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EDITORIAL

Insights into the AJNR Review
Process
M.D. Alvin,
C. Toote, and J.S. Ross

Manuscript peer review is a critical process to ensure that
published manuscripts are scientifically and methodologi-

cally sound. While the general process is straightforward, the spe-
cifics can be complicated and, from the outside, very opaque. The
type of peer review is not standardized across journals, and the
number of reviewers and the impact of reviewers’ recommenda-
tions on an editor’s decision vary across the industry. This
variability can be frustrating to both authors and reviewers, par-
ticularly when reviewers disagree on recommendations. At times
it may leave authors wondering how a decision is rendered and
how influential reviewers’ opinions are on the final decision to
accept or reject the manuscript.

Given this variability, we sought to assess manuscript reviews
and outcomes for the AJNR. Manuscript data were acquired for
both the past year and past 5 years. We tallied the total number of
manuscripts submitted, the initial decision, and the number of
revisions as well as outcomes of those revisions. The number of
reviews and impact on accept/reject rates were assessed. Reviewer
recommendation concordance and discordance were assessed
relative to manuscript decision outcome.

During 5 years, 7328 manuscripts were submitted with initial
manuscript decisions as follows: reject (74.8%), major revision
(14.5%), minor revision (7%), and accept (3.6%), with similar
rates during the past year. In addition to the rejection rate of
74.8% during the past 5 years, we found a 73.1% rejection rate
during the past year, with nearly all (99%) manuscripts receiving
initial decisions of minor or major revisions eventually being
accepted. Previously, Rosenkrantz and Harisinghani1 retrospec-
tively reviewed 696 Original Research manuscripts submitted to
the American Journal of Roentgenology in 2012 with the goal of
providing authors with useful metrics from first submission to
eventual publication. They found that .90% of articles needing
minor revision and about 50% of those needing major revision
were eventually accepted. The latter clearly differs from our find-
ings here, where 99% of manuscripts needing major revision
were accepted. It is important to note that the “Major Revision”
decision is entitled “Provisional Acceptance Pending Major
Revision” for AJNR, suggesting that reviewer recommendations
and Senior Editor decisions with this designation imply accep-
tance at the outset, in contrast to other journals. Rosenkrantz and
Harisinghani also found that the more revisions, the more likely
that acceptance would be obtained. Nearly 100% of revisions
were performed by authors when requested. The overall AJR ac-
ceptance rate was 25.3%, and the authors proposed reducing this
rate to cut down the length of time from acceptance to

publication. This acceptance rate is nearly identical to that found
in our study for AJNR (ie, 25.2% for the past 5 years, 26.9% for
the past year).

We devoted a large part of our analysis to the reviews and
reviewers. First, we found that most manuscripts were reviewed
either by 2 reviewers or the Editor-in-Chief or Senior Editor
alone. This finding was expected as the Senior Editor is tasked
with sorting through a portion of all submitted manuscripts and
selecting only a subset to be sent to reviewers while rejecting the
rest. The Editor-in-Chief will also accept some manuscripts with-
out review, generally limited to Editorials, Brief Reports, or
Perspectives rather than Original Research articles. We also
found that the more reviews a manuscript underwent, the less
likely that it would be accepted. This may be related to the com-
plexity of the topic, a niche topic, or the greater likelihood of
reviewer recommendation discordance influencing the Senior
Editor. The trend during the past year to fewer 2-reviewer reviews
and more Senior Editor-only and 31-reviewer reviews likely
relates to variability in types and subtypes of manuscripts submit-
ted with slightly fewer Original Research articles when comparing
the past year with the past 5 years.

We also looked at how reviewer recommendation discordance
impacted the editor’s decision for the manuscript. Approximately
half of all manuscripts with $2 reviews demonstrated reviewer
discordance and approximately half demonstrated concordance.
As anticipated, discordance was higher among 31 reviewers
compared with 2 reviewers. Discordance led to about a 5% higher
rate of rejection relative to all manuscripts during the 5-year pe-
riod for both 2-reviewer and 31-reviewer cases. For the past
year, the rejection rate in 2-reviewer discordant cases has been
nearly identical to that of all manuscripts, while it has been about
13% higher for 31-reviewer discordant cases (ie, a final accep-
tance rate of only 13.6%). Additionally, when we broke down the
data by manuscript type and subtype, Brief/Technical Reports
had a much lower likelihood of acceptance for 31-reviewer dis-
cordance (15.4%) versus 2 reviewers (35.7%), with a similar dis-
crepancy seen for Review Articles (26.1% versus 38.8%). The
lower acceptance for Brief/Technical Report discordant reviews
likely relates to the relatively higher bar for acceptance overall for
this the type of submission versus the primary focus of the AJNR
on Original Research articles.

Finally, we found that if reviewers agreed on a recommenda-
tion, the likelihood of rejection was lower than if they disagreed
on a recommendation, suggesting a certain degree of influence
on the editor’s final decision, especially with regard to rejection.
The impact of the reviewer’s recommendation on the editor’s de-
cision has been previously studied. Vintzileos et al2 retrospec-
tively assessed the influence of a reviewer’s recommendation on
the final editorial decision to accept or reject an obstetric manu-
script for publication. Five reviewers’ 635 reviews were analyzed,
with the highest correlation found for a reject recommendation
with a reject final decision (93%). Accept with minor revisions
had a 67% acceptance rate, whereas accept with major revisions
had a 40% acceptance rate. No variations among the reviewers
(including the quality of the reviews) were found to influence the

Matthew D. Alvin is the 2020 AJNR Editorial Fellow.
http://dx.doi.org/10.3174/ajnr.A7090
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final decision—that is, it did not matter if the reviewer was more
senior or had performed more reviews in the past. This is similar
to our findings on reviewer experience.

Similar to Vintzileos et al2, Kravitz et al3 explored the relation-
ship between reviewers’ recommendations and the final manuscript
decision for the Journal of General Internal Medicine between 2004
and 2008. Assessing 2264 manuscripts and 5881 associated reviews,
the authors found that reviewers’ recommendations agreed or dis-
agreed with one another just barely beyond chance. When all
reviewers agreed on rejection (6.9% of the time), 88% of those
manuscripts received a final decision of rejection. In contrast, when
all reviewers argued against rejection (47.7% of the time), only 20%
of those manuscripts received a final decision of rejection. The
overall rejection rate was 48%, arguing that the reviewers’ recom-
mendations significantly influenced the editor’s decision to accept
or reject the manuscript. When any level of disagreement was pres-
ent among reviewers’ recommendations (45.4% of the time), the
rejection rate was 70.6%. This is similar, though slightly less, to our
findings on reviewer discordance and rejection rate.

In summary, AJNR acceptance/rejection rates have been stable
during the past 5 years. Manuscripts with initial decisions of
major revision are almost always eventually accepted. The more

reviews, the less likely a manuscript will be accepted. Manuscripts
with discordant reviewer recommendations had about a 5%
higher rejection rate during the past 5 years and 13% higher dur-
ing the past year if there were 31 reviewers. Manuscripts with
concordant reviewer recommendations were less likely to be
rejected, suggesting that reviewers have an influence on the final
decision. We hope that these observations help provide more
transparency to prospective authors about the AJNR peer review
process and provide valuable insight to the AJNR editors and
reviewers.
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REVIEW ARTICLE

Complete Evaluation of Dementia: PET and MRI Correlation
and Diagnosis for the Neuroradiologist

J.D. Oldan, V.L. Jewells, B. Pieper, and T.Z. Wong

ABSTRACT

SUMMARY: This article will familiarize neuroradiologists with the pathophysiology, clinical findings, and standard MR imaging and
PET imaging features of multiple forms of dementia as well as new emerging techniques. Cases were compiled from multiple insti-
tutions with the goal of improved diagnostic accuracy and improved patient care as well as information about biomarkers on the
horizon. Dementia topics addressed include the following: Alzheimer disease, frontotemporal dementia, cerebral amyloid angiopa-
thy, Lewy body dementia, Parkinson disease and Parkinson disease variants, amyotrophic lateral sclerosis, multisystem atrophy,
Huntington disease vascular dementia, and Creutzfeldt-Jakob disease.

ABBREVIATIONS: AD ¼ Alzheimer disease; CAA ¼ cerebral amyloid angiopathy; CBD ¼ corticobasilar degeneration; FTD ¼ frontotemporal dementia;
LBD ¼ Lewy body dementia; MCI ¼ mild cognitive impairment; MH ¼ microhemorrhages; MSA ¼ multisystem atrophy; PD ¼ Parkinson disease; PSP ¼ progres-
sive supranuclear palsy; rsfMRI ¼ resting-state fMRI

In patients who present with cognitive impairment, obtaining
MR imaging is standard practice, but PET strengthens interpre-

tation. Neurodegenerative syndromes are diagnosed by clinical
findings/Lumbar Puncture markers and not pathology, and they
may overlap. This overview of neurodegenerative syndromes and
their MR imaging/PET appearances includes Alzheimer disease
(AD), frontotemporal dementia (FTD), cerebral amyloid angiopa-
thy (CAA), Lewy body dementia (LBD), Parkinson disease (PD),
amyotrophic lateral sclerosis, multisystem atrophy (MSA), progres-
sive supranuclear palsy (PSP), corticobasilar degeneration (CBD),
Huntington disease, vascular dementia, and Creutzfeldt-Jakob dis-
ease. The discussion includes newer MR imaging techniques (rest-
ing-state fMRI [rsfMRI]/task-based MR imaging), DTI, and iron
deposition as well as novel nuclear medicine agents. Our goal was
familiarization of neuroradiologists with nuclear medicine and
molecular imaging diagnoses and novel imaging techniques.

Institutional review board (University of North Carolina) approval
and a waiver of patient consent was obtained (study No. 20–2089).

Alzheimer Disease
AD, the second most common neurodegenerative disorder after
stroke, affects 10% of the population older than 65 years of age,
and it is the sixth leading cause of death with US annual costs of
$236 billion. Clinical symptom similarities hamper diagnosis,
leading to a low 71%–87% sensitivity and 44%–71% specificity.1

Despite no cure, diagnosis is helpful because cholinesterase inhib-
itors delay cognitive decline, and there is the need for institution-
alization and improved end-of-life planning.1

Molecular imaging modalities demonstrate elevated amyloid-
b and t proteins. Amyloid-b impacts synaptic function, while
age-accumulating t neurofibrillary tangles cause neuroinflamma-
tion and neurodegeneration and finally dementia.2,3 Additional
causations include inflammatory microglial (M2) and poor amy-
loid-b clearance by astrocytes.3 Drugs targeting amyloid fail
because of a long prodromal and asymptomatic inflammatory
phase and other processes of AD, suggesting an urgent need for
earlier diagnosis and better surrogate markers.2-5 Preventative
measures include exercise and appropriate sleep (impact glym-
phatic system amyloid and t removal)3,6 and diabetes and stress
control (preventing inflammation and BBB disruption).3-7 Tau
formation and neuronal damage cascade also occur in Parkinson,
amyotrophic lateral sclerosis, multiple sclerosis, and Huntington
disease (Online Supplemental Data).8
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Two AD forms exist, early
(younger than 65 years of age, which
is less common and associated with
autosomal dominant Presenilin genes
1 and 2) and late-onset (older than 65
years of age). Predisposing factors for
late-onset are female sex (related to
metabolic differences and medium
fatty acid chains), the APOE4 variant
(a fat metabolism protein associated
with increased amyloid deposition 1
decade before diagnosis; heterozygotes
[3� risk]; homozygotes [15� risk]),
and FDG-PET uptake reductions
when asymptomatic.4,8 Trauma is also
associated with in-creased t and amy-
loid deposition and microhemorrhages
(MHs).3,4,9 Tau formation spreads con-
fluently via neurons and glia and neural
networks in a prionlike manner, corre-
lating with atrophy.4,6,7,10,11

