevent recurrent hemorrhage

even if it is partial treatment. We believe that endovascular embo-

lization is the treatment of choice for most SCAVMs. The only

exception is slow-flow, perimedullary AVFs located at the conus

or filum terminale. It is important to obtain periodic clinical and

radiologic follow-up and early endovascular intervention before

significant deterioration occurs to obtain the best possible prog-

nosis for SCAVMs.

Limitations
First, our study had a retrospective design with inherent limita-

tions leading to potential ascertainment bias. Second, the number

of patients was small, spread across many years, during which

technical advancements were observed, though this may be un-

avoidable given that SCAVM is a rare disease. Third is the possi-

bility of random error; overall, 13 univariate comparisons have

been performed. Given the � level of .10, the high number of

statistical tests makes it likely that 2 of the associations found may

actually be the result of chance. Therefore, the interpretation of

the results of univariate analysis was performed carefully, and the

conclusion was performed by the multivariate analysis. As noted

above, the results of the present study should be further clarified

using an independent cohort would be difficult to perform given

the rarity of SCAVMs.

CONCLUSIONS
The low rate of recurrent hemorrhage after endovascular treat-

ment, compared with the high incidence of recurrent hemorrhage

in conservative management, proves that endovascular treatment

is effective to prevent hemorrhage.
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Characterization of Craniocervical Artery Dissection by
Simultaneous MR Noncontrast Angiography and Intraplaque

Hemorrhage Imaging at 3T
Q. Li, J. Wang, H. Chen, X. Gong, N. Ma, K. Gao, L. He, M. Guan, Z. Chen, R. Li, D. Mi, C. Yuan, X. Zhao, and X.H. Zhao

ABSTRACT

BACKGROUND AND PURPOSE: Craniocervical artery dissection is the most common cause of ischemic stroke identified in young adults.
For the diagnosis of craniocervical artery dissection, multisequence MR imaging is recommended but is time-consuming. Recently,
investigators proposed a simultaneous noncontrast angiography and intraplaque hemorrhage imaging technique allowing simultaneous
noncontrast MRA and vessel wall imaging in a single scan. This study sought to investigate the feasibility of 3D simultaneous noncontrast
angiography and intraplaque hemorrhage MR imaging in the characterization of craniocervical artery dissection.

MATERIALS AND METHODS: Twenty-four symptomatic patients (mean age, 45.0 � 16.1 years; 21 men) with suspected craniocervical
artery dissection were recruited. The 3D simultaneous noncontrast angiography and intraplaque hemorrhage 3D TOF MRA and black-
blood imaging sequences were performed on a 3T MR imaging scanner. The agreement between simultaneous noncontrast angiography
and intraplaque hemorrhage imaging and multisequence MR imaging in evaluating arterial dissection was determined.

RESULTS: Dissection was found to involve 1 artery in 22 patients and 2 arteries in 2 patients. The intramural hematoma and luminal
occlusion were detected in 19 (79.2%) and 11 (45.8%) patients, respectively. In measuring stenosis, the Cohen � value between 3D TOF MRA
and simultaneous noncontrast angiography and intraplaque hemorrhage imaging was 0.82 (P � .001). All intramural hematomas on
multisequence imaging were successfully identified by simultaneous noncontrast angiography and intraplaque hemorrhage imaging.

CONCLUSIONS: 3D simultaneous noncontrast angiography and intraplaque hemorrhage imaging showed excellent agreement with
multisequence MR imaging in evaluating luminal stenosis and intramural hematoma in patients with craniocervical artery dissection. The
simultaneous noncontrast angiography and intraplaque hemorrhage imaging saved nearly 50% of scanning time compared with multi-
sequence MR imaging. Our findings suggest that 3D simultaneous noncontrast angiography and intraplaque hemorrhage imaging might be
an alternative, time-efficient diagnostic tool for craniocervical artery dissection.

ABBREVIATIONS: CCAD � craniocervical artery dissection; IMH � intramural hematoma; MERGE � Multi-Echo Recombined Gradient Echo; SNAP � simultaneous
noncontrast angiography and intraplaque hemorrhage

Craniocervical artery dissection (CCAD) is the most common

cause of stroke identified in young and middle-aged adults.1,2

Pathophysiologically, arterial dissections occur when a tear develops

in �1 layer of the vessel wall, allowing blood to enter the wall and split

the layers; this condition is characterized by a cavity or intramural

hematoma (IMH).3 The increased volume of the IMH may narrow

or occlude the lumen, and it can also damage the intima and trigger

thrombosis. Because this arterial disorder is strongly associated with

acute ischemic events,4,5 it is clinically preferable to diagnose CCAD

at the early stages so that clinicians can properly treat and prevent

potential neurologic complications.6
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Angiographic imaging modalities, such as CTA, MRA, and DSA,

have been widely used for the diagnosis of CCAD in clinical set-

tings.7-9 These approaches can only provide the information of lumi-

nal narrowing or occlusion but are unable to directly delineate IMH,

which is a key sign of CCAD. Some investigators believe that cranio-

cervical arteries with occlusion but without evidence of IMH cannot

be diagnosed as dissection unless the dissected wall is completely

recanalized.10 MR vessel wall imaging has been increasingly used for

the diagnosis of CCAD due to its capability of directly visualizing

IMH in the vessel wall.11-13 Recently, a multisequence MR imaging

protocol, which includes both MRA and MR vessel wall imaging

sequences, was recommended for the diagnosis of CCAD.10 How-

ever, this protocol needs independent acquisition of 2 different time-

consuming MR imaging sequences.

Most recently, a simultaneous noncontrast angiography and

intraplaque hemorrhage (SNAP) MR imaging technique has been

proposed for the evaluation of vulnerable carotid atherosclerotic

plaques.14 The major advantage of the 3D SNAP imaging se-

quence is acquiring noncontrast MRA and vessel wall images si-

multaneously in a single scan. The vessel wall images derived from

the 3D SNAP sequence carry heavy T1-weighting, which is very

sensitive to intraplaque hemorrhage or IMH. The other advan-

tages of SNAP imaging include fast scanning, large longitudinal

coverage (up to 250 mm), and isotropic high resolution (0.8

mm3). Those advantages make SNAP an ideal candidate for quick

and reliable identification of dissection, particularly for tortuous

craniocervical arteries with longer lesions.

We hypothesized that the 3D SNAP MR imaging technique is

capable of characterizing CCAD by providing both luminal and

vessel wall information simultaneously. In this study, we sought

to evaluate the feasibility of 3D SNAP MR imaging in the diagno-

sis of CCAD.

MATERIALS AND METHODS
Participants
Patients with recent ischemic cerebrovascular symptoms (within 2

weeks) and with suspected craniocervical artery dissection were pro-

spectively and consecutively recruited in this study. The inclusion

criteria were the following: 1) recent ischemic symptoms and/or neck

pain and/or headache; 2) MR angiography revealing stenosis with a

string sign or total occlusion or a double lumen or luminal dilation

(pseudoaneurysm).15 The exclusion criteria were as follows: 1) sub-

jects with evidence of cardiogenic ischemic stroke, 2) subjects with

evidence of cerebrovascular atherosclerotic disease according to tra-

ditional imaging examinations, and 3) subjects with contraindica-

tions to MR imaging. The clinical characteristics, including age, sex,

hypertension, diabetes, smoking, and hyperlipidemia, were col-

lected. The study protocol was approved by the local institutional

review board before the initiation of this study, and written consent

forms were obtained from all subjects.

MR Imaging
All subjects underwent MR imaging on a 3T Achieva TX scanner

(Philips Healthcare, Best, the Netherlands) with a custom-de-

signed 36-channel neurovascular coil.16 The multisequence MR

imaging, including 3D TOF MRA and 3D Multi-Echo Recom-

bined Gradient Echo (MERGE; GE Healthcare, Milwaukee, Wis-

consin), was performed with the following parameters: 3D TOF

MRA, turbo field echo; TR/TE, 25/3.5 ms; flip angle, 20°; FOV,

180 � 180 � 84 mm3 for intracranial arteries and 130 � 168 �

140 mm3 for carotid arteries; voxel size, 0.3 � 0.3 � 0.7 mm3 for

intracranial arteries and 0.6 � 0.6 � 0.9 mm3 for carotid arteries;

total scanning time, 9 minutes; 3D MERGE, turbo field echo;

TR/TE, 9.2/4.3 ms; flip angle, 6°; FOV, 250 � 160 � 40 mm3;

scanning time, 4 minutes 6 seconds. In this study, the presence of

IMH was determined by 3D MERGE images when lesions appeared

hyperintense because the imaging sequence MERGE has T1 con-

trast-weighting and has the potential to identify intraplaque hemor-

rhage.17 In contrast, the 3D SNAP imaging sequence was acquired

with the following parameters: 3D SNAP, turbo field echo sequence;

TR/TE, 10/4.8 ms; flip angle, 11°/5°; FOV, 250 � 160 � 32 mm3;

voxel size, 0.8�0.8�0.8 mm3; scanning time, 6 minutes 45 seconds.

The 3D SNAP and MERGE images were acquired in the coronal

direction, and 3D TOF MRA images were acquired in the axial direc-

tion. Both extracranial carotid arteries and intracranial arteries were

covered on MR imaging.

Image Interpretation
The 3D TOF MRA, MERGE, and SNAP images were recon-

structed by using maximum intensity projection, minimum in-

tensity projection, and MPR at the workstation Extended MR

WorkSpace (Version 2.0.3.3; Philips Healthcare). A color-coded

algorithm was used to create 3D maximum intensity projection

images from SNAP images for joint display of luminal changes

and the components with hyperintense signal in the vessel wall.14

Blinded to clinical information and SNAP images, 2 reviewers

evaluated with consensus the degree of luminal stenosis on 3D

TOF MRA images and the presence or absence of IMH, which is

defined as hyperintense signal in the vessel wall on 3D MERGE

images. The diagnosis of IMH was made when the signal intensity

of the vessel wall was 2 times as high as the reference tissue of

muscle. The other 2 reviewers measured the luminal stenosis on

noncontrast MRA derived from SNAP images and identified the

presence or absence of IMH on vessel wall images from SNAP

imaging blinded to clinical information and 3D TOF MRA and

MERGE image findings. Luminal stenosis was measured by using

the NASCET method.18 All observers were neuroradiologists and

had �3 years’ experience in cerebrovascular imaging. The lumi-

nal stenosis was divided into the following categories: mild steno-

sis (�50%), moderate stenosis (50%–70%), severe stenosis

(70%–99%), and occlusion (100%). The presence or absence of

pseudoaneurysm, double lumen and intimal flaps, and lesion

length was also assessed.

Statistical Analysis
The continuous variables were described as mean � SD, and cat-

egoric ones were presented as absolute frequencies or percentages.

The Cohen � was used for evaluating the agreement between 3D

TOF MRA and SNAP imaging in measuring luminal stenosis. The

agreement between 3D SNAP and 3D MERGE in the identifica-

tion of IMH, pseudoaneurysm, intimal flaps, and double lumen

was also determined. A P value of �.05 was statistically signifi-

cant. All statistical analyses were conducted in SPSS 19.0 (IBM,

Armonk, New York).
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RESULTS
In total, 24 patients (mean age, 45.0 � 16.1 years; 21 men) were

recruited for this study between June 2012 and September 2014.

Of the 24 patients, 4 (16.7%) presented with headache, 3 (12.5%)

presented with neck pain, 20 (83.3%) had ischemic stroke, and 4

(16.7%) had TIA. All patients denied blunt traumatic injury to the

head and neck. The clinical characteristics are summarized in

Table 1.

Characteristics on Multisequence 3D MR Imaging
The characteristics of each subject on multisequence MR images

are shown in Table 2. Twenty-two patients developed dissection

in 1 artery, and 2 patients had dissection in 2 arteries. The dissec-

tion involvement in different vascular beds was as follows: 3

(12.5%) in the common carotid artery, 8 (33.3%) in the C1 seg-

ment of the internal carotid arteries, 3 (12.5%) in the middle

cerebral artery, 6 (25%) in the basilar artery, and 6 (25%) in the

vertebral artery. IMHs were detected in 19 (79.2%) patients. In

arteries with dissection, we found no luminal changes (stenosis or

dilation) in 3 (12.5%) patients, mild stenosis in 2 (8.3%) patients,

moderate stenosis in 3 (12.5%) patients, severe stenosis in 3

(12.5%) patients, and occlusion in 11 (45.8%) patients. The pat-

tern of pseudoaneurysm and intimal flaps and double lumen was

observed in 2 (8.3%) and 3 (16.7%) patients, respectively.

Agreement between 3D SNAP and Multisequence 3D MR
Imaging
In measuring luminal stenosis of diseased arteries, the Cohen �

value between 3D TOF MRA and SNAP imaging was 0.82 (P �

.001). Figure 1 demonstrates mild stenosis in the basilar artery on

the MRA image derived from SNAP imaging (Fig 1A), corre-

sponding to the TOF MRA image (Fig 1B), while the hyperintense

signal on the SNAP vessel wall image (Fig 1C) indicates IMH. One

patient with mild stenosis on 3D TOF MRA was classified as hav-

ing moderate stenosis by SNAP imaging, and 2 patients with se-

vere stenosis on 3D TOF MRA were diagnosed as having occlu-

sion. All IMHs on multisequence imaging were successfully

identified by SNAP imaging. IMH appeared hyperintense on the

3D SNAP image, corresponding to the 3D MERGE images (Fig 2).

In addition, the characteristics of pseudoaneurysm, intimal flaps,

and double lumen on multisequence imaging were also accurately

determined by SNAP imaging (Fig 3). Figure 4 is an example of

the excellent joint visualization of luminal changes and IMH in

the vessel wall on SNAP images after color-coded reconstruction.

Table 1: Clinical characteristics of study population

Characteristics
Mean or No.

(%)
Range

(if Applicable)
Age (yr) 45.0 � 16.1 14–70
Male sex 21 (87.5)
Weight (kg) 75.1 � 8.5 60–90
Height (cm) 171.2 � 5.5 160–183
Smoking 10 (41.7)
Hypertension 13 (54.2)
Diabetes 6 (25)
High-density lipoprotein (mmol/L) 1.0 � 0.2 0.5–1.8
Low-density lipoprotein (mmol/L) 2.3 � 0.8 1.0–5.7
Total cholesterol (mmol/L) 4.0 � 1.1 2.2–7.8
Triglycerides (mmol/L) 1.5 � 0.7 0.6–3.0
Headache 4 (16.7)
Neck pain 3 (12.5)
Ischemic stroke 20 (83.3)
Transient ischemic attack 4 (16.7)

Table 2: Characteristics of 24 patients with CCAD on multisequence MR imaging

Patient
No.

Sex/Age
(yr) Location

Length
(mm)

Category of
Stenosisa

Presence or Absence

IMH Pseudo-aneurysm
Intimal Flaps and

Double Lumen
1 M/65 BA 16.7 Moderate � – –
2 M/24 MCA 8.1 Occlusion � – –
3 M/14 MCA 6.0 Mild � – –
4 M/53 ICA (C1) 35.8 No stenosis – � �
5 M/20 BA 12.7 No stenosis – – �
6 M/40 ICA (C1) 70.2 Occlusion � – –
7 M/62 BA and VA 44.1 Occlusion � – –
8 M/59 BA 22.2 No stenosis – � –
9 M/36 MCA 10.7 No stenosis – – �
10 F/18 CCA 23.3 Occlusion � – –
11 M/34 VA 10.1 Moderate – – –
12 F/38 ICA (C1) 42.4 Severe � – –
13 F/66 CCA 44.8 No stenosis � – –
14 M/43 VA 7.5 Occlusion � – –
15 M/62 ICA (C1) 40 Severe � – –
16 M/68 CCA 37.1 Occlusion � – –
17 M/42 VA 24.8 Occlusion � – –
18 M/35 ICA (C1) 63.4 Occlusion � – –
19 M/51 BA and VA 50.8 Mild � – –
20 M/69 ICA (C1) 57 Occlusion � – –
21 M/56 ICA (C1) 66.4 Severe � – –
22 M/40 ICA (C1) 13.6 Occlusion � – –
23 M/41 VA 42.7 Occlusion � – –
24 M/43 BA 11.6 Moderate � – �

Note:—BA indicates basilar artery; VA, vertebral artery; CCA, common carotid artery; �, positive; –, negative.
a Mild stenosis, 1%– 49%; moderate stenosis, 50%– 69%; severe stenosis, 70%–99%; occlusion, 100%.
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DISCUSSION
This study investigated the feasibility of 3D SNAP imaging in

characterizing CCAD. We found that 3D SNAP imaging showed

excellent agreement with multisequence 3D MR imaging in

measuring luminal stenosis and identification of IMH. In ad-

dition, 20.8% (5/24) of patients developed no or mild stenosis

and 79.2% (19/24) of patients had IMH, indicating the impor-

tance of delineating wall changes by vessel wall imaging in the

diagnosis of dissection. Because SNAP imaging provides non-

contrast MRA and vessel wall images simultaneously with large

longitudinal coverage and much shorter scanning time, it

might be an alternative, time-efficient diagnostic tool for char-

acterization of CCAD compared with multisequence 3D MR

imaging.

We found that noncontrast MRA images derived from SNAP

imaging showed excellent agreement with 3D TOF MRA in eval-

uating the luminal stenosis in patients with craniocervical artery

dissection. Our findings are consistent with those in previous

studies. Wang et al14 demonstrated that there was significant cor-

relation between SNAP imaging and TOF MRA in the quantifica-

tion of the lumen area of carotid arteries (intraclass correlation

coefficient � 0.96; 95% CI, 0.94 – 0.97). Previous study14 has also

shown that the SNAP image will generate a smaller lumen size

compared with TOF MRA when the lumen area is �20 mm2,

indicating that it may overestimate the degree of stenosis at the

arterial segment with a naturally small lumen size or severe

luminal narrowing. Similarly, the luminal stenosis measured

by SNAP images was overestimated compared with 3D TOF

MRA in 3 arteries. In addition, the SNAP technique does not

require contrast injection, so it can be used in patients with

poor intravenous access or contraindications to gadolinium

contrast administration (eg, pregnancy or renal failure). Our

results indicate that noncontrast MRA derived from SNAP im-

aging might be an alternative approach for assessing the lumi-

nal changes in arterial dissection.

All the IMHs of this study population were successfully de-

tected by 3D SNAP imaging. The IMH exhibited hyperintense

signals on SNAP images, indicating the component with a short

T1. It has been shown that the SNAP imaging sequence increased

the contrast between hemorrhage and the vessel wall by another

35%, which allows more detection of carotid intraplaque hemor-

rhage compared with the widely used 3D magnetization prepared

rapid acquisition of gradient echo sequence.14 In previous studies,

FIG 1. Excellent agreement between SNAP imaging and TOF MRA in measuring stenosis. Mild stenosis in the basilar artery is determined by MRA
images derived from SNAP imaging (A), which corresponds to the TOF MRA image (B). The hyperintense signal on the SNAP vessel wall image (C)
indicates intramural hematoma.

FIG 2. SNAP imaging depicts intramural hematoma. The intramural
hematoma in the internal carotid artery appears hyperintense on
both 3D MERGE (A, white arrows) and SNAP images (B, white
arrows).
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the IMH was evaluated by 2D T1-

weighted MR imaging with fat satura-

tion.11-13 However, acquisition of 2D

T1-weighted images is time-consuming

and has limited longitudinal coverage.

Recently, the 3D black-blood T1-

weighted imaging technique has been

used to detect IMH in patients with ar-

terial dissection.19-21 Taking advantage

of large coverage, black-blood effect,

and high spatial resolution, 3D black-

blood imaging sequences seem to be a

substitute for 2D imaging techniques.

Similar to the 3D T1-weighted imaging

sequences, 3D SNAP imaging tech-

niques enable fast and high-resolution

imaging with large longitudinal cover-

age of up to 250 mm. Benefiting from

the large coverage of SNAP imaging, the

extent of IMHs, particularly those in-

volving multiple vascular beds, can be

delineated.

In the present study, a substantial

number of patients only had intimal

flaps and double lumen without evi-

dence of luminal stenosis and IMH. The

intimal flaps and double lumen were

FIG 3. SNAP imaging delineates the intimal flaps. The SNAP MRA image (A) shows a dilated lumen
(pseudoaneurysm) in the internal carotid artery. The intimal flaps (hollow arrow) and double
lumen (white arrow) are noted on vessel wall images derived from SNAP imaging in the coronal (B)
and axial (C) views after MPR reconstruction. The white line on the coronal view indicates the
location of the axial view acquisition.

FIG 4. The luminal narrowing and intramural hematoma are jointly visualized in a single SNAP image. Total occlusion in the internal carotid artery
is demonstrated by TOF MRA (A, hollow arrow) and SNAP MRA (C, hollow arrow). A vessel wall image (B) derived from SNAP imaging shows a
hyperintense lesion in the vessel wall (white arrows), indicating intramural hematoma. The intramural hematoma is well-depicted by maximum
intensity projection of SNAP images (D). The MRA and vessel wall images derived from SNAP imaging are naturally registered to jointly visualize
luminal narrowing and intramural hematoma in red (E) after color-coded processing.
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successfully depicted on the vessel wall images derived from

SNAP imaging in this study. Similar to luminal narrowing and

IMH, these characteristics are important evidence for the diagno-

sis of dissection. It has been shown that these patterns exist when

patients developed complete recanalization after dissection, but

they were only seen in approximately 10% of cases.22 Our findings

suggest that SNAP imaging might be a useful tool for comprehen-

sive evaluation of CCAD.

For the diagnosis of arterial dissection, SNAP imaging seems

to be a time-efficient approach that saves nearly 50% of scan-

ning time compared with the recommended multisequence im-

aging protocol with 2 separate sequences (MRA and MR vessel

wall imaging). This difference is because the 3D SNAP imaging

can provide noncontrast MRA and vessel wall images simulta-

neously in a single scan in a much shorter scanning time. On

the other hand, the MRA and vessel wall images generated

from SNAP imaging are intrinsically registered by avoiding the

misregistration between images acquired from 2 independent

sequences. SNAP imaging enables joint visualization of the

lumen and arterial wall changes at a single image. The assess-

ment of the location of the relationship between the lumen and

vessel wall in arteries with dissection might be useful for treat-

ment planning of revascularization. Although SNAP imaging

is capable of identifying CCAD comprehensively, multi-

sequence MR imaging techniques might be needed in some

complicated cases.

In this study, a custom-designed 36-channel coil was used to

acquire intracranial and extracranial vessel wall images simul-

taneously. Compared with a commercialized neurovascular

coil, this coil allows large-coverage MR imaging with a suffi-

cient signal-to-noise ratio due to the dedicated coil elements

for extracranial carotid arteries. The design of this 36-channel

coil might be desirable for assessment of the arterial dissection,

particularly for lesions involving a large extent of vessel wall or

multiple vessels (carotid arteries and vertebral arteries)

simultaneously.

Our study has several limitations. First, the sample size of this

study was small, and all patients were suspected of having dissec-

tion. Future studies with a large sample size and a broad spectrum

of disease should be conducted. Second, to determine the feasibil-

ity of SNAP imaging in the detection of IMH, the 3D MERGE

imaging sequence was considered as a reference technique. This

may decrease the specificity of identifying IMH because 3D

MERGE introduces both T1- and T2-contrast-weighting during

imaging. Finally, the signal pattern of IMH on SNAP imaging was

obtained at only 1 time point. Previous studies reported that the

signal of IMH will change with time on MR vessel wall imag-

ing.13,22 To evaluate the usefulness of SNAP imaging in the char-

acterization of CCAD, further prospective studies with larger

sample sizes are warranted.