MR imaging demonstrates precu-
neus, parietal, hippocampal, entorhinal
cortex, and temporal atrophy, with
frontal lobe involvement in advanced
cases. FDG-PET demonstrates de-
creased temporoparietal uptake (sensi-
tivity ¼ 80%–93% and specificity ¼
60%–76%),3,11with possible decreased
inferior parietal, frontal, lateral tempo-
ral, and precuneus uptake mirroring at-
rophy on MR imaging.12,13 Particularly
specific PET findings include posterior
cingulate involvement with occipital
sparing (Fig 1).13 However, similar
hypometabolism is seen in PD, bilateral
parietal subdural hematomas, radia-
tion, or vascular disease.8 Opinions
vary with regard to FDG-PET use for
conversion of mild cognitive impair-
ment (MCI) to AD (sensitivity ¼ 97%
and specificity ¼ 50%–76%),3,13-15

while scans with negative findings indi-
cating progression to AD are unlikely
for 3 years.3

Amyloid deposition is associated
with FDG-PET decline and precedes t
changes, which, in turn, precede abnor-
mal glucose metabolism, all of which
precede clinical symptomatology.3,4

Several tracers help visualize amyloid.
Pittsburgh compound B (11C-P, 20-mi-
nute half-life) is logistically difficult
and, hence, never reached commercial
use.16 Longer half-life commercially
available 18F tracers are the follow-
ing: florbetapir (Amyvid), florbetaben

FIG 2. Upper row: Abnormal florbetapir PET (arrows) shows diffuse cortical uptake
with loss of GM-WM differentiation, indicating a high amyloid plaque burden. Lower
row: A 65-year-old woman with MCI. Florbetapir scan demonstrates normal WM
uptake without accumulation in the cortical gray matter, indicating no amyloid pla-
que. This finding effectively rules out AD (lower images courtesy of Dr Olga James,
Duke University).

FIG 1. FDG-PET in a patient with AD demonstrates decreased bilateral parietal and temporal
uptake (arrows). FDG uptake in the occipital lobe is preserved (not shown). The degree of abnor-
malities correlates with symptoms.
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(Vizamyl), and flutemetamol (Neuraceq). Recently, flortaucipir
(Tavid) received FDA approval. A meta-analysis of florbetapir and
florbetaben (89%–90% sensitivity and 87%–88% specificity) dem-
onstrated no difference between agents.17 Data distinguishing AD
and MCI, however, are mixed,17 with rates of PET positive for

MCI intermediate between patients
with AD and controls.14 Pooled (sensi-
tivity and specificity) values of multiple
methods of AD diagnosis versus con-
trols are the following: MR imaging
(visual inspection, 83/89), SPECT (80/
85), FDG-PET (90–94/73–89), CSF
amyloid-b (80/82), CSF T-t (82/90)
and p-t (80/83), and 18F amylo-
id-b (90–92/84–100).3,17 This finding
explains the poor diagnostic capability
with 1 test and the need for improved
methods of AD diagnosis.

Amyloid-b demonstrates higher
negative-than-positive predictive val-
ues because 25% of postmortem
examinations of cognitively healthy
individuals and 21% of cognitively
healthy patients have deposition; how-
ever, lack of accumulation usually
excludes AD and 50% of patients with
AD can have other pathologies.8,17,18

Therefore, amyloid is a good exclu-
sionary test but limited for severity

stratification or progression depiction. Amyloid tracers in AD
accumulate in the gray matter, while controls have primarily
white matter uptake,19 producing GM-WM differentiation loss,
particularly in the precuneus, posterior cingulate gyrus, and lat-
eral-frontal and temporal lobes (Fig 2).20,21

Unlike amyloid, which does not correlate with severity,3,22 t

uptake correlates strongly with cognitive impairment and demen-
tia severity.3,22 Tau, particularly outside the medial temporal lobe
is suspicious for AD, even in cases negative for amyloid (Fig 3).23

However, FTD, PD, PSP, CBD, traumatic encephalopathy, and
Down syndrome also accumulate t .3,22 Tau, unfortunately, has
concentrations 5–20 times lower than amyloid, with amygdala and
striatum off-target binding.22

AD MR imaging structural assessment reveals hippocampal
(26%–27%), entorhinal (38%–40%), and thalamic and caudate vol-
ume loss (due to multinetwork connections), which is asymptom-
atic and precedes hippocampal loss and cortical atrophy.3,20,24 This
feature is accompanied by increased DTI diffusivity.3,20,24 Volume
loss of hippocampal regions with both NeuroQuant (https://www.
cortechs.ai/products/neuroquant) and Neuroreader (https://
brainreader.net/) is the single best prediction of AD fromMCI at 3-
year follow-up compared with other regions (Fig 4).24 T2 WM
hyperintensity burden and the Fazekas score (particularly perivascu-
lar) show promise, correlating with Montreal Cognitive Assessment
scores and amyloid burden, while negatively correlating with FDG-
PET uptake.25-27 T2 abnormalities occur 20years before disease
expression, particularly in late-myelinating regions secondary to
neurodegeneration and poor oligodendrocyte repair.28 Additionally,
iron SWI measurement, rsfMRI/task-based fMRI, arterial spin-
labeling, MR spectroscopy (lower NAA and higher mIns), and DTI
(reduced hippocampal, thalamic, and caudate anisotropy) are under
investigation.4,20,25,27 In summary, WM burden predicts AD and
cognitive decline and correlates with amyloid and t CSF levels and

FIG 3. Increased amyloid plaque burden in the posterior parietal and frontal lobes on florbetapir
PET (left) with corresponding tracer uptake in the parietal lobes on tau PET images (right, arrows).
Note that the t tracer more clearly localizes to sites of neuronal damage. The pattern is most
consistent with AD (images courtesy of Dr James Burke, Duke University).

FIG 4. Commercial volumetric assessment shows lobar and deep, su-
perficial GM differentiation by color for comparative analysis. For
instance, the right frontal lobe GM is green, while the underlying WM
is blue. This image was previously published in the American Journal
of Neuroradiology. (Tanpitukpongse et al24).
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decreased perfusion and abnormal DTI networks before atrophy or
abnormal findings on FDG-PET.28

A new possible surrogate marker is iron (Fe), because amy-
loid-b causes oliogodendrocyte toxicity, preventing myelin
repair.28,29 Subsequently, Fe released during myelin breakdown
creates phosphorylated-t /t .29,30 Additionally, rsfMRI and task-

based MR imaging show potential, demonstrating impaired default
mode network connectivity correlating with amyloid-b deposi-
tion,4,27,31,32 and frontoparietal and visual network hypoactivation
in MCI relative to controls as well as visual, default, limbic, and
dorsal and ventral attention network hypoactivation in AD relative
to controls.32 Dynamic susceptibility contrast-enhanced and arte-
rial spin-labeling MR imaging assessment is another focus of MR
imaging research.3,27 New nuclear medicine tracers targeting dopa-
mine and serotonin/cholinergic/GABAergic systems and micro-
glial neuroinflammation (translocator protein agents correlate with
amyloid) and astrocyte agents are under investigation.3,8,27,33

Unfortunately, translocator protein agents exhibit 3 genetic-related
nucleotide polymorphisms affecting uptake, poor resolution, and
more activity later rather than earlier in the disease process.3,8,27,33

[11C]-deuterium-L-deprenyl [11C]-DED and [11C]-deprenyl-D2
are less well-studied.3,8,25,27,33 Hopefully, the ongoing Alzheimer's
Disease Neuroimaging Initiative 3 trial will yield answers with
regard to these new methods.

Posterior Cortical Atrophy. Posterior cortical atrophy (an AD
variant) presents with declining visual association skills affecting
the lateral occipital lobes (unlike classic AD), while preserving the
frontal lobes and caudate (unlike LBD), often with subtle MR
imaging findings (Fig 5).34

Frontotemporal Dementia
FTD demonstrates 3 variants: behavioral, semantic, and nonfluent
agrammatic aphasia. Related syndromes include FTDmotor neuron
disease, PSP, and CBD, discussed separately. FTD neuropathology
is variable, with t , TARDNA-binding protein 43/FET proteins, and
sometimes amyloid (Online Supplemental Data).8,31,35

Behavioral variant FTD (the most common variant) shows pro-
gressive behavior and cognition deterioration; perseverative,

FIG 5. Posterior cortical atrophy (AD variant) demonstrates preserved frontal and caudate but decreased lateral occipital and parietotemporal
uptake (left, 2 color images), while an axial FLAIR (black and white), right MRI image demonstrates focal posterior parietal (arrows) and parieto-
occipital atrophy (arrows). This patient demonstrated temporal sparing (not shown).

FIG 6. FTD. Frontal and behavioral variant demonstrates reduced
bifrontal FDG-PET uptake (arrows). Also note the enlargement of the
frontal horns of the lateral ventricles, a common finding.
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stereotyped, compulsive and ritualistic
behavior; and hyperorality and dietary
changes, but it spares memory and
visuospatial functions. MR imaging
demonstrates frontal and anterior-tem-
poral atrophy, while FDG-PET reveals
decreased cortical medial-frontal, or-
bital-frontal, anterior cingulate, and
frontoinsular uptake,35 with expected
differences between frontal, behavioral
(Fig 6), temporal, and semantic (Fig 7)
variants.36 Anterior cingulate, tempo-
ral, caudate, and thalamic involvement
is a key difference from AD and corre-
lates with disease progression.33,37,38

FTD typically does not show amyloid
uptake, but t uptake has been seen.33

Patients with the semantic variant
demonstrate impaired confrontation
naming, single-word comprehension,
object knowledge, and surface dyslexia
and dysgraphia, sparing speech produc-
tion. MR imaging reveals anterior-tem-
poral atrophy, correlating with FDG-
PET and SPECT hypoperfusion and
hypometabolism.35 Finally, patients with
the nonfluent and agrammatic vari-
ant lack grammar and speech apraxia
but have impaired complex-sentence
comprehension, sparing single-word
comprehension/object knowledge. MR
imaging demonstrates left posterior,
frontoinsular atrophy, while FDG-PET
and SPECT depict hypoperfusion and
hypometabolism in the same region.35

Newer MR imaging techniques
demonstrate thalamic atrophy39 and
DTI tract differences between the behav-
ioral variant (uncinate fasciculus, genu,
and cingulum) and Primary Progressive
Aphasia, while AD shows increased frac-
tional isotropy and mean diffusivity.40

Behavioral variant subtypes demonstrate
regional prefrontal-cortical, anterior-tem-
poral, insular, anterior cingulate, and
striatum volume loss.40 Meanwhile,
rsfMRI reveals re-duced salience network
connectivity in the behavioral variant,
abnormal executive dorsal attention-con-
trol and auditory networks, and increased
default mode network connectivity, posi-
tively correlating with symptom se-
verity.31 Additionally, Fe deposition
assessment differentiates those with the
behavioral variant from controls and
those with the Primary Progressive
Aphasia variant from those with the be-
havioral variant.41

FIG 7. FTD. Semantic and temporal variant demonstrates significant reduced bitemporal uptake
(arrows) without reduced frontal FDG-PET uptake as seen in Fig 6.