CONCLUSIONS
We found 3D SNAP imaging to have excellent agreement with

multisequence MR imaging in the assessment of luminal stenosis

and intramural hematoma in patients with CCAD. Our findings

suggest that benefiting from fast imaging with large longitudinal

coverage, 3D SNAP imaging might be an alternative, time-effi-

cient diagnostic tool for CCAD compared with multisequence

MR imaging.
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1. Leys D, Bandu L, Hénon H, et al. Clinical outcome in 287 consecu-

tive young adults (15 to 45 years) with ischemic stroke. Neurology
2002;59:26 –33

2. Ducrocq X, Lacour JC, Debouverie M, et al. Cerebral ischemic acci-
dents in young subjects: a prospective study of 296 patients aged 16
to 45 years. Rev Neurol 1999;155:575– 82

3. Schievink WI. Spontaneous dissection of the carotid and vertebral
arteries. N Engl J Med 2001;344:898 –906

4. Benninger DH, Georgiadis D, Kremer C, et al. Mechanism of isch-
emic infarct in spontaneous carotid dissection. Stroke 2004;
35:482– 85
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ORIGINAL RESEARCH
HEAD & NECK

Accuracy of Preoperative Imaging in Detecting Nodal
Extracapsular Spread in Oral Cavity Squamous Cell Carcinoma

A.H. Aiken, S. Poliashenko, J.J. Beitler, A.Y. Chen, K.L. Baugnon, A.S. Corey, K.R. Magliocca, and X P.A. Hudgins

ABSTRACT

BACKGROUND AND PURPOSE: The increasing impact of diagnosing extracapsular spread by using imaging, especially in patients with
oropharyngeal squamous cell carcinoma, highlights the need to rigorously evaluate the diagnostic accuracy of imaging. Previous analysis
suggested 62.5%– 80.9% sensitivity and 60%–72.7% specificity. Our goals were to evaluate the accuracy of imaging in diagnosing extra-
capsular spread in a cohort of patients with oral cavity squamous cell carcinoma (pathologic confirmation of extracapsular spread routinely
available), as a proxy for oropharyngeal squamous cell carcinoma, and to independently assess the reliability of imaging features (radio-
graphic lymph node necrosis, irregular borders/stranding, gross invasion, and/or node size) in predicting pathologically proven extracap-
sular spread.

MATERIALS AND METHODS: One hundred eleven consecutive patients with untreated oral cavity squamous cell carcinoma and available
preoperative imaging and subsequent lymph node dissection were studied. Two neuroradiologists blinded to pathologically proven
extracapsular spread status and previous radiology reports independently reviewed all images to evaluate the largest suspicious lymph
node along the expected drainage pathway. Radiologic results were correlated with pathologic results from the neck dissections.

RESULTS: Of 111 patients, 29 had radiographically determined extracapsular spread. Pathologic examination revealed that 28 of 111 (25%)
had pathologically proven extracapsular spread. Imaging sensitivity and specificity for extracapsular spread were 68% and 88%, respec-
tively. Radiographs were positive for lymph node necrosis in 84% of the patients in the pathology-proven extracapsular spread group and
negative in only 7% of those in the pathologically proven extracapsular spread–negative group. On logistic regression analysis, necrosis
(P � .001), irregular borders (P � .055), and gross invasion (P � .068) were independently correlated with pathologically proven extracap-
sular spread.

CONCLUSIONS: Although the specificity of cross-sectional imaging for extracapsular spread was high, the sensitivity was low. Combined
logistic regression analysis found that the presence of necrosis was the best radiologic predictor of pathologically proven extracapsular
spread, and irregular borders and gross invasion were nearly independently significant.

ABBREVIATIONS: ECS � extracapsular spread; OCSCC � oral cavity squamous cell carcinoma; OPSCC � oropharyngeal squamous cell carcinoma; pECS �
pathologically proven extracapsular spread

The presence of pathologically proven extracapsular spread

(pECS) in squamous cell carcinoma of the head and neck

portends a poor prognosis with decreased 5-year overall survival

rates and increased rates of locoregional recurrences and distant

metastases.1,2 In a large 10-year multicohort study, Shaw et al3

found that extracapsular spread (ECS) in patients with oral cavity

squamous cell carcinoma (OCSCC) doubled the local recurrence

rate, doubled the distant metastasis rate, and tripled the incidence

of regional recurrence. However, recent literature has debated

whether ECS affects disease-specific survival in patients with p16-

positive or p16-negative oropharyngeal squamous cell carcinoma

(OPSCC).4 Radiographically determined ECS has been shown to

be an independent prognosticator for poor distant control and

survival,5 but although CT and MR imaging may suggest the ra-

diologically visible presence of macroscopic ECS, the criterion

standard for diagnosing ECS in patients with head and neck can-

cer has been pathologic evaluation of a neck-dissection specimen.

Distinct from OCSCC, oropharyngeal cancers (eg, OPSCC)
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are routinely and successfully treated with radiation therapy alone

for early disease and chemoradiation for more advanced disease.6

Technical advances have resulted in a renewed interest in trans-

oral robotic surgery for the treatment of early disease.7 Some pa-

tients with surgically treated early OPSCC are spared the need for

adjuvant radiation. Conversely, because a combination of Euro-

pean Organisation for Research and Treatment of Cancer and

Radiation Therapy Oncology Group studies showed survival ad-

vantages when chemotherapy was added to routine postoperative

radiation in patients who had either unsatisfactory margins or

ECS,8 many clinicians would not offer surgery for patients with

oropharyngeal cancer if they knew preoperatively that pECS was

present. Therefore, to spare the patients trimodality treatment,

especially in the human papillomavirus era, patients with oropha-

ryngeal cancer with ECS on pretherapy imaging are generally

treated with concurrent chemoradiation, and surgery is reserved

for possible salvage. In light of these considerations, radiograph-

ically determined ECS is crucial for the upfront management of

OPSCC.

The crucial role of preoperative imaging in this particular sce-

nario prompted our investigation of the accuracy of imaging for

diagnosing ECS. Although our clinical question arose from pa-

tients with OPSCC, we used patients with OCSCC in this study as

a proxy cohort, because elective neck dissection provides a pECS

status for nearly all patients.

The sensitivity and specificity for radiographically determined

ECS have been reported to range from 62.5% to 80.9% and from

60% to 93%, respectively.9-14 A small study in 17 patients by

Zoumalan et al15 found that lymph node necrosis was a good

predictor of ECS. Classical imaging features of ECS include spic-

ulated or irregular node borders, loss of the adjacent fat or muscle

planes, and frank infiltration into structures adjacent to the

lymph node.16 Our study objectives were to evaluate the accuracy

of cross-sectional contrast-enhanced CT imaging for diagnosing

ECS in patients with OCSCC (as a proxy for those with OPSCC)

and to independently assess the reliability of imaging features (ra-

diographically determined lymph node necrosis, irregular bor-

ders/stranding, gross invasion, and/or node size) for predicting

pECS.

MATERIALS AND METHODS
Inclusion Criteria
After institutional review board approval for this retrospective

review, the imaging data warehouse at our institution was queried

for previously untreated patients with International Classification

of Diseases, Ninth Revision, codes for OCSCC subsites between

2007 and 2012. This search yielded 229 patients. Subsites of

OCSCC included in the study were the oral tongue, retromolar

trigone, buccal mucosa, and gingival regions. Inclusion criteria

were having had 1) a neck dissection at our institution, 2) preop-

erative contrast-enhanced CT, and 3) pathologic review specifi-

cally for ECS.

From the 229 patients identified in this search, 165 who un-

derwent subsequent neck dissection at our institution were in-

cluded. Fifty-four patients were excluded because preoperative

images were not available (n � 43), they underwent only MR

imaging (n � 8), or their CT was performed without contrast

(n � 3). Therefore, 111 patients with preoperative CT imaging

and who had a neck dissection at our institution and pathologic

evaluation for ECS were included in this study.

Pathology Review
The diagnosis of squamous cell carcinoma, pathologically deter-

mined lymph node stage, lymph node size, and presence of ECS

were recorded from original pathology reports in the electronic

medical record. The histologic criterion for extracapsular spread

in a metastatic lymph node was defined as carcinoma invading

beyond the nodal capsule. The measured extent of carcinoma

beyond the lymph node capsule (micro-ECS vs macro-ECS) was

not a routine practice during this timeframe. This cohort included

a mixture of radiographically determined positive and negative

necks and pathologically determined positive and negative necks.

All neck dissections for OCSCC in the study time range that met

inclusion criteria were included.

Imaging Methods
Patients underwent imaging on one of several commercially avail-

able CT systems with multidetector capability ranging from 8 to

64 channels. Onsite imaging CT studies were performed on a

LightSpeed VCT 64-section, Discovery HD 750, Discovery 16-

section, or BrightSpeed 16-section scanner (all from GE Health-

care, Milwaukee, Wisconsin) or Somatom Definition 64-slice and

Somatom Emotion 16-slice CT scanners (Siemens, Erlangen,

Germany). Our split-bolus technique used a total of 110 mL of

intravenous iopamidol (Isovue-370; Bracco, Princeton, New Jer-

sey); 55 mL was injected first at a rate of 2.5 mL/s, followed by a

40-second delay, and then another 55 mL was added at the same

rate, with a total scan delay of 90 seconds, including a precontrast

and postcontrast saline bolus. We acquired contiguous axial im-

ages from the skull base through the mediastinum with the fol-

lowing settings: section thickness, 1.25 mm; pitch, 0.984:1; gantry

rotation time, 0.7 second; FOV, 25 cm; 120 kVP; and Smart mA

with a noise index of 13.78. Reformatted images with 2.5-mm

section thicknesses in the axial planes and 3-mm sagittal and cor-

onal reformations were sent to a PACS.

Image Review
Two Certificate of Added Qualification– certified neuroradiolo-

gists with a focus on head and neck imaging (A.H.A. and P.A.H.,

who have 8 and 29 years of experience, respectively) reviewed all

111 cases. The reviewers were blinded to the original reports, final

pathology, and the other reviewer’s conclusions. For each case,

they recorded a dichotomous interpretation for the following fea-

tures of the largest suspicious ipsilateral node along the expected

drainage pathway: 1) mild perinodal stranding or irregular node

borders, 2) necrosis, 3) gross invasion, and 4) overall impression

of macroscopic ECS. Evidence of ECS was defined as irregular

node borders, fat stranding, and/or invasion of adjacent struc-

tures (Fig 1). When there was disagreement between the 2 review-

ers, a consensus read without knowledge of pECS status was

performed.

In addition to the blinded review, each of the 111 cases was

interpreted initially by 1 of 4 Certificate of Added Qualification–

certified and dedicated head and neck radiologists in our practice
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(each with 6, 8, 15, or 29 years’ experience). Initial reports in-

cluded the radiologic staging of lymph nodes, presence of radio-

graphically determined ECS, size of the nodal disease, and lymph

node necrosis. Node size was measured in the longest axis in the

axial plane and categorized into one of the following groups: 0 –1,

1–2, 2–3, or �3 cm.

Statistical Analysis
A multivariate logistic regression analysis was performed, and the

sensitivity, specificity, accuracy, positive predictive value, and

negative predictive value were calculated. A Cohen weighted k

statistic was calculated to evaluate interobserver agreement. Ob-

server agreement was categorized as poor (�0.20), fair (0.20 –

0.39), moderate (0.40 – 0.59), good (0.60 – 0.79), or excellent

(�0.80).

RESULTS
Our population included 111 patients with OCSCC who under-

went primary resection and neck dissection at our institution

within a 5-year period.

Interobserver analysis revealed almost perfect interobserver

agreement between the readers for overall impression of ECS (� �

0.86; P � .001) and for stranding/irregular borders around a

lymph node (� � 0.835; P � .001). Radiographically determined

ECS was noted in 29 of the 111 cases, and 19 of those 29 were

true-positive results. There were 9 false-negative results. Patho-

logically proven ECS was confirmed in 28 of 111 cases. The read-

ers had only 6 of 111 discrepancies for ECS, with each reader’s

conclusion being validated pathologically in 3 of 6 cases. There-

fore, the readers had the same overall sensitivity and specificity

results. For the review, the imaging diagnosis of ECS had a sensi-

tivity of 68%, a specificity of 88%, a positive predictive value of

66%, and a negative predictive value of 89%.

Radiographically determined lymph node necrosis was pres-

ent in 27 of 111 patients, and 21 of these 27 lymph nodes were

truly positive for ECS. Radiographically determined lymph node

necrosis, therefore, had a sensitivity of 66% and a specificity of

93% for predicting pECS. Radiographically determined lymph

node necrosis was present in 84% of nodes with pathology-

proven ECS but only 7% of nodes without ECS (6 of 86). There

was a strong association between radiologically determined

lymph node necrosis and pECS (P � .001) according to the Fisher

exact test.

Radiographic evidence of gross invasion of surrounding struc-

tures, such as the sternocleidomastoid muscle, was noted in 8 of

111 cases, and pECS was present in all 8 of these cases (specificity,

100%). As expected, the sensitivity of gross invasion was low

(34%).

Radiographically determined perinodal stranding had a sensi-

tivity of 63% and a specificity of 89% for predicting ECS, very

similar to the overall imaging sensitivity and specificity rates;

stranding usually prompts a positive overall impression for radio-

graphically determined ECS.

A logistic regression analysis was performed for each of the

reviewers to determine which radiologic factors were most pre-

dictive of ECS (Table). Imaging necrosis had the highest classifi-

cation accuracy (ie, it was the most predictive of pECS [P � .001

for the combined analysis]). Stranding (P � .055) and gross inva-

sion (P � .068) were also marginally significant. Therefore, all 3

factors were nearly independently significant.

From the original reports, radiographically determined ECS

was reported in only 17 cases (compared with 29 cases in the blind

review). The original reports’ diagnosis of ECS had a sensitivity of

46%, a specificity of 95%, a positive predictive value of 76%, and

a negative predictive value of 84%. The interobserver variability

between the original report and the blinded review showed good

or substantial agreement (� � 0.676; P � .001).

Two-sample t tests were performed to compare lymph node

size between the pathologically positive and negative ECS groups.

Continuous variables for those in the ranges of 0 –1, 1–2, 2–3, and

�3 cm were evaluated. For all of the groups, the P value was .20,

suggesting that we could not find a significant association be-

tween size and ECS, primarily because 100% (4 of 4) of the small-

FIG 1. A, A right level IIA lymph node (arrow) in a patient with OCSCC. This rounded low-attenuation node has irregular borders and fat
stranding. Imaging prospectively diagnosed ECS, which was confirmed with pathologic examination (true-positive result). B, A right level IIA
lymph node (arrow) in a patient with OCSCC. This small 1-cm lymph node shows subtle fat stranding. Imaging prospectively diagnosed ECS,
which was confirmed with pathologic examination (true-positive result). C, A right level IIA lymph node (arrows) in a patient with OCSCC. This
large necrotic node demonstrates invasion of the adjacent sternocleidomastoid muscle. Imaging prospectively diagnosed ECS, which was
confirmed with pathologic examination (true-positive result).
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est group of lymph nodes (�1 cm) had ECS. It should be noted

that these were false-negative radiographic results. However, the

results of an evaluation of the remaining individual groups sug-

gested a trend. The rates of pathologically proven ECS among the

other groups was 60% in the 1- to 2-cm group, 83% in the 2- to

3-cm group, and 100% in the �3-cm group.

DISCUSSION
It became clear during our multidisciplinary tumor boards that our

clinicians were increasingly relying on the imaging diagnosis of ECS

to make major treatment decisions in patients with OPSCC. Escalat-

ing therapy to a multimodal approach involves significant morbidity

and thus must be appropriately justified. Specifically, our clinicians

were deciding against transoral robotic surgery in patients with pre-

operative radiographic evidence of ECS to avoid trimodality therapy

for the patients. Because our institution did not have an adequate

sample size to test the accuracy of imaging in diagnosing ECS in

patients with OPSCC, we chose to evaluate its accuracy in a well-

defined cohort of patients with OCSCC. Our primary objective was

to determine the accuracy of imaging in diagnosing ECS so that our

tumor board could best plan the treatment of patients with OPSCC,

assuming that it is reasonable to extrapolate results based on OCSCC

and apply them to OPSCC.

If treatment decisions are going to potentially be based on

imaging detection of ECS, then the accuracy and limitations of

imaging results must be taken into account. When we reviewed

the literature, we found wide variation in the accuracy of imaging,

mixed cohorts, and conflicting data. Furthermore, at least for oro-

pharyngeal cancer, the biology has changed; most of our oropha-

ryngeal cancers are related to human papillomavirus rather than

to smoking or drinking alcohol.17 The cystic appearance of many

human papillomavirus 16 positive oropharyngeal node metasta-

ses may complicate the radiologic evaluation of necrosis. Another

important consideration is whether to err on the side of being

overly sensitive or of being overly specific.18

Recently, Prabhu et al19 examined 432 patients undergoing neck

dissections for head and neck cancer. The sensitivity and specificity

for radiographically determined ECS were reported to be 43% and

97.7%, respectively. The sensitivity was lower and specificity much

higher than previously reported. One possibility for the lower sensi-

tivity of radiographically determined ECS

in their study may have been the criteria

for radiographically positive and negative

ECS. When ECS status was not mentioned

in the initial radiology report, it was re-

corded as radiographically negative for

ECS. The preoperative images were not

blindly reviewed, because the authors’

purpose was to assess the predictive value

of the original diagnostic interpretation.
Because many of the study patients had
OCSCC and the radiographic diagnosis of
ECS would have been less critical and had

little impact on the decision for neck dis-
section, it may not have always been re-
ported initially by the neuroradiologist,
falsely depressing sensitivity. Our study
addressed this potential pitfall with a

blinded review for all cases, in addition to the initial report, to validate
these preliminary results.

In a second recent study, Chai et al20 concluded that “radio-

logic findings suggestive of ECS should not be relied on for treat-

ment planning in squamous cell carcinoma of the head and neck.”

Chai et al20 used a 5-point scale for the evaluation of radiograph-

ically determined ECS, included a wider range of primary tumors,

and had 2 different observers with specificities of 54% and 84%,

respectively. Our study aimed to limit a few of these variables by

restricting the cohort to a single primary tumor for which surgical

resection of the primary and cervical lymphatics is the standard

initial treatment and by reporting “yes or no” for radiographically

determined ECS on the basis of specific imaging features.

Our study not only tested the accuracy of the imaging diagno-

sis of ECS and interobserver agreement between 2 reviewers

(A.H.A. and P.A.H.) but also examined the interobserver agree-

ment between the original report and the subsequent blinded re-

view looking specifically for ECS. It was not surprising that the

reviewers detected a few more cases of ECS at the expense of more

false-positive results. In other words, reviewers became more sen-

sitive (67% compared with 46% in the original report) but slightly

less specific (88% compared with 95% in the original report).

Overall, both the review and the original report had high specific-

ities for ruling in macroscopic ECS. Interobserver agreement be-

tween an original report and a subsequent blinded review has not

been evaluated often, but it has important implications for practical

use. We have shown that in a closed head and neck radiology group

with a focus on staging head and neck cancers, interobserver agree-

ment and specificity for ECS are strong. Our clinicians prefer a high

specificity before recommending chemoradiation over transoral ro-

botic surgery.

A very careful search for ill-defined node borders is key for

identifying subtle ECS on imaging. We found that imaging spec-

ificity is high when fat stranding and ill-defined borders are iden-

tified. In these cases, the clinicians can rely on radiographically

determined ECS to make treatment decisions (Fig 1A). When

these specific imaging signs are absent, however, pECS is still pres-

ent in nearly 50% of the cases, and therefore imaging cannot be

used to exclude ECS (Fig 2).

Logistic Regression Analysis for individual readers and combined analysis
Reader No. and Parameter Estimate Standard Error z Value Pr(>⎪z⎪)
1 (A.H.A.)

(Intercept) �2.045 0.344 �5.948 �.001
Stranding 1.072 0.741 1.447 .148
Necrosis 1.714 0.78 2.198 .028
Gross invasion 1.553 1.208 1.285 .199

2 (P.A.H.)
(Intercept) �2.229 0.370 �6.016 �.001
Stranding 0.875 0.764 1.145 .252
Necrosis 1.902 0.702 2.710 .007
Gross invasion 1.306 0.975 1.339 .180

1 and 2 (A.H.A. and P.A.H.
�combined analysis�)

(Intercept) �2.129 0.251 �8.493 0
Stranding 1.006 0.525 1.917 .055
Necrosis 1.78 0.515 3.457 .001
Gross invasion 1.358 0.744 1.824 .068

Note:—Pr(��z�) indicates a P value from a z score.
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Lymph node necrosis was the most important radiologic fac-

tor associated with radiographically determined ECS even when

there was no irregularity of borders or stranding (Fig 3). One

study reported a strong correlation between ECS and necrosis

with 95% sensitivity and 85% specificity.15 A recent study by Joo

et al,21 which involved PET/CT for the identification of ECS,

showed that fluorodeoxyglucose uptake could elevate sensitivity

and specificity for the detection of ECS above those of contrast-

enhanced CT or MR imaging alone. The study showed that max-

imum standardized uptake values were significantly correlated

with ECS (standardized uptake value detection cutoff, 2.25 on

receiver operating characteristic curve demonstration; sensitivity

and specificity, 85% and 88%, respectively).

Limitations of this study include its retrospective nature. We

used this cohort of patients with OCSCC to examine radiographic

accuracy for diagnosing ECS and to extrapolate the diagnostic test

characteristics to make treatment decisions for patients with

OPSCC. The pathologic pattern of ECS may differ between these

subsites, and therefore results of the imaging accuracy evaluation

may have been affected. Second, our finding that lymph node

necrosis was significantly correlated with ECS may be less reliable

in a population of patients with oropharyngeal cancer because of

the distinct pattern of cystic nodes in this population. Finally, the

importance of both microscopic and macroscopic pECS was first

appreciated in the era when oropharyngeal cancers were largely

caused by tobacco and alcohol abuse, and as the virally induced

oropharyngeal cancers are better understood, the prognostic ef-

fects of ECS may not be confirmed.4 At this time, however, pre-

treatment imaging profoundly influences the management of pa-

tients with oropharyngeal cancer, and accuracy remains of

paramount importance.

CONCLUSIONS
Recent management trends for OPSCC rely on pretreatment im-

aging diagnosis of ECS. We used a cohort of patients with OCSCC

with pathologically proven or excluded ECS to conclude that

though contrast-enhanced CT has high specificity for the detec-

tion of ECS, its sensitivity for the detection of ECS remains low.

Lymph node necrosis seen on contrast-enhanced CT was signifi-

cantly correlated with pECS and was the most accurate radiologic

criterion of those investigated. Stranding and gross invasion were

marginally significant as independent factors correlated with

pECS.
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ORIGINAL RESEARCH
PEDIATRICS

Increased Prevalence of Developmental Venous Anomalies in
Children with Intracranial Neoplasms

B.V. Jones, L. Linscott, G. Koberlein, T.R. Hummel, and J.L. Leach

ABSTRACT

BACKGROUND AND PURPOSE: Developmental venous anomalies are considered variants of venous development that, in and of
themselves, are of little clinical import. A possible association between intrinsic brain tumors and developmental venous anomalies has
been suggested, but a rigorous investigation has not been performed. The aim of this study was to assess any association between

developmental venous anomalies and intrinsic brain neoplasms.