FIG 8. CAA presents as multiple forms. In the classic CAA form (top left, axial T2), subarachnoid hem-
orrhage is common as seen at the arrow, on susceptibility weighted imaging with clustered right
fronto-parietal MHs in the adjacent brain parenchyma. Large frontal parenchymal hemorrhages can
also be seen in classic CAA (top right image, axial T1). The inflammatory cerebral amyloidosis type will
demonstrate edema as seen in this case with left parietal edema/mass effect (bottom left, axial1C T1
at arrow). While the Amyloid-b related angitis variant commonly demonstrates dural/ leptomeningeal
enhancement seen posteriorly (arrows), (bottom left image, axial 1C T1 at arrow). Note the lack of
mass effect in the Amyloid- b angitis variant.
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Cerebral Amyloid Angiopathy
CAA dementia occurs in elderly normotensive individuals.
Pathophysiologically, amyloid deposits in cortical and meningeal
arterioles and capillary walls.42 Patients present with basal ganglia–
sparing subcortical lobar MHs. There are 3 forms: classic, inflam-
matory, and amyloid-related angiitis.42,43 Patients with classic
amyloid can demonstrate superficial siderosis, subarachnoid hem-
orrhage, and multiple MHs with posterior-predisposition T2
FLAIR changes (Fig 8) due to higher lipoprotein concentration.44

Inflammatory amyloid (poorest prognosis) exhibits clustered MHs,
minimal enhancement, and significant mass effect (Fig 8).
Amyloid-b -related angiitis, however, lacks mass effect but often
has meningeal enhancement (Fig 8). Cerebral MHs correlate with
neurologic deficits.45,46

Given the presence of amyloid,
amyloid PET findings are often posi-
tive, but being negative excludes
CAA42,45 (sensitivity ¼ 77%–92% and
specificity ¼ 66%–88% versus con-
trols);46 however, the more common
AD may coexist.42 Hence, some
authors propose an occipital-to-global
amyloid ratio to differentiate CAA
with regard to AD (AD spares the
occipital lobes).46 Definitive FDG-PET
CAA diagnosis awaits future research.

Parkinson Disease and Related
Syndromes
PD presents with resting tremor and
cognitive decline secondary to decre-
ased pigmented, substantia nigra/pars
compacta dopaminergic neurons, and
a-synuclein protein intraneuronal Lewy
body inclusions.47 T2MR imaging shows
an absent substantia nigra swallowtail
sign, indistinctness, and Fe deposition.48

FDG-PET differentiates Parkinson
disease from related dementias via
decreased basal ganglia uptake,49 while
18F fluorodopa demonstrates de-
creased striatal uptake.50 Parkinson dis-
ease appears similar to AD on FDG-
PET, but with greater visual cortex
involvement and relative medial-tem-
poral cortex preservation.50 Amyloid
and (less frequently) t imaging is posi-
tive.51 The principal nuclear medi-
cine study used to evaluate PD is 123I-
ioflupane/DaTSCAN (GE Healthcare)
SPECT (Fig 9) showing decreased
putamen and caudate uptake.51

There are 3 PD variants: PSP, amyo-
trophic lateral sclerosis, and MSA. PSP
(possibly an FTD variant) demonstrates
anterior-midbrain convexity loss on sag-
ittal views (hummingbird sign) with
interpeduncular cistern widening, and

patients demonstrate upward gaze paralysis.52 Amyotrophic lateral
sclerosis demonstrates motor strip and corticospinal tract hyperin-
tense T2 FLAIR signal secondary to Fe deposition (Fig 10). MSA
presents with autonomic failure and a T2 brain stem “hot cross
buns” configuration (Fig 11).52

Parkinsonian syndromes reveal decreased FDG-PET uptake;
PSP in the medial frontal, premotor, prefrontal, brain stem, and tha-
lamic regions; and MSA in the putamen, cerebellum, and brain
stem regions (Fig 12).33,47,49 Finally, CBD demonstrates asymmetric
decreased parietal and primary sensorimotor cortex, medial and lat-
eral premotor, striatum, and thalamic uptake contralateral to clinical
findings.33 PD may show cortical and striatal amyloid uptake.33 Tau
tracers may accumulate in the inferior-temporal cortex in PD, while
they are in the frontal-temporal, posterior-cingulate, subthalamic,

FIG 9. PD decreased putaminal. caudate head uptake results in the classic change from a “comma”
(right image arrows) to a “period” (left image arrows) appearance. Note abnormal (left) and normal
(right) findings on DaTSCANs.

FIG 10. Amyotrophic lateral sclerosis demonstrates significant bilateral precentral sulcus
increased corticospinal tract FLAIR signal (arrows, axial image, left) and decreased axial T2 precen-
tral sulcus signal, “motor band sign” (right, arrows) on MR imaging.
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midbrain, and cerebellar WM in PSP. In CBD, Tau uptake is seen
in the frontal, and parietal cortex (not seen inMSA).33,52

With MR imaging, increased substantia nigra quantitative SWI
suggests biomarker potential, as does prefrontal cortex and puta-
men Fe, which correlates with lower cognitive function.30,52,53

Likewise, rsfMRI default mode network assessment reveals altered
striatum, motor, cerebellar, and basal ganglia connectivity, though
disease heterogeneity inhibits biomarker progress.31,32

Lewy Body Dementia (DLB)
DLB a-synuclein pathology represents 15% of neurodegenerative
disease, and like Parkinson disease, it sometimes exhibits amyloid
and t pathology.54 Indicative criteria (diagnostic if present)
include radiologic biomarkers for DLB-reduced dopamine
transport on DaTSCAN SPECT or fluorodopa PET, or low

Metaiodobenzylguanidine (MIBG) cardiac uptake. Supportive
criteria are relative CT/MR imaging medial temporal lobe preser-
vation and low uptake on SPECT/PET perfusion and metabolism
(FDG) imaging, with reduced generalized uptake, reduced occipi-
tal uptake, and cingulate preservation.55

Regardless, FDG-PET demonstrates temporoparietal involve-
ment. Unlike AD, the occipital lobes are not spared.56 The most
sensitive PET finding is lateral-occipital cortex involvement (88%),
while the most specific finding is posterior cingulate preservation
(Fig 13).33 DaTSCAN SPECT (80% accurate for AD differe-
tiation) shows decreased putamen . caudate uptake.54 123I
Metaiodobenzylguanidine (MIBG) (catecholamine-receptor tracer)
assessment shows decreased cardiac activity secondary to postgan-
glionic-sympathetic cardiac innervation degeneration.54 Tau tracers
show posterior-temporoparietal, occipital-cortical, and precuneus

uptake.29 On MR imaging, medial-tem-
poral preservation (regarding AD) is
supportive but nonspecific, as is occipital
hypometabolism and preserved poste-
rior and midcingulate metabolism on
FDG-PET (decreased posterior cingulate
uptake is AD-specific).

Novel rsfMRI demonstrates wide-
spread connectivity alterations without
a current extent and disease localiza-
tion consensus.31 Recently, the swallow
tail sign was described in DLB.48

Huntington Disease
Huntington disease is a rare autoso-
mal dominant disease demonstrating
increased chromosome 4pCAG-trinu-
cleotide repeats, increased gamma-ami-
nobutyric acid, and neuronal loss. The
more common adult form presents

FIG 11. MSA demonstrates a pontine hot cross bun sign (left, axial T2 hyperintensity) with putami-
nal atrophy (right, arrows, axial T2).

FIG 12. MSA- Cerebellar FDG-PET reveals decreased medial frontal (left), thalamic (middle), and cerebellar (right) uptake (arrows).

1004 Oldan Jun 2021 www.ajnr.org



with chorea and dystonia, swallowing difficulty, abnormal and slow
eye movements, and impaired gait and posture and balance. By the
fourth-to-fifth decades, cognitive decline and word-finding difficulty
and emotional lability are seen. Patients presenting at younger than
20 years of age have the rarer juvenile form.57

MR imaging demonstrates frontal horn box-shaped dilation
and caudate atrophy. There are no nuclear medicine diagnostic
findings, though FDG-PET demonstrates striatal and cortical
hypometabolism with increased thalamus and occipital and cere-
bellar uptake.57-60 rsfMRI exhibits visual, motor, and basal gan-
glia network abnormalities.32,40

Vascular Dementia
While strokes are more common than
any other neurodegenerative disease,
they rarely present in FDG-PET. MR
imaging and PET reveal a sharp de-
marcation of involved arterial territo-
ries. If the frontal or internal capsule is
affected, there may be loss of uptake
and atrophy in the contralateral cere-
bellum (crossed-cerebellar diaschisis).34

Creutzfeldt-Jakob Disease
Creutzfeldt-Jakob disease causes rapid
cognitive decline from altered prion
protein accumulation, producing neu-
rotoxicity and cortical/subcortical spon-
giform necrosis. On MR imaging,
striatum and neocortex increased T2
FLAIR (medial-thalamic hockey-stick
configuration) is noted, often also
affecting the cortex (Fig 14). SPECT
reveals widely inconsistent perfusion
variations, and FDG-PET shows corti-
cal and basal ganglia involvement in
later stages.61

CONCLUSIONS
This article addresses clinical, pathol-
ogic, MR imaging, and PET findings,
including new techniques, to educate the
readership. Major differentiating MR
imaging and PET and pathologic facts
are summarized (Online Supplemental
Data) to assist with greater understand-
ing. Complicating imaging diagnosis are
concomitant pathologies with similar
abnormal metabolites.3,5 Hence, MR
imaging techniques like atrophy analysis;
MR spectroscopy; DTI;4,20,24 quantita-
tive SWI Fe analysis in AD, FTD,
PD, and LBD;2,9,30,41,48,53,54 and task-
based/rsfMRI in AD, LBD, FTD, and
PD4,24,27,31,32,37,40 are under investiga-
tion. Currently, direct comparisons of
SWI and fMRI techniques with molecu-

lar imaging and clinical markers are lacking, possibly slowing diagno-
sis and understanding of disease progression. Also lacking are
multitracer comparative studies, possibly cost-related and due to
poor reimbursement by payors. However, newer techniques and
radiotracers (t [PI-2620], a cholinergic, dopaminergic, translocator
protein) show needed great promise. Additionally, quantitative atro-
phy and WM burden analysis as a standard part of examinations
with multifactorial analysis of molecular imaging (PET and MR
imaging)3,24 and Lumbar Puncture findings like the “DuBois criteria”
promise better accuracy and treatment development, both urgently
needed in our aging society.4

FIG 13. DLB. FDG-PET reveals reduced posterior parietal and occipital activity (arrows), but preserved
posterior cingulate uptake (images courtesy Dr. Daniel Silverman, University of California, Los Angeles).

FIG 14. Creutzfeldt-Jakob disease demonstrates hockey stick configuration (black arrows),
medial thalamic increased FLAIR (left axial image) as well as medial frontal, left parietal and occipi-
tal cortical increased signal (white arrows) (cortical ribbon sign, right axial image).
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Brain and Lung Imaging Correlation in Patients with
COVID-19: Could the Severity of Lung Disease Reflect the

Prevalence of Acute Abnormalities on Neuroimaging?
A Global Multicenter Observational Study

A. Mahammedi, A. Ramos, N. Bargalló, M. Gaskill, S. Kapur, L. Saba, H. Carrete Jr, S. Sengupta, E. Salvador,
A. Hilario, Y. Revilla, M. Sanchez, M. Perez-Nuñez, S. Bachir, B. Zhang, L. Oleaga, J. Sergio, L. Koren,

P. Martin-Medina, L. Wang, M. Benegas, F. Ostos, G. Gonzalez-Ortega, P. Calleja, G. Udstuen, B. Williamson,
V. Khandwala, S. Chadalavada, D. Woo, and A. Vagal

ABSTRACT

PURPOSE:Our aim was to study the association between abnormal findings on chest and brain imaging in patients with coronavirus
disease 2019 (COVID-19) and neurologic symptoms.