MATERIALS AND METHODS: A radiology report text search of terms used to describe developmental venous anomalies was performed
on a study population of 580 patients with primary intracranial neoplasms and on a control population of 580 patients without neoplasms
from the same time period. All positive results were reviewed to confirm that the report was describing a developmental venous anomaly,

and the imaging examination was reviewed to confirm the diagnosis.

RESULTS: Fifty-nine of the 580 subjects with brain tumors (10.17%) had a developmental venous anomaly identified by report and
confirmed on review of the imaging. Thirty-one of the 580 controls (5.34%) had a developmental venous anomaly identified by report and
confirmed on review of the imaging (P � .003). No statistically significant difference was noted in the prevalence of developmental venous
anomalies among tumor types. No developmental venous anomaly drained the vascular territory of the tumor, and there was no

correlation between the location of the developmental venous anomaly and the location of the neoplasm.

CONCLUSIONS: The prevalence of developmental venous anomalies in this pediatric population with intracranial primary neoplasms is
significantly greater than in those without neoplasms, suggesting an association that may be related to shared causative factors or

susceptibilities to the development of these 2 separate entities.

ABBREVIATION: DVA � developmental venous anomaly

Developmental venous anomalies (DVAs) are vascular lesions

that consist of a group of venous channels that drain into a

common collecting vein, which, in turn, traverses the brain pa-

renchyma to drain to either the superficial or deep venous sys-

tems. They are the most common cerebral vascular malforma-

tion, frequently identified on routine MR imaging of the brain

with contrast. Postmortem studies 3 decades ago suggested a

prevalence of 2.7%1; however, with the use of modern imaging

techniques, the prevalence is estimated to be much higher

(6.4%).2 DVAs are typically considered variants of venous devel-

opment that, in and of themselves, are of little clinical import.

However, a small percentage of DVAs have been associated with

such findings as cavernous malformations,3,4 thrombosis with

subsequent venous infarction,5,6 lobar atrophy,7 T2 and FLAIR

signal-intensity abnormalities,8,9 perfusion abnormalities,10,11

and SWI hypointensities.12

In our daily pediatric neuroradiology practice, we had noticed

a high prevalence of presumed incidental DVAs in our oncology

patient population. A possible association between intrinsic brain

tumors and DVAs had been suggested before by Pryor et al,13 but

a rigorous investigation has not been performed. This study tested

the null hypothesis that there is no association between DVAs and

intrinsic brain neoplasms.

MATERIALS AND METHODS
This retrospective study was approved by our institutional review

board. The study population was derived from a data base of

patients referred to the neuro-oncology service at our institution
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from 1990 through 2011, a total of 719 cases. Cases were excluded

from consideration if the diagnosis of neoplasm was not con-

firmed by either biopsy or documented progression; if the neo-

plasm was not intra-axial in origin; or if there was a vascular

malformation (arteriovenous malformation, arteriovenous

fistula, facial venous malformation), venous thrombosis, syn-

drome associated with vascular anomalies, major structural

abnormalities limiting evaluation of the brain parenchyma, or

no reviewable imaging. Metastatic neoplasms to the brain were

also excluded. This process left a study population of 580 pa-

tients with primary intracranial neoplasms. A radiology report

text search was then performed with the software program

Softek Illuminate (Softek Solutions, Prairie Village, Kansas),

by using the search terms “venous,” “DVA,” and “angioma.”

Positive results were reviewed to identify reports describing a

DVA, and the imaging for each identified case was reviewed to

confirm the diagnosis, document adequate diagnostic quality,

and determine the location of the DVA. The MR imaging field

strength (1.5 or 3T), whether postcontrast imaging was per-

formed with a planar or volumetric technique, the year of the

earliest available examination demonstrating the DVA, and

patient age and sex were documented in all cases.

A control population of 580 studies was then derived from the

radiology data base of all brain MR imaging examinations per-

formed with intravenous contrast during the same study period.

The number of control cases per year was matched to those of the

study population, and the same text search was performed. Cases

were excluded from consideration if there was a diagnosis of in-

tracranial neoplasm or potential neoplasm (including nonspecific

signal abnormalities) requiring follow-up. As with the tumor

group, cases were also excluded if there was a vascular malforma-

tion (arteriovenous malformation, arteriovenous fistula, facial

venous malformation), venous thrombosis, a syndrome associ-

ated with vascular anomalies, or major structural abnormalities

limiting the evaluation of the brain parenchyma. The same test

search was performed on this control population, positive results

were reviewed to confirm that the report was describing a DVA,

and the imaging examination was reviewed to confirm the diag-

nosis and document adequate diagnostic quality, with the same

documentation of field strength, postcontrast technique, and

subject demographics performed.

As a means of identifying false-negative rates of DVA iden-

tification, �10% of the reported neg-
ative cases from each group (55 from
the study population and 55 from the
control population) were randomly
selected and analyzed for the presence
of DVAs.

Statistical Analysis
Statistical analysis of frequency data was

performed by using the �2 test (continuity-corrected), confidence

intervals of proportions (continuity-corrected), and z-ratio of in-

dependent proportions (VassarStats: Website for Statistical Com-

putation; vassarstats.net). Continuous variables (age) were as-

sessed with a 2-tailed t test (vassarstats.net). P � .05 was

significant.

RESULTS
Our selection process resulted in 2 groups of subjects with MR

imaging of the brain (1 without and 1 with brain tumors), evalu-

ated during the same time period, by the same group of radiolo-

gists, using similar imaging techniques. Exclusion criteria were

identical in each group, with the exception of the presence of

intracranial neoplasm in the tumor cohort. Demographics and

MR imaging study type distribution for the study and control

groups are provided in Table 1. The tumor group was slightly

younger than the control group (mean, 9.0 years versus 10.1 years;

P � .002, 2-tailed t test). No significant differences were noted in

sex (P � .07), field strength (P � .16), or scan type (P � .89)

between groups.

Fifty-nine of the 580 subjects with brain tumors (10.17%) had

a DVA identified by report and confirmed on review of the imag-

ing. Thirty-one of the 580 controls (5.34%) had a DVA identified

by report and confirmed on review of the imaging (Table 2, P �

.003). Forty-two of the positive cases in the study population had

glial tumors (71%); 5 had glioneuronal tumors; 9, embryonal; 2

ependymal; and 1, germ cell (Fig 1). This prevalence was similar to

the distribution of tumor types in the study population overall,

with the result that there was no statistically significant difference

in the prevalence of DVAs among tumor types. Thirty-eight sub-

jects had DVAs in the frontal lobes, 11 in the parietal lobes, and 4

in the temporal lobes, with 4 in the posterior fossa, 2 in the occip-

ital lobes, and 1 in the basal ganglia. Four subjects had more than 1

DVA. None of the DVAs drained the vascular territory of the tumor,

and there was no correlation between the location of the DVA and

the location of the neoplasm in terms of lobe, side of the brain, or

supratentorial-versus-infratentorial compartments.

The DVA was visible on the oldest imaging study available for

review in all cases. In 51 of the 59 DVA-positive cases, the original

study diagnosing a neoplasm was available for review, and in all of

these, the DVA was visible. In the remaining 8 cases, the oldest

imaging study available for review was not the original diagnostic

examination that identified the neoplasm. In 4 of these 8 cases, the

report of the original examination was available, and it docu-

mented the presence of the DVA. Of the remaining 4 cases, in one,

the oldest available study was performed 5 months after diagnosis,

with no intervening treatment. In another, the oldest available

study was performed 2 years after surgical resection of the neo-

plasm, without intervening adjuvant therapy. In the 2 remaining

Table 1: Study and control population characteristicsa

Mean Age (Range)

Sex
Field

Strength Scan Type

Male Female 1.5T 3T Planar Volumetric
Neoplasm 9.1 yr (1 day to 35 yr) 306 274 504 76 470 110
Controls 10.2 yr (1 day to 31 yr) 274 306 486 94 473 107

a The neoplasm group was slightly younger than the control group (P � .001 by 2-tailed t test). No significant differences
were identified in sex (P � .07), field strength (P � .16), or scan type (P � .89) between the 2 groups.

Table 2: Prevalence of DVAs in study and control populationsa

Total DVA+ (%) 95% CI Z Score P Value
Neoplasm 580 59 (10.17) 7.97–12.90 3.07 .003
Controls 580 31 (5.34) 3.79–7.48

Note:—DVA� indicates the number of subjects in group who had a confirmed DVA.
a The neoplasm group had a �10% prevalence of DVAs, compared with just over 5%
for the control group. The latter is similar to recently published prevalence data.
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cases, the oldest examinations available for review were per-

formed �4 years after diagnosis and treatment of the neoplasm,

and there was intervening treatment with both chemotherapy and

radiation therapy.

Of the 55 cases with negative findings randomly selected from

the study population, one (1.8%) showed a DVA on review. Sim-

ilarly, one of the cases randomly selected from the control popu-

lation demonstrated a DVA on review. Extrapolating this false-

negative rate to the entire population would suggest a prevalence

of approximately 12% in children with neoplasms and 7% in

those without.

DISCUSSION
DVAs are encountered with frequency in daily neuroradiology

practice and are generally considered to be essentially benign

variants of venous development. Several theories have been

proposed to explain their etiology, the most broadly accepted

of which is that they represent a response of the developing

brain to a regional compromise of the normal venous drainage

caused by stenosis, thrombosis, or maldevelopment.14 Others

have suggested that abnormalities of fetal angiogenesis and

regression may lead to their development.15 There is consensus

that they arise in utero, though there have been reports docu-

menting postnatal evolution.16

It has long been recognized that a substantial number of DVAs

are associated with cavernous malformations, and it is theorized

that both lesions represent differing responses to a compromise of

regional venous drainage.17-20 However, DVAs are also seen with

a high prevalence in patients with lymphatic or venolymphatic

malformations of the head and neck,21,22 and they have an in-

creased incidence in a variety of genetically driven syndromes

such as the blue rubber bleb nevus syndrome.23 These associa-

tions suggest that DVA development is not solely a reaction to

focal abnormalities of venous drainage but may also be a conse-

quence of widespread perturbations of vascular development. Re-

cent reports have identified associated parenchymal signal abnor-

malities in 11.6% of children and young adults9 and in 12.5% of

older adults8 with DVAs, suggesting that the altered drainage they

provide may have consequences on the surrounding brain. All of

these associations lend credence to concerns that DVAs may have

a deleterious impact on the surrounding brain or may be a har-

binger of more widespread abnormalities. Our findings indicate

that DVAs may be more prevalent in pediatric patients with in-

tracranial neoplasms than in controls.

Because DVAs are lesions that primarily impact the brain pa-

renchyma, we limited our study population to those patients with

intra-axial tumors. The distribution of tumor types in our study

population parallels the known relative prevalence of these lesions

in the pediatric population, and the prevalence of DVAs within

our study subjects generally follows the distribution of tumor

types. We found no statistically significant association of DVA

prevalence with tumor type, and the distribution of DVA location

within the brain was consistent with that in prior reports.24

The reason that DVAs may be more prevalent in children with

primary intracranial neoplasms is not known. The fact that in

none of our cases did the DVA drain the territory of the neoplasm

essentially eliminates any direct causative link. However, if DVAs

are exclusively the result of focal compromise of venous develop-

ment, the same abnormality that led to the venous compromise

may have caused a concomitant insult elsewhere in the brain that

increases the risk of developing a neoplasm. Alternatively, if they

are a consequence of a more widespread alteration of vascular

development, as suggested by their association with venolym-

phatic malformations and neurocutaneous syndromes, it is con-

ceivable that they may be associated with an increased vulnerabil-

ity to neoplastic differentiation in the brain tissue.

It is reasonable to question whether the DVAs in this popula-

tion could be a consequence of treatment for neoplasms, much as

cavernous malformations are associated with prior radiation

FIG 1. Pie charts show the distribution of tumor types among the study population in those without DVAs (left) and those with DVAs (right).
Both groups are dominated by glial tumors, without a statistically significant difference between the 2.
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therapy.25 However, in all except 2 of our cases, there was the

clearly documented presence of the DVA before any chemother-

apy or radiation treatment. There was no instance of a DVA be-

coming evident with time; they could be identified on the oldest

available study for review in all cases. Furthermore, growth in

response to therapy contradicts the generally accepted develop-

mental nature of DVAs and would suggest that the DVAs identi-

fied in this analysis are substantially different from those recog-

nized in the general population. The standard distribution and

characteristic appearance of the DVAs in our study population

would argue against this hypothesis. The possibility that the de-

velopment of a DVA is somehow caused by the presence of a

neoplasm elsewhere in the brain cannot be excluded, but the pos-

sible causal link is not apparent.

This study is weakened by its retrospective nature and depen-

dence on reporting. It is not a study of lesion prevalence but rather

one of lesion-identification prevalence, raising the question of

bias in the interpretation of studies in controls compared with

subjects. However, the prevalence of DVAs identified in our con-

trol population was similar to that demonstrated in the most re-

cent imaging-based studies, suggesting a similar degree of sensi-

tivity of detection. Furthermore, a 10% sampling of cases with

negative findings from each group demonstrated no difference

between detection rates. The same group of fellowship-trained

neuroradiologists generated the reports in each group during

their daily clinical practice; because they were working under the

general assumption that DVAs are incidental variants with no

relation to neoplasms, it is unlikely that they would have been

sensitized to their presence in oncologic patients relative to con-

trols. We found no significant differences in examination tech-

niques that would favor the detection of DVA in one group or the

other. The fact that most of the subjects had multiple examina-

tions undoubtedly increased the chance of lesion detection, but

nearly all DVAs were recognized on the initial studies performed,

minimizing the impact of multiple studies.

CONCLUSIONS
We found that the prevalence of DVAs in children with primary

intracranial neoplasms is significantly greater than in those with-

out neoplasm, suggesting an association that may be related to

shared causative factors or susceptibilities to development of

these 2 separate entities. A prospective study could more clearly

delineate the association between these processes and provide

greater insight into the potential causative factors. New knowl-

edge gained about either entity should be considered in the study

of the other, and one should recognize that there may be more

commonality among these lesions than previously appreciated.
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2. Gökçe E, Acu B, Beyhan M, et al. Magnetic resonance imaging findings

of developmental venous anomalies. Clin Neuroradiol 2014;24:135–43
3. Abe T, Singer RJ, Marks MP, et al. Coexistence of occult vascular

malformations and developmental venous anomalies in the cen-

tral nervous system: MR evaluation. AJNR Am J Neuroradiol
1998;19:51–57

4. Beall DP, Bell JP, Webb JR, et al. Developmental venous anomalies
and cavernous angiomas: a review of the concurrence, imaging, and
treatment of these vascular malformations. J Okla State Med Assoc
2005;98:535–38

5. Kiroglu Y, Oran I, Dalbasti T, et al. Thrombosis of a drainage vein
in developmental venous anomaly (DVA) leading venous
infarction: a case report and review of the literature. J Neuroim-
aging 2011;21:197–201

6. Teo M, St George J, Jenkins S, et al. Developmental venous anomalies–
two cases with venous thrombosis. Br J Neurosurg 2012;26:886–87

7. San Millán Ruíz D, Delavelle J, Yilmaz H, et al. Parenchymal abnor-
malities associated with developmental venous anomalies. Neuro-
radiology 2007;49:987–95

8. Santucci GM, Leach JL, Ying J, et al. Brain parenchymal signal abnor-
malities associated with developmental venous anomalies: detailed
MR imaging assessment. AJNR Am J Neuroradiol 2008;29:1317–23

9. Linscott LL, Leach JL, Zhang B, et al. Brain parenchymal signal abnor-
malities associated with developmental venous anomalies in children
and young adults. AJNR Am J Neuroradiol 2014;35:1600–07

10. Iv M, Fischbein NJ, Zaharchuk G. Association of developmental venous
anomalies with perfusion abnormalities on arterial spin labeling and
bolus perfusion-weighted imaging. J Neuroimaging 2015;25:243–50

11. Sharma A, Zipfel GJ, Hildebolt C, et al. Hemodynamic effects of
developmental venous anomalies with and without cavernous mal-
formations. AJNR Am J Neuroradiol 2013;34:1746 –51

12. Takasugi M, Fujii S, Shinohara Y, et al. Parenchymal hypointense
foci associated with developmental venous anomalies: evaluation
by phase-sensitive MR imaging at 3T. AJNR Am J Neuroradiol
2013;34:1940 – 44

13. Pryor J, Setton A, Berenstein A. Venous anomalies and associated
lesions. Neurosurg Clin N Am 1999;10:519 –25

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

15. Wilson CB. Cryptic vascular malformations. Clin Neurosurg
1992;38:49 – 84

16. Leach JL, Howard T, Abruzzo T, et al. Postnatal evolution of devel-
opmental venous anomaly. J Pediatr Neuroradiol 2012;1:305–11

17. Campeau NG, Lane JI. De novo development of a lesion with the ap-
pearance of a cavernous malformation adjacent to an existing develop-
mental venous anomaly. AJNR Am J Neuroradiol 2005;26:156–59

18. Maeder P, Gudinchet F, Meuli R, et al. Development of a cavernous
malformation of the brain. AJNR Am J Neuroradiol 1998;19:1141– 43

19. Dillon WP. Cryptic vascular malformations: controversies in ter-
minology, diagnosis, pathophysiology, and treatment. AJNR Am J
Neuroradiol 1997;18:1839 – 46

20. Cakirer S. De novo formation of a cavernous malformation of the
brain in the presence of a developmental venous anomaly. Clin Ra-
diol 2003;58:251–56

21. Boukobza M, Enjolras O, Guichard JP, et al. Cerebral developmental
venous anomalies associated with head and neck venous malforma-
tions. AJNR Am J Neuroradiol 1996;17:987–94

22. Bisdorff A, Mulliken JB, Carrico J, et al. Intracranial vascular anom-
alies in patients with periorbital lymphatic and lymphaticovenous
malformations. AJNR Am J Neuroradiol 2007;28:335– 41

23. Gabikian P, Clatterbuck RE, Gailloud P, et al. Developmental venous
anomalies and sinus pericranii in the blue rubber-bleb nevus
syndrome: case report. J Neurosurg 2003;99:409 –11

24. Lee C, Pennington MA, Kenney CM 3rd. MR evaluation of develop-
mental venous anomalies: medullary venous anatomy of venous
angiomas. AJNR Am J Neuroradiol 1996;17:61–70

25. Nimjee SM, Powers CJ, Bulsara KR. Review of the literature on de
novo formation of cavernous malformations of the central nervous
system after radiation therapy. Neurosurg Focus 2006;21:e4

AJNR Am J Neuroradiol 36:1782– 85 Sep 2015 www.ajnr.org 1785



CLINICAL REPORT
PEDIATRICS

Choroid Plexus Neoplasms: Toward a Distinction between
Carcinoma and Papilloma Using Arterial Spin-Labeling

X V. Dangouloff-Ros, D. Grevent, M. Pagès, T. Blauwblomme, R. Calmon, C. Elie, S. Puget, C. Sainte-Rose, F. Brunelle, P. Varlet,
and N. Boddaert

ABSTRACT

SUMMARY: Pediatric choroid plexus papillomas and carcinomas are highly vascularized neoplasms, which are difficult to distinguish with
conventional imaging. We aimed to analyze the diagnostic accuracy of PWI, by using both pseudocontinuous arterial spin-labeling and
DSC-PWI. We reviewed the PWI of 13 children with choroid plexus neoplasms (7 papillomas and 6 carcinomas). We quantified CBF, relative
CBF, and relative CBV in each lesion and compared papillomas and carcinomas. Relative CBF values by using arterial spin-labeling were
significantly higher for carcinomas (P � .028). The median value of relative CBF was 1.7 (range, 1.4 –1.9) for carcinomas and 0.4 (range, 0.3– 0.6)
for papillomas. The CBF median value was 115 mL/min/100 g (range, 90 –140 mL/min/100 g) for carcinomas and 41 mL/min/100 g (range,
10 –73 mL/min/100 g) for papillomas (P � .056). Measures with DSC-PWI were more variable and not significantly different (P � .393).
Arterial spin-labeling is a promising technique to differentiate choroid plexus carcinomas and papillomas.

ABBREVIATIONS: ASL � arterial spin-labeling; rCBF � relative CBF; rCBV � relative CBV

Choroid plexus neoplasms are rare intraventricular tumors,

which account for approximately 2% of pediatric brain tu-

mors1,2 but are comparatively more common in neonates (5%–20%

of perinatal brain tumors3). Benign papillomas are reported to ac-

count for approximately 80% of neoplasms, and carcinomas, 20%.4

Pathologic examination of papillomas reveals a papillary archi-

tecture composed of delicate fibrovascular connective tissue fronds

covered by a single layer of uniform epithelial cells. In carcinomas, it

reveals the blurring of the papillary pattern, with poorly structured

sheets of tumor cells and necrotic areas.4 These different patterns are

responsible for a very dissimilar vascular organization.

Conventional imaging alone does not allow differentiating

these 2 entities, and a pathologic examination is always needed.5 A

preoperative diagnosis could be very useful, even if surgery is per-

formed for all cases. Differentiation of the 2 tumors on imaging

could change management. In fact, it may allow the surgeon to

adapt his or her surgical strategy (possible preoperative emboli-

zation for example) because carcinomas are more invasive and

tend to be more hemorrhagic.

Therefore, advanced MR imaging techniques such as perfu-

sion-weighted imaging could provide additional information on

tumor vascularization that may help in the differential diagnosis.

Two previous studies6,7 reported various results for DSC-PWI of

papillomas, and there is no report for carcinomas. One recent

study8 reported arterial spin-labeling (ASL) PWI of pediatric

brain tumors, including 1 carcinoma and 4 choroid plexus papil-

lomas, with higher relative tumor blood flow for the carcinoma.

The objective of our study was to analyze the perfusion pattern

of pediatric choroid plexus papilloma and carcinoma with perfu-

sion weighted-imaging, by using ASL or DSC-PWI.

MATERIALS AND METHODS
Patients
We performed a retrospective analysis of the prospective data base

for brain tumors of our pediatric neurosurgery department (Hôpital

Necker–Enfants Malades, Paris) from January 2011 (when we began

to use ASL for pediatric brain tumors) to September 2014, looking

for all choroid plexus lesions.

Inclusion criteria were the following: available MR imaging

with PWI (ASL or DSC) in our radiology department; no prior
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Necker–Enfants Malades, Assistance-Publique Hôpitaux de Paris, Paris, France; Uni-
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surgical resection, biopsy, or treatment of the tumor; and a histo-

logic diagnosis of choroid plexus papilloma or carcinoma.

Imaging Methods
MR imaging was performed on a Signa HDxt 1.5T system (GE

Healthcare, Milwaukee, Wisconsin) by using a 12-channel Head-

Neck-Spine coil (GE Healthcare). The MR imaging investigation

included standard sequences for tumoral diseases (3D T1-

weighted images, 3D T1WI with gadolinium injection, 3D T2-

weighted images, diffusion-weighted images), noncontrast perfu-

sion imaging with 3D pseudocontinuous arterial spin-labeling

MR imaging, and dynamic susceptibility contrast perfusion-

weighted MR imaging.