MATERIALS AND METHODS: In this retrospective, international multicenter study, we reviewed the electronic medical records and
imaging of hospitalized patients with COVID-19 from March 3, 2020, to June 25, 2020. Our inclusion criteria were patients diagnosed
with Severe Acute Respiratory Syndrome coronavirus 2 (SARS-CoV-2) infection with acute neurologic manifestations and available
chest CT and brain imaging. The 5 lobes of the lungs were individually scored on a scale of 0–5 (0 corresponded to no involvement
and 5 corresponded to .75% involvement). A CT lung severity score was determined as the sum of lung involvement, ranging
from 0 (no involvement) to 25 (maximum involvement).

RESULTS: A total of 135 patients met the inclusion criteria with 132 brain CT, 36 brain MR imaging, 7 MRA of the head and neck, and 135
chest CT studies. Compared with 86 (64%) patients without acute abnormal findings on neuroimaging, 49 (36%) patients with these find-
ings had a significantly higher mean CT lung severity score (9.9 versus 5.8, P, .001). These patients were more likely to present with is-
chemic stroke (40 [82%] versus 11 [13%], P, .0001) and were more likely to have either ground-glass opacities or consolidation (46 [94%]
versus 73 [84%], P¼ .01) in the lungs. A threshold of the CT lung severity score of .8 was found to be 74% sensitive and 65% specific
for acute abnormal findings on neuroimaging. The neuroimaging hallmarks of these patients were acute ischemic infarct (28%), intracranial
hemorrhage (10%) including microhemorrhages (19%), and leukoencephalopathy with and/or without restricted diffusion (11%). The pre-
dominant CT chest findings were peripheral ground-glass opacities with or without consolidation.

CONCLUSIONS: The CT lung disease severity score may be predictive of acute abnormalities on neuroimaging in patients with COVID-
19 with neurologic manifestations. This can be used as a predictive tool in patient management to improve clinical outcome.

ABBREVIATIONS: COVID-19 ¼ coronavirus disease 2019; GGOs ¼ ground-glass opacities; PRES ¼ posterior reversible encephalopathy syndrome; SARS-
CoV-2 ¼ Severe Acute Respiratory Syndrome coronavirus 2; TIPIC ¼ Transient Perivascular Inflammation of the Carotid artery syndrome

Severe Acute Respiratory Syndrome coronavirus 2 (SARS-
CoV-2) began in Wuhan, China, in December 2019 and has

rapidly spread around the world to become a pandemic.1

Extensive studies have described chest and brain imaging charac-
teristics associated with coronavirus disease 2019 (COVID-
19).2-13 The hallmarks of COVID-19 infection on chest imaging
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are now well-established, including bilateral and peripheral
ground-glass and consolidative pulmonary opacities.2-5 COVID-
19-related brain imaging findings such as ischemic infarcts, hem-
orrhages, and multiple patterns of leukoencephalopathy6-13 are
also well-known. The clinical symptomatology has been linked to
the imaging findings with up to 47% of patients with COVID-19
with neurologic symptoms demonstrating acute neuroimaging
findings6 and patients with high lung severity scores being admit-
ted to the intensive care unit.3 The incidence of neurologic symp-
toms is higher in patients with more severe respiratory
disease.10,13 There is increasing evidence that patients with acute
lung injury are at risk of brain injury through hypoxemia and/or
proinflammatory mediators that connect both the brain and the
lungs.14-17 However, little information is available on the poten-
tial association between the prevalence of neuroimaging abnor-
malities and the severity of CT lung findings in patients with
COVID-19. The objective of this study was to examine the associ-
ation between chest and brain imaging abnormalities in patients
with COVID-19. We hypothesized that the severity of lung dis-
ease may predict acute abnormalities on neuroimaging in patients
with COVID-19 with neurologic symptoms.

MATERIALS AND METHODS
Study Design and Patient Population
We used a retrospective, multicenter study design from 5 academic
institutions in 4 countries: Spain, Italy, Brazil, and the United
States (University of Cincinnati Medical Center, Cincinnati, Ohio;
University Hospital 12 de Octubre, Madrid, Spain; Hospital Clínic
de Barcelona, Barcelona, Spain; University of Cagliari, Cagliari,
Italy; and Federal University of Sao Paulo, Sao Paulo, Brazil).
Institutional review board approval and waivers were obtained at
all institutions. Our inclusion criteria were the following: 1) hospi-
talized patients who were positive for COVID-19 via real-time po-
lymerase chain reaction of respiratory secretions obtained by
bronchoalveolar lavage, endotracheal aspirate, nasopharyngeal
swab, or oropharyngeal swab from March 3 to June 25, 2020; 2)
the presence of acute neurologic symptoms during the hospital
stay; 3) available chest CT and brain CT and/or MR imaging. We
reviewed the electronic medical records to extract clinical, labora-
tory, and demographic data.

Image Acquisition
All noncontrast brain and chest CT scans were obtained as per
standard-of-care protocols. The MR imaging of the brain and
MRA of the head and neck were performed on 1.5T scanners
with standardized protocols. Gd-DTPA (0.1mmol/kg of gadobu-
trol, Gadovist; Bayer Schering Pharma) was used for contrast
studies.

Image Interpretation
For each patient, all neuroimaging was evaluated for the follow-
ing characteristics: 1) T2/FLAIR white matter signal abnormality:
nonconfluent punctate and/or confluent white matter lesions
with and/or without restricted diffusion and/or microhemor-
rhage; 2) enhancement: leptomeningeal, parenchymal, and cra-
nial nerves; 3) acute ischemic infarcts: vascular territory, small/
watershed zone, and cardioembolic; 4) intracranial hemorrhages:

parenchymal, subarachnoid, and microhemorrhage; 5) acute
leukoencephalopathy; 6) posterior reversible encephalopathy syn-
drome (PRES); and 7) hypoxic-ischemic encephalopathy. All
neuroimaging was divided into 2 groups: acute-versus-nonacute
neuroimaging findings. Patients with chronic microvascular is-
chemic disease, remote infarcts, or chronic demyelinating disease
but without acute neuroimaging findings were counted in the
group of nonacute neuroimaging. Scans were compared with
prior examinations if available. Imaging findings without prior
neuroimaging were considered acute if compatible with acute
patient symptoms. The mean timeframe difference between the
scans of patients with acute-versus-nonacute neuroimaging was
2 days.

Chest CT scans were evaluated for the following characteris-
tics: 1) the presence and/or absence of ground-glass opacities
(GGOs) and/or consolidation; 2) crazy paving pattern; 3) cavita-
tion, pleural effusions, or lymphadenopathy; 4) CT lung severity
score; 5) predominant zonal distribution; and 6) lobar involve-
ment. A semiquantitative CT-based severity score of pulmonary
disease burden was measured by counting the involvement of
lung lobes similar to that in Pan et al.4 Each of the 5 lung lobes
was scored from 0 to 5 as the following: 0, no involvement; one,
,5% involvement; two, 25% involvement; three, 26%–49%
involvement; four, 50%–75% involvement; and five, .75%
involvement. The CT lung severity score was the sum of the indi-
vidual lobar scores and ranged from 0 (no involvement) to 25
(maximum involvement). In patients with multiple chest CT
scans, only scans with the greatest severity were selected, and all
were performed approximately 7–12days after the initial onset of
respiratory symptoms. All scans were reviewed by 6 neuroradiol-
ogists and 5 chest radiologists in consensus.

Statistical Analysis
Analyses were performed to describe the distribution of the varia-
bles of interest. Continuous variables were presented as mean [SD]
or median and range. The normality of continuous variables was
assessed by the Kolmogorov-Smirnov test. Categoric variables
were presented as frequencies and percentages. Continuous varia-
bles were compared using the 2-sample t test or Wilcoxon rank
sum test. Proportions for categoric variables were compared using
the x 2 test or Fisher exact test. The logistic regression model was
used to assess the association between abnormalities on acute neu-
roimaging and the CT lung severity score. Prediction ability was
evaluated using a receiver operating characteristic curve. The opti-
mal threshold and the sensitivity and specificity at the threshold
were reported. All statistical analyses were performed using
STATA software (Version 15; StataCorp). The significance thresh-
old was set at a 2-sided P value, .05.

RESULTS
A total of 172 consecutive hospitalized patients with COVID-19
with acute neurologic symptoms were reviewed. Of these, 135
patients fit our inclusion criteria (Fig 1, flow chart). The demo-
graphic and neurologic clinical characteristics are shown in the
Online Supplemental Data. The mean age was 68.2 [SD,
15.1] years (age range, 17–94 years), and 86 (64%) were men.
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Demographics, medical history, and neurologic clinical charac-
teristics are shown in the Online Supplemental Data.

Association between Neuroimaging and CT Chest Findings
A total of 132 noncontrast brain CT scans, 36 brain MR images,
and 135 noncontrast chest CT scans were reviewed. Of these, 7
(19%) patients underwent head and neck MRA, while 17 (47%)
patients had brain MR imaging with and without IV contrast, of

which only 6 scans included both 3D-
FLAIR and 3D T1-weighted postcon-
trast images. Of the 135 patients, 49
(36%) had acute abnormalities on neu-
roimaging and 86 (64%) patients had
nonacute neuroimaging findings. The
patients with acute abnormalities on
neuroimaging had a significantly higher
mean CT lung severity score versus
those without acute neuroimaging
abnormalities (9.9 [SD, 4.2] versus 5.8
[SD, 4.3], P, .001). Compared with
patients without acute abnormalities on
neuroimaging, patients with acute
abnormalities on neuroimaging were
more likely to present with ischemic
stroke (40 [82%] versus 11 [13%],
P, .0001) and were more likely to
have either GGOs or consolidation (46
[94%] versus 73 [84%], P ¼ .01). A
threshold CT lung severity score of .8
was found to be 74% sensitive and 65%
specific for acute abnormalities on neu-
roimaging (Fig 2).

None of the remaining neurologic
symptoms and patient characteristics,
including age and medical history,

demonstrated a significant statistical difference. The average time
interval between the lung CT and brain imaging was 6 days.

Neuroimaging Characteristics
The neuroimaging hallmark of these patients was acute ischemic
infarcts in 38 (28%), intracranial hemorrhage in 14 (10%), and
white matter disease in 22 (36%). Of the ischemic infarcts, 21
(15%) were large, 10 (7%) were small/watershed infarcts, 5 (4%)
were cardioembolic, and 2 (1%) were hypoxic-ischemic encephal-
opathy. Microhemorrhage in 7 (19%) was the most common intra-
cranial hemorrhage followed by subarachnoid hemorrhage in 4
(3%). The most frequent MR imaging findings of white matter dis-
ease were nonconfluent punctate multifocal T2/FLAIR hyperin-
tense lesions with associated microbleeds in 7 (19%) (4 [11%] with
and 3 [8%] without associated restricted diffusion) and confluent
symmetric T2/FLAIR hyperintensity involving the deep and sub-
cortical white matter in 4 (11%) (2 [5%] with and 2 [5%]) without
associated restricted diffusion) (Fig 3). Neuroimaging characteris-
tics are shown in Table. Patients with nonacute neuroimaging find-
ings had normal scan findings; varying degrees of chronic
microvascular ischemic disease, remote infarcts, or chronic demye-
linating disease, but no acute abnormalities on neuroimaging. The
median time from hospital admission to brain imaging was 9days.
Of the 49 (36%) patients with acute abnormalities on neuroimag-
ing, 13 were in the intensive care unit and on mechanical ventila-
tion at the time of neuroimaging, with a mean duration of 12days.

CT Chest Characteristics
Of the 135 patients, the predominant CT chest patterns were pe-
ripheral, either GGOs or consolidation (Online Supplemental

FIG 1. Flow chart of the study.

FIG 2. Receiver operating characteristic curve showing the sensitivity
and specificity of the CT lung severity score as a predictor of acute
neuroimaging abnormalities in patients with COVID-19 with neuro-
logic symptoms. The area under the curve corresponds to the accu-
racy. ROC indicates receiver operating characteristic.

1010 Mahammedi Jun 2021 www.ajnr.org



Data). Sixteen (12%) patients had neither GGOs nor consolida-
tion. Of the 119 (88%) patients with either GGOs, consolidation,
or both, 46 had only GGOs without consolidation, and 7 patients

had consolidation without GGOs. The
most involved was the left lower lobe
in 102 (75%), followed by the right
lower lobe in 97 (72%). One hundred
patients (81%) had peripheral pre-
dominant distribution, and 61 (45%)
had lower zone involvement. The
mean CT lung severity score was 7.3
[SD, 4.1] (range, 0–19).

DISCUSSION
In this global, multi-institutional study,
we found that patients with COVID-19
with neurologic symptoms and acute
abnormalities on neuroimaging had, on
average, a significantly higher CT lung
severity score compared with those
without acute neuroimaging findings. A
threshold CT lung severity score of .8
was found to be 74% sensitive and 65%
specific for acute abnormalities on neu-
roimaging. To the best of our knowl-
edge, this is the first study describing
the brain and lung imaging correlation
in patients with COVID-19. Our find-
ings show that compared with patients
without acute abnormalities on neuroi-
maging, patients with acute abnormal-
ities on neuroimaging were more likely
to present with ischemic stroke and
were more likely to have either GGOs
or consolidation. The neuroimaging
features of these patients were variable
without a specific pattern but were
dominated by acute ischemic infarct, in-
tracranial hemorrhage, and leukoence-
phalopathy. The predominant CT chest
pattern was peripheral GGOs with or
without consolidation. We also reported
2 cases of probable COVID-19-ass-
ociated carotidynia or the new term,
Transient Perivascular Inflammation of
the Carotid artery (TIPIC) syndrome.18

Although accumulating evidence
suggests that patients with severe
COVID-19 might have a cytokine
storm syndrome, resulting in a mu-
ltiorgan inflammatory response, the
underlying pathophysiology of brain
and lung association in COVID-19
remains unclear.9,19,20 The multis-
ystemic manifestations in COVID-19
infection, including central neurol-
ogic symptoms, can be potentially

explained by the presence of angiotensin-converting enzyme 2
receptors in multiple human organs, including the brain and
lungs.10,21 Currently, however, we have a poor mechanistic

FIG 3. Acute leukoencephalopathy. A 48-year-old man without a history of seizures presented
with convulsions and altered mental status. Extensive and confluent symmetric deep and subcorti-
cal white matter FLAIR hyperintensities in the bilateral centra semiovale (A) and periventricular fron-
tal and parietal regions (B) with associated mild restricted diffusion on DWI/ADC images, most
prominent in the centra semiovale (C and D) and peritrigonal regions (E and F). No associated
enhancement or microbleed was seen on the T1 postcontrast and SWI (not shown). Coronal MPR
and axial noncontrast images in lung windows demonstrate mixed ground-glass and consolidative
opacities in all lobes with a lower lung and peripheral predominance (G–J). The CT lung severity
score was 16 (right upper lobe, right lower lobe, left upper lobe, left lower lobe, 25%–49% and right
middle lobe 50%–75%). The chest CT scan was obtained 8days after the initial onset of respiratory
symptoms.
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FIG 4. Acute infarct, multifocal microbleeds, and subcortical white matter FLAIR hyperintensity. A 65-year-old man presented with altered mental
status and ischemic stroke. Available prior brain MR imaging findings from 1month ago were normal. A and B, New punctate microbleeds on gradi-
ent-echo sequences in the right superior parietal lobule, left inferior parietal lobule, and right cerebellum. Note a small area of restricted diffusion in
the anterior left cerebellum on DWI/ADC images (C–D) with FLAIR hyperintensities (E), consistent with acute infarct. New punctate deep and sub-
cortical white matter FLAIR hyperintensities without associated hemorrhage or restricted diffusion in the left-greater-than-right frontal (F), parietal
(G), and occipital lobes (H). Axial chest CT images show right apical GGOs and biapical paraseptal emphysema (I). Bilateral GGOs are right greater
than left (J). Patchy consolidations in the apical segment of the lower lobe of the right lung (K). Extensive consolidation with an air bronchogram in
the right lower lobe (L). The CT lung severity score was 14. The chest CT scan was obtained 10days after initial onset of respiratory symptoms.
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understanding of the neurologic manifestations, whether these
arise from critical illness or from direct CNS invasion of SARS-
CoV-2 or represent treatment-related complications from current
COVID-19 therapies including intensive care unit–related compli-
cations.9,22 PRES and multifocal cerebral thrombotic microangiop-
athy were reported to be complications of the new COVID-19

antiviral and immunosuppressive drugs such as tocilizumab,
which was used in 12 patients in our series.22,23

Postmortem neuropathologic examinations in 18 patients
with COVID-19 showed only hypoxic changes without signs of
encephalitis.24,25 Furthermore, it has been suggested that recruit-
ment of immune cells by either direct viral infection or immune-

FIG 5. PRES. A 25-year-old woman presented with altered mental status and ischemic stroke. A and B, Extensive cortical and subcortical areas
of T2/FLAIR hyperintensity in the right frontal and bilateral parietal lobes. Associated patchy and confluent leptomeningeal enhancement is
seen only on FLAIR postcontrast image (C) but not on T1 postcontrast image (D). Note no restriction diffusion or hemosiderin on DWI and gradi-
ent-echo sequences (E and F). Axial chest CT scans show new extensive bilateral patchy consolidations in the upper lobes with bilateral right-
more-than-left pleural effusions (G and H). The CT lung severity score was 12. The chest CT scan was obtained 7 days after the initial onset of re-
spiratory symptoms.

FIG 6. Multifocal microbleeds and deep white matter FLAIR hyperintensities. A 63-year-old man presented with altered mental status. Available
prior brain MR imaging findings from 3months ago were normal. Note confluent periventricular white matter T2/FLAIR hyperintensities, most
prominent in the peritrigonal regions (A and B), with new punctate microbleeds on gradient-echo sequences in the right frontoparietal regions
(C) and left frontal lobe (D). No associated enhancement is seen on the T1 postcontrast image. Axial chest CT images in lung windows show bilat-
eral, peripheral, predominant ground-glass opacities and dependent consolidations in the upper and lower lobes (F–I). Note air bronchograms in
both lower lobes (H and I). The CT lung severity score was 18. The chest CT scan was obtained 11 days after the initial onset of respiratory
symptoms.
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mediated damage across different organ vascular beds may lead
to endothelial damage, which results in stroke, hemorrhage, and
thrombosis.9,26 Additionally, it is thought that this latter triggers
extensive pulmonary intravascular immunothrombosis and
potentially also promotes intraplaque inflammation and desta-
bilization.27 This could be the underlying mechanism in our
2 patients with COVID-19-associated TIPIC. Although the
differential diagnosis may include dissection, the combina-
tion of clinical and imaging criteria was most consistent with
carotidynia. These criteria include the presence of acute pain
overlying the carotid artery with increased pulsation, signifi-
cantly improved symptoms after anti-inflammatory treat-
ment, no significant medical history or known trauma,
eccentric perivascular wall thickening, and enhancement
without significant luminal stenosis.18

Our findings concur with additional published literature
including Mao et al10 from Wuhan, China, who reported that
27 (51%) of the patients with CNS symptoms had severe re-
spiratory disease, but there was no description of brain and
lung imaging features. Similar to other investigators who
described neuroimaging features in severe COVID-19,7,8,13

our findings showed multiple patterns of white matter disease
and hemorrhage; however, none of these studies have demon-
strated an association of neuroimaging with the CT lung se-
verity score or with a specific CT lung pattern. Consistent
with previous studies,7,8,13 confluent white matter T2

hyperintensities with or without restricted diffusion reported
in 2 of our patients (Fig 3) are nonspecific but can be related
to delayed posthypoxic leukoencephalopathy; however, the
main differential diagnoses include hypoxic-ischemic injury,
infectious or autoimmune encephalitis, hypoglycemia, and
seizure. Our chest CT findings largely concur with previous
investigations insofar as the chest CT hallmark of COVID-19
infection is ground-glass and consolidative pulmonary opac-
ities, with bilateral and peripheral lung distribution.2-5

Indeed, there is minimal research in the area where acute lung
injury and severe brain injury coincide. Acute lung injury occurs
in 20% of patients with brain injury and is associated with a poor
outcome.14 Patients with acute respiratory distress syndrome are at
risk of brain injury through hypoxemia and/or proinflammatory
mediators that connect both the brain and the lungs.15-17 It is
hypothesized that sensory neurons in the airways may provide a
sensing mechanism to detect the inflammatory intensity in the
lung, creating a feedback mechanism to the brain, thus illustrating
lung-brain communication.15 Hippocampal neuronal cell damage
was demonstrated in a porcine acute lung injury model with
increased serum proinflammatory mediators.17 Nevertheless, the
underlying pathophysiology of brain-lung association in patients
with COVID-19 remains unclear. The identification of the correla-
tion between lung and brain findings could be important for tar-
geting optimized therapies, particularly in stroke prevention. Our
findings could be explored in future studies to potentially develop
preventive and therapeutic strategies that can improve outcomes
in patients with COVID-19.

There are several important limitations to our study including
a retrospective design. Second, the known temporal variation of
chest CT findings may affect the uniformity of the CT lung sever-
ity score;4,28 however, only scans with the greatest severity were
selected, and all were performed approximately 7–12 days after
the initial onset of respiratory symptoms, to minimize this limita-
tion. Third, the impaired consciousness of the patients limited
the ability to perform clinicoradiologic correlations, particularly
in assessing disease severity and clinical outcomes. Fourth,
patients with unstable conditions with critical illness may have
delayed or no imaging, which may affect accurate capture of
imaging characteristics and therefore underestimate their preva-
lence. Fifth, compared with MR imaging, CT has a low sensitivity
for white matter disease, which may also underestimate the
results in patients who only underwent CT neuroimaging.
Finally, it is difficult to establish the coincidence of imaging find-
ings versus causality in critically ill patients and to differentiate
the imaging findings from those of current COVID-19 therapy-
related complications.

CONCLUSIONS
Our study demonstrates that patients with COVID-19 with neu-
rologic symptoms and acute abnormalities on neuroimaging had
a higher CT lung severity score compared with patients with
COVID-19 with neurologic symptoms and nonacute neuroimag-
ing findings. Future larger datasets with imaging-pathologic cor-
relation may help in understanding the common mechanisms of
brain and lung injury.