Acquisition parameters for the ASL sequence were the follow-

ing: 80 axial partitions; FOV, 240 � 240 � 4 mm3; acquisition

matrix, 8 spiral arms in each 3D partition, 512 points per arm; TE,

10.5 ms; TR, 4428 ms; postlabeling delay, 1025 ms; flip angle,

155°; acquisition time, 4 minutes 17 seconds.

Acquisition parameters for the DSC sequence were the follow-

ing: 18 axial partitions repeated 75 times; FOV, 240 � 240 �

5 mm3; gradient echo: TE, 60 ms; TR,

2000 ms; flip angle, 90°; acquisition

time, 2 minutes 30 seconds.

Imaging Analysis
Using an Advantage Workstation (Ver-

sion 4.2; GE Healthcare), we automati-

cally realigned the 3D T1 (with and

without gadolinium) and ASL or DSC

sequences and fused them in a volume

viewer. The color scale of cerebral blood

flow or cerebral blood volume maps was

set to rainbow.

ROIs were drawn around each tumor

to obtain mean CBF (for ASL and DSC-

PWI) and mean CBV (for DSC-PWI)

(Figs 1 and 2). ROIs were also placed in

the most perfused areas of the lesions,

selected visually on CBF and CBV maps,

to obtain maximal CBF and maximal

CBV.

To correct for age-dependent and

patient-dependent variations of mean

cerebral perfusion, CBF was normalized

to an ROI in the contralateral normal-

appearing cortical gray matter to pro-

duce the relative CBF (rCBF). Gray mat-

ter was chosen as a reference, as in the

study of Yeom et al,8 because it has a

higher signal-to-noise ratio. CBV was

normalized to an ROI in the normal-ap-

pearing contralateral white matter to

produce the relative CBV (rCBV).

White matter was chosen here, as usu-

ally found in the literature, because of its

better reproducibility.9

ROIs were placed independently by

a senior neuroradiologist (D.G., with

10 years of experience), blinded to clinical and pathologic data,

and a radiology resident (V.D.-R., with 3 years of experience).

We analyzed the mean value for each variable and the concor-

dance between the 2 observers.

Histopathologic Analysis
Tumor samples were analyzed by using hematoxylin-eosin stain-

ing and an immunohistochemistry panel. The tumors were clas-

sified according to the WHO Classification of Tumors of the Cen-

tral Nervous System (2007).4

There were 5-�m tissue sections of formalin-fixed, paraffin-

embedded tissue used for immunostaining with a monoclonal

mouse antihuman CD34 antibody (IM 1185, IOPath; Beckman

Coulter, Marseille, France). The reaction was carried out in an

automated immunohistochemistry instrument (Discovery XT;

Ventana Medical Systems, Basel, Switzerland).

Quantitative and qualitative analysis of microvessels was per-

formed in all cases by light microscopy. Microvascular architecture

(arborescent or not) and the presence of endothelial capillary prolif-

FIG 1. Measurement of ASL and DSC-PWI of a choroid plexus carcinoma (patient 8). Top left: 3D
T1-weighted MR imaging. Top right: 3D T1-weighted MR imaging with gadolinium injection. Bot-
tom left: arterial spin-labeling. ROIs are drawn around the whole tumor and in the contralateral
gray matter. Bottom right: dynamic susceptibility contrast perfusion-weighted imaging. ROIs are
drawn around the whole tumor and in the contralateral white matter.
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eration and parietal vascular necrosis were noted. A quantitative

analysis was performed on 3 fields (0.5 mm2 per field) selected in the

most vascularized tumor areas on each specimen. Any CD34-posi-

tive endothelial cells clearly separated from tumoral cells were con-

sidered as a countable microvessel. The results are described as a

mean of CD34-positive microvessels per 0.5 mm2.

Statistical Analysis
We performed a statistical analysis by using R statistical comput-

ing software (http://www.r-project.org) and GraphPad Prism

software (GraphPad Software, San Diego, California).

We compared the distribution of perfusion values between pap-

illomas and carcinomas by using a nonparametric Mann-Whitney

test with an a priori significance level of P � .05. Papillomas and

atypical papillomas were grouped in the statistical analysis because

they showed similar vascularization patterns on histopathology and

imaging. We estimated the reproducibility of the values between the

2 readers by using Bland-Altman plots.

RESULTS
Patients
Thirty-eight patients underwent a resection of choroid plexus le-

sions (29 papillomas, 6 carcinomas, 2 cysts, 1 neurocytoma), and

2 patients were followed for choroid

plexus hyperplasia. Twenty-five patients

had no PWI before surgery, mainly be-

cause the imaging was performed at an-

other institution.

We included 13 patients with the fol-

lowing conditions: 6 carcinomas (1 had

MR imaging with ASL and DSC-PWI, 1

with only ASL, and 4 with only DSC-

PWI; see an example in Fig 1) and 7 pap-

illomas (3 had MR imaging with ASL

and DSC-PWI, 4 with only ASL; see an

example in Fig 2). The median age of the

13 patients included was 1 year 6 months

(range, 7 months to 16 years). There

were 5 girls and 8 boys.

Histopathologic Analysis
Four lesions were classified as choroid

plexus papillomas (cases 1– 4); 3, as

atypical papillomas (cases 5, 6, and 7);

and 6, as carcinomas (cases 8 –13). Two

examples are shown in Fig 3. Quantita-

tive and qualitative analyses of mi-

crovessels are listed in Fig 4 and On-line

Tables 1 and 2.

Papillomas showed delicate arbores-

cent microvascular architecture within

the fibroconnective tissue. Conversely,

carcinomas showed a disorganization of

microvascular architecture with dilated

vessels and budding.

Five carcinoma specimens displayed

a vascular necrosis, but only 2 cases of

papilloma showed it. Most interesting,

the 2 cases of papilloma showing focal vascular necrosis also re-

vealed less well-organized microvascular architecture than other

papilloma specimens and had been classified as atypical

papillomas.

Moreover, no papilloma showed endothelial capillary prolif-

eration, whereas 4 cases of carcinomas showed endothelial capil-

lary proliferation.

Four carcinoma samples had a mean microvessel count of �60

per 0.5 mm2, whereas only 1 papilloma specimen had a count that

exceeded 60 microvessels per 0.5 mm2 (probable overestimation

due to a crushing artifacts). The median of the total microvessel

count per 0.5 mm2 excluding this specimen was 47 (range, 22–54)

in papillomas and 75 (range, 25–114) in carcinomas. However, we

found no statistical difference (P � .16), even excluding this

specimen.

Comparison Using ASL-PWI
Figure 5, On-line Fig 1, and On-line Tables 1 and 2 summarize the

ASL results of 9 patients.

The values obtained for carcinomas were always higher than

those of papillomas for all the variables. rCBF values were signif-

icantly higher for carcinomas than for papillomas (P � .028). The

FIG 2. Measurement of ASL and DSC-PWI of a choroid plexus papilloma (patient 1). Top left: 3D
T1-weighted MR imaging. Top right: 3D T1-weighted MR imaging with gadolinium injection. Bot-
tom left: arterial spin-labeling. ROIs are drawn around the whole tumor and in the contralateral
gray matter. Bottom right: dynamic susceptibility contrast perfusion-weighted imaging. ROIs are
drawn around the whole tumor and in the contralateral white matter.
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median value of rCBF was 1.7 (range, 1.4 –1.9) for carcinomas and

0.4 (range, 0.3– 0.6) for papillomas. CBF, maximal CBF, and max-

imal rCBF values were not strictly significantly different between

carcinomas and papillomas, but there were strong tendencies

(P � .056). The CBF median value was 115 mL/min/100 g (range,

90 –140 mL/min/100 g) for carcinomas and 41 mL/min/100 g

(range, 10 –73 mL/min/100 g) for papillomas. The maximal rCBF

median value was 3.4 (range, 2.7– 4.1) for carcinomas and 1.1

(range, 0.5–1.1) for papillomas (On-line Fig 1).

Comparison Using DSC-PWI
Figure 6 and On-line Tables 1 and 2 summarize the DSC-PWI

results of 8 patients.

Once again, carcinomas tended to

have higher perfusion values for all vari-

ables, but the values overlapped, with 2

papillomas having a higher perfusion

than 2 carcinomas. For example, the

median rCBV value was 3.6 (range, 1.7–

5.8) for carcinomas and 2.5 (range, 1.3–

3.2) for papillomas. The median rCBF

(compared with gray matter) value was

1.0 (range, 1.9 – 0.5) for carcinomas and

0.7 (range, 0.4 –1.1) for papillomas.

No variable showed any statistical

difference (P � .393 to P � .786; On-line

Tables 1 and 2).

Concordance between Observers
Bland-Altman plots are shown in Fig 7.

Concordance was better for each

ASL variable than for DSC-PWI. For

rCBF by using ASL, the analysis revealed

a mean difference between the 2 readers

of 0.027, with limits of agreement of

�0.099 at the lower limit and 0.15 at the

upper limit (�18% and 24% of differ-

ence, respectively); by using DSC-PWI,

the mean difference was 0.077, with lim-

its of agreement of �0.77 at the lower

limit and 0.92 at the upper limit (�101% and 93%, respectively).

DISCUSSION
In this study, we report 13 pediatric cases of choroid plexus tumors

explored with perfusion MR imaging by using ASL or DSC-PWI.

ASL-MR imaging is very relevant in a pediatric population be-

cause it takes only 5 minutes and does not require intravenous

injection.

We measured a higher rCBF with ASL in carcinomas, therefore

allowing differentiation between choroid plexus carcinomas and

papillomas. ASL rCBF values were very reproducible between the 2

observers. We could find a statistical difference, despite the small

number of patients, supporting a strong difference between those

neoplasms. The results are similar to those of the previous study by

using ASL in pediatric brain tumors, by using a 3T MR imaging

magnet,8 which had only 4 papillomas and 1 carcinoma. Indeed,

studying in the report only maximal rCBF, Yeom et al8 found a me-

dian value of 1.13 for papillomas (n � 3) versus 0.95 in our study

(n � 4) and 1.34 for atypical papillomas (n � 1) versus 1.1 (n � 3) in

our study. They found a higher maximal rCBF at 7.96 (n � 1) versus

3.4 (n � 2) for carcinomas. Nevertheless, the ranking was always the

same, and the values never overlapped between the 2 studies.

DSC-PWI rCBV values were higher for carcinomas, but ten-

dencies were weak and so was the concordance between the 2

observers. This lack of concordance and the smaller predictive

value of DSC-PWI may be explained by the use of gradient-echo

EPI for DSC-PWI, which is very sensitive to susceptibility artifacts

that may be caused by bleeding in those tumors. Furthermore, the

low injection flow in young children (which is variable among pa-

tients, from 0.5 to 1.5 mL/s) may explain problems in modeling the

arterial input function. To our knowledge, no report has been pub-

FIG 3. Histopathology. Hematoxylin-eosin staining (top) and CD34 immunostaining (bottom) of 1
representative patient with papilloma (case 3, on the left) and 1 representative patient with
carcinoma (case 8, on the right), showing the differences in the microvascular architecture.
(Magnification � 250.)

FIG 4. Number of microvessels per square millimeter for papillomas,
atypical papillomas, and carcinomas. The gray point in the papillomas
corresponds to patient 4, in whom microvessels are probably overes-
timated due to crushing artifacts.
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lished concerning the use of DSC-PWI for choroids plexus carcino-

mas, and only a few,6,7 concerning papillomas.

Histopathologic substrates may explain differences between

papillomas and carcinomas in rCBV measured with ASL. Indeed,

carcinomas tend to have a higher number of microvessels and a

very dissimilar organization, with frequent endothelial capillary

proliferation and vascular necrosis. To our knowledge, this is the

first study with vessel quantification in choroid plexus tumors,

and the previous qualitative studies only reported architectural

features.

There are 2 major limits to our study. First, the small number

of patients seems to be unavoidable because this tumor is rare and

because ASL only became available in our department in 2011.

Second, some patients lacked perfusion-weighted sequences be-

cause of the retrospective design of our study.

CONCLUSIONS
ASL perfusion MR imaging can discriminate preoperatively be-

tween choroid plexus carcinomas and papillomas; this finding

helps the surgeon to adapt his or her operative strategy (possible

preoperative embolization). This sequence could also be of great

interest in the follow-up of patients to detect tumor recurrence.
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FIG 5. Relative cerebral blood flow of papillomas, atypical papillo-
mas, and carcinomas by using ASL. rCBF is normalized to the con-
tralateral gray matter. Two atypical papillomas had the same value
and share the same point (0.4).

FIG 6. Relative cerebral blood volume of papillomas, atypical papil-
lomas, and carcinomas by using DSC-PWI. rCBV is normalized to the
contralateral white matter.

FIG 7. Bland-Altman plots comparing the 2 observers. Difference ver-
sus average of rCBF by using ASL (top) and DSC-PWI (bottom). Solid
lines and adjacent numbers indicate the difference between observ-
ers and mean values between observers, while dashed lines indicate
the limits of agreement.
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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.


	AJNR_September2015_cover
	zj4009150000C2
	zj4009150000A1
	zj4009150000A2
	a3
	zj4009150000A4
	a5
	Correlation of Asymmetry Indices Measured by Arterial Spin-Labeling MR Imaging and SPECT in Patients with Crossed Cerebellar Diaschisis
	HydroCoils Are Associated with Lower Angiographic Recurrence Rates Than Are Bare Platinum Coils in Treatment of “Difficult-to-Treat” Aneurysms: A Post Hoc Subgroup Analysis of the HELPS Trial
	Artery of the Superior Orbital Fissure: An Undescribed Branch from the Pterygopalatine Segment of the Maxillary Artery to the Orbital Apex Connecting with the Anteromedial Branch of the Inferolateral Trunk
	Accuracy of Preoperative Imaging in Detecting Nodal Extracapsular Spread in Oral Cavity Squamous Cell Carcinoma




	zj4009150000A6
	a7
	zj4009150000A8
	zj4009150000A9
	zj400915000A10
	zj400915001579
	zj400915001580
	zj400915001589
	The Benefits of High Relaxivity for Brain Tumor Imaging: Results of a Multicenter Intraindividual Crossover Comparison of Gadobenate Dimeglumine with Gadoterate Meglumine (The BENEFIT Study)
	MATERIALS AND METHODS
	Patients
	MR Imaging
	Image Evaluation
	Qualitative Assessment
	Quantitative Assessment
	Safety Assessments
	Statistical Analysis

	RESULTS
	Patients
	Qualitative Image Assessment
	Quantitative Evaluation
	Safety

	DISCUSSION
	CONCLUSIONS
	REFERENCES


	zj400915001599
	zj400915001604
	zj400915001609
	Early Quantification of Hematoma Hounsfield Units on Noncontrast CT in Acute Intraventricular Hemorrhage Predicts Ventricular Clearance after Intraventricular Thrombolysis
	MATERIALS AND METHODS
	Study Design
	Patient Selection
	Patient Management
	Radiologic Assessment
	Data Analysis

	RESULTS
	Patients Treated with rtPA
	Matched Pairs
	Correlation with Serologic and CSF Data
	Clinical Outcomes

	DISCUSSION
	CONCLUSIONS
	REFERENCES


	zj400915001616
	zj400915001623
	zj400915001631
	REFERENCES

	zj400915001633
	REFERENCES

	zj400915001635
	Cerebral Microbleeds, CSF p-Tau, and Cognitive Decline: Significance of Anatomic Distribution
	MATERIALS AND METHODS
	Subjects
	MR Image Acquisition
	CSF Biomarkers
	Apolipoprotein E Genotyping
	Statistical Analysis

	RESULTS
	Lobar Microbleeds Are Associated with Accelerated Longitudinal Cognitive Decline
	DISCUSSION
	CONCLUSIONS

	ACKNOWLEDGMENTS
	REFERENCES


	zj400915001642
	Cerebral Microbleeds in Patients with Dementia with Lewy Bodies and Parkinson Disease Dementia
	MATERIALS AND METHODS
	Subjects
	MR Imaging Protocol
	MR Imaging Assessment
	Statistical Analysis

	RESULTS
	DISCUSSION
	CONCLUSIONS
	REFERENCES


	zj400915001648
	zj400915001654
	Repeatability of Standardized and Normalized Relative CBV in Patients with Newly Diagnosed Glioblastoma
	MATERIALS AND METHODS
	Participants
	Data Acquisition
	rCBV Estimation
	Data Analysis
	Statistical Analysis

	RESULTS
	Participants
	Statistical Measures

	DISCUSSION
	CONCLUSIONS
	REFERENCES


	zj400915001662
	Correlation of Asymmetry Indices Measured by Arterial Spin-Labeling MR Imaging and SPECT in Patients with Crossed Cerebellar Diaschisis
	MATERIALS AND METHODS
	Study Population
	ASL MR Technique
	Brain Perfusion SPECT Acquisition and Analysis
	ASL Image Analysis
	Statistical Analysis

	RESULTS
	Qualitative Analysis
	Quantitative Analysis

	DISCUSSION
	CONCLUSIONS
	REFERENCES


	zj400915001669
	zj400915001675
	Cortical Activation Through Passive-Motion Functional MRI
	MATERIALS AND METHODS
	Functional MR Imaging
	Sedation for fMRI
	Statistical Analysis

	RESULTS
	Patients with 2 Passive-Motion fMRI Scans
	Anesthesia
	Surgical Follow-Up

	DISCUSSION
	CONCLUSIONS
	REFERENCES


	zj400915001682
	Complications in Stent-Assisted Endovascular Therapy of Ruptured Intracranial Aneurysms and Relevance to Antiplatelet Administration: A Systematic Review
	MATERIALS AND METHODS
	Search Strategy
	Data Extraction
	Statistical Analysis

	RESULTS
	Study Characteristics
	Characteristics of Cohorts, Antiplatelet Method, and Endovascular Procedures
	Pooled Incidence of Periprocedural Complications
	Risk Ratio of Periprocedural Complications of Stent-Assisted Coiling in RIA Relative to UIA

	DISCUSSION
	CONCLUSIONS
	REFERENCES


	zj400915001689
	HydroCoils Are Associated with Lower Angiographic Recurrence Rates Than Are Bare Platinum Coils in Treatment of “Difficult-to-Treat” Aneurysms: A Post Hoc Subgroup Analysis of the HELPS Trial
	MATERIALS AND METHODS
	Patient Population
	Outcomes
	Statistical Analysis
	Role of Funding Source

	RESULTS
	Patient and Aneurysm Characteristics
	Univariate Outcomes According to Aneurysm Shape
	Univariate Outcomes According to Aneurysm Dome-to-Neck Ratio
	Multivariate Analysis

	DISCUSSION
	CONCLUSIONS
	REFERENCES


	zj400915001695
	Wall Mechanical Properties and Hemodynamics of Unruptured Intracranial Aneurysms
	MATERIALS AND METHODS
	Clinical, Imaging, and Tissue Data
	Mechanical Testing of Wall Samples
	Hemodynamics Modeling
	Data Analysis

	RESULTS
	DISCUSSION
	CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES


	zj400915001704
	Computerized Angiographic Occlusion Rating for Ruptured Clipped Aneurysms is Superior to Subjective Occlusion Rating
	MATERIALS AND METHODS
	Patients
	Angiographic Image Selection
	Subjective Occlusion Rating
	Computerized Occlusion Rating
	Statistics

	RESULTS
	DISCUSSION
	Total Aneurysm Occlusion
	Retreatment
	Clinical Impact
	Limitations
	Follow-Up
	Angiographic Projections
	Statistical Comparison of SOR versus COR

	CONCLUSIONS
	REFERENCES


	zj400915001710
	RNA-Sequencing Analysis of Messenger RNA/MicroRNA in a Rabbit Aneurysm Model Identifies Pathways and Genes of Interest
	MATERIALS AND METHODS
	Aneurysm Creation and Tissue Harvest
	Messenger RNA and miRNA Extraction
	RNA Sequencing
	NEBNext miRNA Sequencing
	Bioinformatics Analysis
	Quantitative Real-Time Polymerase Chain Reaction Analysis
	Statistical Analysis

	RESULTS
	Pathways
	Biologic Functions of Interest

	DISCUSSION
	CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES


	zj400915001716
	Evolution of Flow-Diverter Endothelialization and Thrombus Organization in Giant Fusiform Aneurysms after Flow Diversion: A Histopathologic Study
	MATERIALS AND METHODS
	Treatment and Follow-Up
	Histopathologic Analysis

	RESULTS
	Case 1: Untreated GFA of the Vertebrobasilar Junction
	Case 2: GFA of the Vertebrobasilar Junction 7 Days after FD Treatment
	Case 3: Partially Thrombosed GFA of the MCA
	Case 4: GFA of the Vertebrobasilar Junction 9 Months after FD Treatment
	Case 5: GFA of the ICA 13 Months after FD Treatment

	DISCUSSION
	CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES


	zj400915001721
	Intrasaccular Flow Disruption in Acutely Ruptured Aneurysms: A Multicenter Retrospective Review of the Use of the WEB
	MATERIALS AND METHODS
	Patient Data
	Procedural Data

	RESULTS
	Adverse Events

	DISCUSSION
	CONCLUSIONS
	REFERENCES


	zj400915001728
	zj400915001735
	pCONus Device for the Endovascular Treatment of Wide-Neck Middle Cerebral Artery Aneurysms
	MATERIALS AND METHODS
	Clinical Events
	Angiographic Follow-Up

	RESULTS
	Immediate Angiographic Results
	Angiographic Follow-Up
	Procedural and Clinical Complications
	pCONus in Subarachnoid Hemorrhage

	DISCUSSION
	CONCLUSIONS
	REFERENCES


	zj400915001741
	Artery of the Superior Orbital Fissure: An Undescribed Branch from the Pterygopalatine Segment of the Maxillary Artery to the Orbital Apex Connecting with the Anteromedial Branch of the Inferolateral Trunk
	MATERIALS AND METHODS
	RESULTS
	DISCUSSION
	CONCLUSIONS
	REFERENCES


	zj400915001748
	zj400915001756
	Histologic Analysis of Retrieved Clots in Acute Ischemic Stroke: Correlation with Stroke Etiology and Gradient-Echo MRI
	MATERIALS AND METHODS
	Patients
	Endovascular Treatment
	MR Imaging Analysis
	Histopathologic Analysis
	Statistical Analysis

	RESULTS
	DISCUSSION
	CONCLUSIONS
	REFERENCES


	zj400915001763
	The Preventive Effect of Endovascular Treatment for Recurrent Hemorrhage in Patients with Spinal Cord Arteriovenous Malformations
	MATERIALS AND METHODS
	Study Participants
	Clinical Characteristics
	Improvement of Angiographic and Embolization Techniques
	Current Angiographic/Embolization Protocol
	Outcome
	Statistical Analysis

	RESULTS
	Illustrative Case

	DISCUSSION
	Hemorrhage
	Endovascular Treatment
	Limitations

	CONCLUSIONS
	REFERENCES


	zj400915001769
	zj400915001776
	Accuracy of Preoperative Imaging in Detecting Nodal Extracapsular Spread in Oral Cavity Squamous Cell Carcinoma
	MATERIALS AND METHODS
	Inclusion Criteria
	Pathology Review
	Imaging Methods
	Image Review
	Statistical Analysis

	RESULTS
	DISCUSSION
	CONCLUSIONS
	REFERENCES


	zj400915001782
	zj400915001786
	zj400915001791
	zj4009150000B1
	zj4009150000C3
	zj4009150000C4