FIG 7. Left TIPIC (carotidynia). A 40-year-old man without significant
medical history or known trauma presented with myoclonus and acute
tenderness overlying the left carotid artery with increased pulsation.
Axial T1 fat-saturated postcontrast image shows asymmetric enhance-
ment and nonstenotic thickening of the left common carotid wall (A,
arrows), with T1 precontrast hyperintensity of a crescent-shaped subin-
timal focus (C, arrow), which is also hyperintense on T2 fat-saturated
and T2-weighted (B and D) images. Differential considerations include
carotidynia or dissection. However, given the significantly improved
symptoms after anti-inflammatory treatment, the lack of luminal ste-
nosis, and the patient’s neck pain characteristics, findings are most con-
sistent with carotidynia. No follow-up imaging was available.
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T2/FLAIR white matter signal abnormality
Nonconfluent punctate deep and subcortical white matter
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Vascular territory
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bThought to be most consistent with acute lacunar infarcts with a few associated microhemorrhages (Figs 4 and 6).
cAcute leukoencephalopathy. A 48-year-old man without a history of seizures presented with convulsion and altered mental status (Fig 3).
dSeen on FLAIR postcontrast only and likely related to PRES (Fig 5).
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fLeft TIPIC (carotidynia). A 40 -year-old man without significant medical history or known trauma presented with myoclonus and acute tenderness overlying the left ca-
rotid artery with increased pulsation. His symptoms significantly improved after steroid therapy (Fig 7).
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ORIGINAL RESEARCH
ADULT BRAIN

Impact of SARS-CoV-2 Pandemic on “Stroke Code” Imaging
Utilization and Yield

D.R. Shatzkes, A.B. Zlochower, J.M. Steinklein, B.K. Pramanik, C.G. Filippi, S. Azhar, J.J. Wang, and P.C. Sanelli

ABSTRACT

BACKGROUND AND PURPOSE: Indirect consequences of the Severe Acute Respiratory Syndrome coronavirus 2 (SARS-CoV-2) pan-
demic include those related to failure of patients to seek or receive timely medical attention for seemingly unrelated disease. We
report our experience with stroke code imaging during the early pandemic months of 2020.

MATERIALS AND METHODS: Retrospective review of stroke codes during the 2020 pandemic and both 2020 and matched 2019
prepandemic months was performed. Patient variables were age, sex, hospital location, and severity of symptoms based on the
NIHSS. We reviewed the results of CT of the head, CTA, CTP, and MR imaging examinations and classified a case as imaging-posi-
tive if any of the imaging studies yielded a result that related to the clinical indication for the study. Both year-to-year and se-
quential comparisons were performed between pandemic and prepandemic months.

RESULTS: A statistically significant decrease was observed in monthly stroke code volumes accompanied by a statistically significant
increased proportion of positive imaging findings during the pandemic compared with the same months in the prior year (P, .001)
and prepandemic months in the same year (P, .001). We also observed statistically significant increases in average NIHSS scores
(P ¼ .045 and P ¼ .03) and the proportion of inpatient stroke codes (P ¼ .003 and P ¼ .03).

CONCLUSIONS: During our pandemic period, there was a significantly decreased number of stroke codes but simultaneous
increases in positivity rates, symptom severity, and inpatient codes. We postulate that this finding reflects the documented reluc-
tance of patients to seek medical care during the pandemic, with the shift toward a greater proportion of inpatient stroke codes
potentially reflecting the neurologic complications of the virus itself.

ABBREVIATIONS: COVID-19 ¼ coronavirus disease 2019; RT-PCR ¼ real-time polymerase chain reaction; SARS-CoV-2 ¼ Severe Acute Respiratory Syndrome
coronavirus 2

The impact of the Severe Acute Respiratory Syndrome corona-
virus 2 (SARS-CoV-2) coronavirus disease 2019 (COVID-

19) pandemic has reverberated throughout virtually all facets of
daily life, with implications beyond those associated with the
viral infection itself. Within radiology, overall imaging use ini-
tially dropped sharply, largely due to suspension of elective
clinical practice.1 In addition, shifts in specific technique and

subspecialty use have paralleled evolving recommendations
regarding diagnosis, understanding of disease manifestations,
and increasing recognition of delayed and chronic disease com-
plications. For example, the role of chest CT during the pan-
demic underwent shifts from initial use for diagnosis,
particularly when real-time polymerase chain reaction (RT-
PCR) testing availability was limited, to later use primarily for
assessment of patients with worsening or chronic respiratory
failure.2 At the time of this writing, at least partial recovery of
imaging volumes has occurred in many centers.3

In New York City, one of the early epicenters of COVID-19 in
the world, this disease initially overtook all others in health care
use, with concerns regarding the availability of hospital beds and
supportive technology to accommodate the rapidly growing
number of severely ill patients. Nevertheless, it was intuitively
expected during the early stages of the pandemic that the fre-
quency of other illnesses in the population would be unchanged
by the presence of the virus. If anything, the multisystem strain of
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the disease seemed likely to exacerbate pre-existing morbid-
ities, so that underlying neurologic, cardiovascular, metabolic,
and other chronic conditions might worsen during viral infec-
tions, resulting in an increased incidence of acute events. In
February, first reports of prothrombotic complications of
SARS-CoV-2 were published, further supporting the likeli-
hood of an increase in emergency presentation of vascular-
related diseases such as pulmonary embolism, myocardial in-
farction, and stroke.4

Paradoxically, however, reports in the cardiovascular litera-
ture showed a decrease in the incidence of diagnosed myocardial
infarction during the initial weeks of the pandemic.5 At about
the same time, reports in the media confirmed a growing suspi-
cion that patients were choosing to stay home with cardiac and
other acute symptoms that would have otherwise brought them
to the emergency department due to fears of contracting the
disease at health care facilities.6 Statistics compiled from the
New York City Fire Department, which manages the city’s 911
emergency response system, showed a striking increase of
emergency calls that resulted in “refusals of medical aid” during
March (118%) and early April (235%).7 Furthermore, emer-
gency departments noted early drops in census followed by
progressive increases, the latter composed primarily of patients
with COVID-19-related illness.8

The first confirmed case of COVID-19 infection was diag-
nosed on RT-PCR testing at our 450-bed New York City hospital
in early March 2020, with our peak occurring in early April (Fig
1). As both the emergency department and hospital censuses
became dominated by patients positive for COVID-19, we
noticed a trend toward a reduced frequency of stroke code–
related imaging. This observed trend was later confirmed in a
correspondence to the New England Journal of Medicine describ-
ing a concurrent 39% decrease in the use of the RApid processing
of PerfusIon and Diffusion (RAPID; iSchemaView) software

platform used at ours and many other US institutions to identify
patients who might benefit from endovascular thrombectomy in
the setting of acute stroke.9 Simultaneously, we began to note
trends toward increased positivity rates of stroke code imaging,
as well as shifts in patient demographics, including a greater pro-
portion of stroke codes initiated in the inpatient setting. The pur-
pose of this study was to retrospectively review our institution’s
stroke codes during the early COVID-19 pandemic (March 1 to
April 30, 2020) to quantify imaging use and further analyze the
positive imaging findings.

MATERIALS AND METHODS
In this retrospective Health Insurance Portability and Account-
ability Act–compliant, institutional review board–approved study,
an initial query was performed at our academic teaching hospital’s
Radiology Information System for all “CT Head Stroke Protocol”
studies performed between January 1, 2019, and April 30, 2019,
and January 1, 2020, and April 30, 2020, to perform year-to-year
comparisons. Typically, a stroke code is called when there is acute
onset (,24hours) of a neurologic deficit, though it may also be
initiated if the duration is uncertain. A speaker announces “stroke
code” and location to alert the stroke team; this is followed by
emergent CT of the brain, typically followed by CTA of the neck
and circle of Willis and CT perfusion studies when appropriate,
for which results are dictated and communicated directly to the
stroke team within 20minutes of the patient being placed on the
CT scanner. Patients were included if there was performance of, at
minimum, the CT brain portion of the stroke code imaging evalu-
ation. Exclusion criteria were cancellation of the code by the
stroke team (typically because presentation was thought atypical
for stroke) as well as stroke codes called in patients with known
strokes (generally in patients transferred for treatment in whom
changes in neurologic status were suspected).

Five board-certified radiologists, 4 with Certificates of Added
Qualification in neuroradiology and with years of experience
ranging from 2 to 26, reviewed the reports of each stroke code
imaging study as well as the reports of any follow-up CT or brain
MR imaging. We additionally reviewed the medical record and
compiled relevant clinical information, including age, sex, patient
service location (emergency department or inpatient setting), and
NIHSS score at presentation.10 We included the COVID-19 RT-
PCR-positivity status for March and April 2020, when these data
were available.

Because our primary goal was to assess the yield of the stroke
code for any acute neurologic event, we classified a case as imag-
ing-positive if any of the stroke code CT or follow-up imaging
studies yielded a result that related to the acute clinical indication
for the study, whether or not it represented an ischemic stroke
based on Trial of Org 10172 in Acute Stroke Treatment (TOAST)
stroke classification.11 Examples of imaging-positive nonischemic
diagnoses were hypertensive and traumatic intracranial hemor-
rhages as well as tumors and abscesses. However, chronic imag-
ing findings such as encephalomalacia and vascular calcifications
were not included as imaging-positive cases. In cases in which the
initial reviewer was uncertain regarding positivity, this determi-
nation was made by consensus review.

FIG 1. Hospital census March 13, 2020, through May 24, 2020, shows
the timing of the COVID-19 surge. The turquoise line indicates total
hospital census; the orange line, patients positive for COVID-19; and
the yellow line, patients under investigation for COVID-19. N indicates
the number of patients in each category.

1018 Shatzkes Jun 2021 www.ajnr.org



Statistical Analysis
The dataset was split for statistical analyses into the following
time periods: 1) 2020 COVID 3/4, representing the COVID-19
pandemic period from March 1 to April 30, 2020; 2) 2020 pre-
COVID 1/2, representing the time period before the COVID-19
pandemic from January 1 to February 29, 2020; 3) 2019 pre-
COVID 3/4, representing the same months during the COVID-
19 pandemic in the prior year from March 1 to April 30, 2019;
and 4) 2019 pre-COVID 1/2, representing the same months dur-
ing the pre-COVID-19 time period in the prior year from
January 1 to February 28, 2019. Multiple comparisons of the
study groups were performed. Comparison of the 2020 COVID
3/4 and 2019 pre-COVID 3/4 was performed to assess differences
during the COVID-19 pandemic compared with the same
months in the prior year, 2019, to account for any monthly or
seasonal variation in the data. Comparison of 2020 COVID 3/4
and 2020 pre-COVID 1/2 was performed to assess differences
during the COVID-19 pandemic compared with the prior
months in the same year to account for yearly variations in the
data. Comparison of 2020 pre-COVID 1/2 and 2019 pre-COVID
1/2 was performed to assess whether differences existed in 2020
in the months before the pandemic, to assess other possible varia-
tions unknown in the data.

The x 2 and t tests were used to compare the demographic
and clinical factors and imaging positivity rates among the study
groups. P values , .05 were considered statistically significant.
SAS, Version 9.4 (SAS Institute) was used for all statistical
analyses.

RESULTS
There were 750 consecutive patients for whom a stroke code was
called and who underwent, at minimum, a CT scan of the brain.
Twenty-nine patients who were transferred with a known diag-
nosis of stroke and 8 patients for whom the stroke code was can-
celled were excluded.

From January 1 to April 30, 2019, a total of 393 CT stroke
codes were performed; and from January 1 to April 30, 2020, a
total of 357 CT stroke codes were performed. A statistically sig-
nificant difference was observed in both the monthly and
bimonthly proportions of the stroke code volumes in 2020 com-
pared with 2019 (P, .001, Table 1).

Study Population Characteristics
The demographic and clinical characteristics of the study cohort
are presented in Table 2. There were 45% (337/750) men and
55% (413/750) women, with an average age of 65.4 years (range,
18–98 years). No statistically significant differences were

identified among the 3 comparisons with regard to patient age
and sex. Furthermore, there were no statistically significant dif-
ferences in the demographic and clinical characteristics and in
the imaging-positive rates when comparing the 2020 COVID 1/2
and 2019 pre-COVID 1/2 periods.

Eighty-three percent (620/750) of stroke codes were called in
the emergency department, and 17% (130/750), on inpatient
floors. Statistically significant differences were identified in the
incidence of inpatient-versus–emergency department location in
comparisons of 2020 COVID 3/4 with either 2019 pre-COVID 3/
4 or 2020 pre-COVID 1/2 periods (P ¼ .0034 and P ¼ .0335,
respectively).

With regard to the NIHSS, statistically significant differences
in symptom severity were identified in the comparison of 2020
COVID 3/4 and both 2020 pre-COVID 1/2 (P ¼ .014) and 2019
pre-COVID 3/4 (P ¼ .045) periods, with a higher proportion of
patients presenting with worse NIHSS scores during the COVID-
19 pandemic.

Of 123 stroke codes performed during the COVID-19 months
of March and April 2020, twenty-seven percent (33/123) of
patients were diagnosed as COVID-19-positive based on RT-
PCR testing, 28% (35/123) were negative, and 45% (55/123) were
not tested. Fourteen of the 33 (42%) stroke codes in the COVID-
19-positive population were performed on inpatients. This repre-
sented the only statistically significant (P ¼ .0380) frequency
change in our measured variables between COVID-19-positive
and -negative patients during this period.

Stroke Code Imaging Yield
Table 2 reveal a statistically significantly increased proportion of
imaging-positive cases during the 2020 COVID 3/4 period com-
pared with the 2019 pre-COVID 3/4 (P, .001) and 2020 pre-
COVID 1/2 (P, .001) periods. Figure 2 illustrates the total num-
ber of stroke codes and imaging-positive cases by month.

Neurologic diagnoses designated as imaging-positive that
did not fall into the TOAST classification of ischemic stroke
were the following: intraparenchymal hematoma (n ¼ 6), sub-
dural hematoma (n ¼ 5), subarachnoid hemorrhage (n ¼ 5),
primary brain tumor (n ¼ 4), metastatic disease (n ¼ 3),
Guillain-Barré syndrome (n ¼ 1), encephalitis (n ¼ 1), and
posterior reversible encephalopathy syndrome (n ¼ 1). No
statistically significant differences were identified in the pro-
portion of nonischemic diagnoses during the 2020 COVID-19
pandemic compared with the same months in the prior year
and pre-COVID-19 months in the same year.

DISCUSSION
Our data confirm previous reports of diminished numbers of
stroke presentations during the early phases of the COVID-19
pandemic. Kansagra et al9 reported a 39% drop in RAPID soft-
ware use from their defined prepandemic period of February 1
through February 29, 2020, compared with the pandemic period
from March 26 through April 8, 2020, and de Havenon et al12

showed an approximately 18% drop in hospitalizations with a
discharge diagnosis of stroke. In an analysis of data from a
national repository of electronic health records from visits to
Veterans Affairs facilities, Baum et al13 found a 41.9% reduction

Table 1: Comparison of the monthly stroke code volume in
2020 and 2019

Month 2020 No. (%) 2019 No. (%) P Value
January 121 (34) 84 (21) ,.001
February 113 (32) 96 (24)
March 67 (19) 105 (27)
April 56 (16) 108 (28)

January/February 234 (66) 180 (46) ,.001
March/April 123 (34) 213 (54)
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in overall admissions, with a 51.9% decrease in patients admitted
with a principal diagnosis of stroke. It is likely that this drop is
multifactorial in origin, though it seems probable that the reluc-
tance of patients to seek medical aid was a primary contributor.
A nationwide examination of emergency department visits per-
formed by the Centers for Disease Control and Prevention
showed a 42% drop during the pandemic period.14 In a nationwide
survey with .1000 responders by the Society for Cardiovascular
Angiography and Interventions, 61% of responders thought they
were likely to acquire COVID-19 in a hospital, and half were more
afraid of contracting the disease than experiencing a heart attack or
stroke.15 Reduced availability of health care resources, including
ambulances, likely contributed to reduced emergency department

presentations, as well. Additionally, it is possible that in the early
phase of the pandemic, many providers in emergency departments
overwhelmed with patients with COVID-19 were less likely to acti-
vate a stroke code for less compelling clinical presentations.
Recommendations regarding “protected” hyperacute stroke man-
agement using personal protective equipment and other safety
measures did not emerge until later in the pandemic, and fear of
nosocomial infection may have similarly impacted the provider
threshold for initiating a stroke code for perceived lesser-yield
presentations.16

We observed a statistically significant increase in the rate of
imaging-positive stroke codes during the 2020 COVID-19 months
compared with 2019 and the 2020 pre-COVID-19 months,

Table 2: Comparison of the demographic and clinical characteristics of the study cohort stratified by time periods
2020 Pre-
COVID 1/2

2019 Pre-
COVID 1/2 P Value

2020
COVID 3/4

2019 Pre-
COVID 3/4 P Value

2020
COVID 3/4

2020 Pre-
COVID 1/2 P Value

No. 234 180 123 213 123 234
Mean age (range)
(yr)

66.1 (18–98) 65.7 (22–98) .81 66.4 (25–97) 63.8 (20–101) .18 66.4 66.1 .87

Sex (No.) (%)
Male 102 (44) 73 (41) .54 67 (54) 95 (45) .08 67 (54) 102 (44) .05
Female 132 (56) 107 (59) 56 (46) 118 (55) 56 (46) 132 (56)

Location (No.) (%)
ED 192 (82) 157 (87) .15 89 (72) 182 (85) .003 89 (72) 192 (82) .03
Inpatient 42 (18) 23 (13) 34 (28) 31 (15) 34 (28) 42 (18)

Mean NIHSS 4.7 4.4 .65 7.3 5.2 .045 7.3 4.8 .01
Positive imaging
findings (No.)
(%)

42 (18) 32 (18) .96 42 (34) 37 (17) ,.001 42 (34) 42 (18) ,.001

Note:—ED indicates emergency department; NA, not available.

FIG 2. Total number of stroke codes and imaging-positive cases by month.
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accompanied by a simultaneous statistically significant increase
in the proportion of patients presenting with severe stroke
symptoms (based on the NIHSS). These findings suggest that
patients who presented to the hospital with stroke-like symp-
toms during the pandemic period were more likely to have
more severe symptomatology and to have an attributable acute
neurologic event. Of note, a report by Paliwal et al17 of patients
presenting with acute stroke symptoms before and during the
pandemic showed that while there was a significant decline in
acute stroke activations during the pandemic, the median
NIHSS score was unchanged.

Any evaluation of stroke during the pandemic era must con-
sider the now well-documented increased incidence of acute
cerebrovascular disease in these patients. Early reports of an
increased incidence of acute ischemic stroke, venous sinus
thrombosis, and cerebral hemorrhage in SARS-CoV-2-infected
patients emerged from China in early April 2020,18 with a pooled
analysis of the literature published in late April demonstrating an
approximately 2.5-fold increased incidence of stroke in patients
with severe COVID-19.19 Postulated etiologies include sepsis-
induced coagulopathy associated with high D-dimer and fibrino-
gen levels as well as endothelial damage related to binding of the
spike protein of the virus to angiotensin-converting enzyme 2
receptors on the vascular endothelium.20 While 33 of 123 stroke
codes during the 2020 COVID-19 months were performed on
patients who tested positive for SARS-CoV-2, an even greater
number (n = 55) were not tested during this period, reflecting the
limited availability of testing during the early pandemic months
and precluding precise quantification of the contribution of
SARS-CoV-2-related stroke to our observed increased yield.
Fourteen of the 33 stroke codes in the COVID-19-positive popu-
lation (44%) were performed on inpatients, contributing to the
statistically significant increase in overall frequency of inpatient
codes performed during the COVID-19months. We postulate
that this increase in the relative frequency of inpatient stroke
codes may reflect a shift toward sicker inpatients, as the hospital
census shifted toward mostly COVID-19-positive patients and
specifically those sick enough to require admission and away
from those undergoing elective procedures and other less serious
causes of hospitalization.

The implications of our findings with regard to these first and
subsequent waves of the COVID-19 pandemic, as well as to
future pandemics, are numerous. At the time of this report,
excess mortality during the pandemic related to both COVID-19-
related illness and unrelated disease has only begun to be quanti-
fied. On May 11, 2020, the New York City Department of Health
and Mental Hygiene COVID-19 response team published a pre-
liminary estimate of excess mortality during the COVID-19 out-
break and found that 22% (5293) of excess deaths between March
11 and May 2 were not identified as either laboratory-confirmed
or probable COVID-19-associated deaths.21 Numerous factors
make precise attribution of these deaths impossible, including-
but-not-limited-to the vast array of potential etiologies and test-
ing being limited and inaccurate in early stages of the pandemic.
However, the authors stated, “Social distancing practices, the
demand on hospitals and health care providers, and public fear
related to COVID-19 might lead to delays in seeking or obtaining

lifesaving care.”21 Certainly, our findings of decreased numbers
of stroke codes with increased positivity rates suggest that many
patients with transient or mild neurologic events may have not
obtained appropriate early or comprehensive testing and inter-
vention and are at high risk of subsequent morbidity and mortal-
ity. It is hoped that with the knowledge gained during the initial
experience with this disease, practice will be modified to prepare
for any future waves, and, specifically, for a larger proportion of
more serious neurologic presentations in both emergency and
inpatient departments.

Limitations of this study include limited and sometimes inaccu-
rate testing for SARS-CoV-2 during the pandemic months as well
as an inability to establish direct causality of the SARS-CoV-2 virus
to those strokes occurring in COVID-19-positive patients.
However, the main purpose of the analyses was not to compare
COVID-19-positive and -negative groups in this study. Given that
this is a retrospective study, the statistical analysis included patients
with missing data variables. Additionally, all associations between
our observed changes in stroke code use and reported reluctance
of patients to present to the hospital and other potential causes rep-
resent conjecture and are unlikely to be proved with certainty.
There are competing pressures between these effects and the
expected increase in the frequency of stroke and other neurologic
manifestations related to SARS-CoV-2 infection, and the contribu-
tions of each to overall change cannot be accurately quantified.

CONCLUSIONS
During the March and April 2020 COVID-19 surge in New
York City, we observed a decrease in the number of stroke
codes and an increase in imaging-positivity rates and the se-
verity of presenting symptoms. While the etiologies of these
shifts cannot be determined with certainty, we postulate that
our findings reflect an observed reluctance of patients to seek
medical care due to fears of contracting SARS-CoV-2, poten-
tially coupled with other factors such as the overwhelming
demand on health care workers during this period. A simul-
taneous shift toward a greater proportion of inpatient stroke
codes may reflect the documented thromboembolic and other
neurologic complications of the virus itself, a competing
pressure on stroke code volumes that suggests an even greater
reduction in new presentations to the emergency department.
It seems likely that our findings represent a contributing fac-
tor toward the observed excess mortality beyond that directly
associated with SARS-CoV-2 infection and may portend
additional excess mortality from cerebrovascular causes dur-
ing the recovery period and beyond.
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ORIGINAL RESEARCH
ADULT BRAIN

Absent Cortical Venous Filling Is Associated with Aggravated
Brain Edema in Acute Ischemic Stroke

H. Xia, H. Sun, S. He, M. Zhao, W. Huang, Z. Zhang, Y. Xue, P. Fu, and W. Chen

ABSTRACT

BACKGROUND AND PURPOSE: Predicting malignant cerebral edema can help identify patients who may benefit from appropriate
evidence-based interventions. We investigated whether absent cortical venous filling is associated with more pronounced early
brain edema, which leads to malignant cerebral edema.

MATERIALS AND METHODS: Patients with acute ischemic stroke caused by large-vessel occlusion in the MCA territory who presented
between July 2017 and September 2019 to our hospital were included. Collateral filling was rated using the modified Tan scale on CTA,
and good collaterals were defined as a score of 2–3. The Cortical Vein Opacification Score (COVES) was calculated, and absent cortical
venous filling was defined as a score of 0. Early brain edema was determined using net water uptake on baseline CT images. Malignant
cerebral edema was defined as a midline shift of $5mm on follow-up imaging or a massive cerebral swelling leading to decompressive
hemicraniectomy or death. Multivariate linear and logistic regression models were performed to analyze data.

RESULTS: A total of 163 patients were included. Net water uptake was significantly higher in patients with absent than in those
with favorable cortical venous filling (8.1% versus 4.2%; P, .001). In the multivariable regression analysis, absent cortical venous filling
(b ¼ 2.04; 95% CI, 0.75–3.32; P ¼ .002) was significantly and independently associated with higher net water uptake. Absent cortical
venous filling (OR, 14.68; 95% CI, 4.03–53.45; P, .001) and higher net water uptake (OR, 1.29; 95% CI, 1.05–1.58; P ¼ .016) were signifi-
cantly associated with increased likelihood of malignant cerebral edema.

CONCLUSIONS: Patients with absent cortical venous filling were associated with an increased early brain edema and a higher risk
of malignant cerebral edema. These patients may be targeted for optimized adjuvant antiedematous treatment.

ABBREVIATIONS: COVES ¼ Cortical Vein Opacification Score; MCE ¼ malignant cerebral edema; NWU ¼ net water uptake; AIS ¼ acute ischemic stroke;
OIT ¼ onset to imaging time; ICAS ¼ intracranial atherosclerosis

Malignant cerebral edema (MCE) is a lethal complication
mainly of large infarctions in the MCA territory.1 It usually

occurs within the first 3 days after the onset of stroke and is char-
acterized by an abrupt neurologic decline associated with massive
swelling of the infarcted brain tissues.2 The subsequent cerebral
herniation due to intracranial pressure increase is the main cause

of death, with a mortality rate approaching 80% with conservative
treatment.3 Three randomized controlled trials provided evide-
nce that early decompressive surgery is an efficient way to
increase the likelihood of favorable functional outcomes and
reduce the mortality rate.4 Therefore, early identification of
patients at risk of MCE would facilitate timely selection of appro-
priate evidence-based interventions.

Net water uptake (NWU), a quantitative imaging biomarker
used to estimate water uptake in ischemic stroke lesions, was first
applied to distinguish stroke onset within and beyond 4.5 hours.5

Mounting evidence suggests the importance of NWU because it
has been reported as a surrogate marker for developing MCE.6

Recently, the arterial collateral status has been observed as it
relates to the early edema progression rate.7 However, the ab-
sence of cortical venous filling could potentially be a better indi-
cator of aggravating brain edema than the arterial collateral status
because the venous system is responsible for approximately 70%
of the cerebral blood volume.8 In a case series including 14
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patients, cranial venous outflow abnormalities increased the rate
of early fatal edema after MCA infarction.9 Nonetheless, studies
on the role of the cortical veins in the development of MCE are
limited, and it remains unclear whether absent cortical venous
filling is an independent risk factor affecting NWU in patients
with stroke.

Recently, the Cortical Vein Opacification Score (COVES) was
introduced as a simple method to assess the cortical venous filling
status on CTA. It well reflects the intracranial microcirculation
function and can predict whether patients will benefit from endo-
vascular treatment.10 Thus, the aim of our study was to investi-
gate the relationship between absent cortical venous filling, as
assessed using the COVES, and early brain edema, as assessed
using NWU, and whether they can predict the occurrence of
MCE. We hypothesized that absent cortical venous filling would
lead to an increase in early brain edema, which in turn leads to
MCE.

MATERIALS AND METHODS
Data supporting the findings of this study are available from the
corresponding author on reasonable request.

Patients
We retrospectively reviewed the data of patients diagnosed with
acute ischemic stroke (AIS) caused by large-vessel occlusion in
the MCA territory in our institution from July 2017 to September
2019. All procedures performed in studies involving human par-
ticipants were in accordance with the ethical standards of the
institutional and national research committee and with the 1964
Helsinki declaration and its later amendments or comparable
ethical standards. Written informed consent was obtained from
each patient or an appropriate family member. The inclusion cri-
teria were as follows: 1) known time window from symptom
onset to admission imaging of,8 hours; 2) multimodal CT per-
formed on admission, which included NCCT, CTP, and CTA; 3)
AIS with complete occlusion of the distal internal carotid artery,
MCA, or both, confirmed by conventional and dynamic CTA
constructed from CTP; 4) follow-up CT acquired 24–72 hours af-
ter symptom onset; and 5) absence of intracranial hemorrhage, or
pre-existing infarction. Baseline clinical characteristics and demo-
graphic information were recorded including age, sex, NIHSS
score, onset to imaging time (OIT), IV administration of tPA,
and endovascular treatment.

Image Acquisition
All patients underwent multimodal CT at admission with NCCT,
CTP, and CTA performed on a 64-section CT scanner (Lightspeed
VCT; GE Healthcare). First, NCCT was performed (120kV;
300mA; section thickness, 5mm) from the foramen magnum to
the vertex to detect early ischemic changes and exclude intracranial
hemorrhage. If appropriate, CTP (8 cm in the z-axis using the shut-
tle mode technique, 80kV, 375mA, 0.4 s/rotation, 6-s prescan delay
after injection of contrast medium, 60-s total imaging duration)
with a total of 352 images by 22 consecutive spiral acquisitions was
performed immediately after NCCT. A total of 50mL of iodinated
contrast agent was administered at a flow rate of 5mL/s followed
by a saline flush of 50mL at a rate of 5mL/s. Subsequently, helical

CTA (100kV; 500mA; section thickness, 0.625mm) was performed
with acquisition from the aortic arch to the vertex after administra-
tion of 40mL of an iodinated contrast agent injected at a rate of
4.0mL/s followed by a 30-mL saline flush.

Image Analysis
Imaging data were independently assessed by 2 radiologists with
more than 3 years of experience in stroke imaging, who were
blinded to the clinical status and outcome data. The observers
were informed about the laterality of symptoms just before evalu-
ation. Any disagreements between the 2 observers were resolved
by a senior medical chief neuroradiologist.

The ASPECTS was used to detect early ischemic burden on
NCCT images.11 Early ischemic burden was defined as loss of
gray–white differentiation and tissue hypoattenuation using a
narrow window and level settings to maximize the contrast
between the normal and infarcted brain.

Collateral filling was rated using the modified Tan scale on
baseline CTA maximum intensity projection images as follows: 0
indicated absent collaterals of the occludedMCA territory, 1 indi-
cated collaterals filling.0% but,50% of the occluded MCA ter-
ritory, 2 indicated filling.50% but,100% of the occluded MCA
territory, and 3 indicated 100% collateral filling of the occluded
MCA territory. Poor collateral filling was defined as a score of 0–
1 and good collateral filling as a score of 2–3.12

The COVES was used to assess the venous opacification on
baseline CTA source images, as absent (0), moderate (1), or full
(2) in the vein of Labbe, sphenoparietal sinus, and superficial
middle cerebral vein. The sum for the hemisphere ipsilateral to
the occlusion was calculated and ranged between 0 and 6. The ab-
sence of cortical vein opacification was defined as a score of 0,
and a score.0 was considered favorable as mentioned in a previ-
ous study.10

The ischemic lesion NWUwas measured by a commercial soft-
ware, Mistar (Apollo Medical Imaging Technology), using the sin-
gular value deconvolution with delay and dispersion method. First,
previous thresholds were applied to measure the entire ischemic
lesion (delay time.3 s) and ischemic core (relative cerebral blood
flow,30%).13 Next, the ROI was generated automatically in the is-
chemic lesion core. Then the core-based ROI was copied to the
corresponding NCCT image using Mistar software. The ROI sam-
pling of the ischemic core in NCCT was assessed by densitometric
measurements and designated as Dischemic. A mirrored ROI was
placed in the contralateral hemisphere within the normal tissue
designated as Dnormal. To exclude the voxels of adjacent CSF and
skull, a threshold value of 20–80 HU was chosen. Dischemic and
Dnormal were then used to calculate the quantitative NWU based
on the formula from Broocks et al14 as shown in Fig 1.

According to previous studies,15,16 MCE was defined as 1) a
midline shift of$5 mm at the level of septum pellucidum or 2) a
massive cerebral swelling requiring decompressive hemicraniec-
tomy or leading to death.

Statistical Analysis
All statistical analyses were performed using SPSS 25.0 (IBM)
and GraphPad Prism (GraphPad Software). Continuous variables
were reported as means 6 SD or median (25th–75th percentile).
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Categoric variables were reported as numbers (percentages). The
differences among groups were evaluated using the Student t test
for normally distributed continuous data, Mann-Whitney U test
for non-normally distributed continuous data, and Pearson x2
test for categoric data. The correlation between collateral filling,
cortical venous filling status, and NWU was described by Kendall

correlation analysis. The relationship
between the cortical venous filling status
(COVES was examined as a continuous
variable and dichotomized into “absent”
and “favorable” cortical venous filling)
and early brain edema (NWU on
NCCT images) was analyzed using
linear regression. Variables with P ,.1
in univariable linear regression were
included in a multivariable linear
regression analysis. Independent factors
for MCE were evaluated using a binary
logistic regression analysis. Factors with
P,.1 from the univariate analysis were
entered into the multivariable logistic
regression analysis. Interrater reliability
of the COVES score was tested by k sta-
tistics. Results with P values of,.05 are
considered significant for all statistical
analyses.

RESULTS
During the study period, data on 207
consecutive patients with complete
occlusion of the distal internal carotid
artery, MCA, or both, undergoing mul-
timodal CT were collected. A total of
163 patients met all inclusion criteria
and were included in the analysis. The
patient selection process is shown in Fig
2. The patient characteristics are listed
in Table 1. The median age was 69
(IQR 58–78) years, and 103 (63%)
patients were men. The baseline NIHSS
score was 11.346 5.43, and the median
OIT was 191 (IQR 116–259) minutes.
Among all patients, 82 (50%) under-
went endovascular treatment, and 68
(42%) received IV thrombolysis. There
were 112 (69%) patients with good col-
lateral filling. At baseline, NWU was
4.9% (IQR 2.98–7.33).

Comparing patients with absent
(COVES ¼ 0) versus favorable corti-
cal venous filling (COVES.0), the
former had a significantly higher
baseline NIHSS score (13.5 versus 11;
P ¼ .001), lower ASPECTS (4.5 ver-
sus 9; P, .001), and a lower rate of
good collateral filling (22% versus

80%; P, .001). No significant differences were found in age,
sex, OIT, endovascular treatment, or IV thrombolysis (Table 2).

Absent cortical venous filling correlated positively with NWU
(Kendall t ¼ 0.37; 95% CI, 0.27–0.46; P, .001). The collateral
filling and NWU also showed a significant correlation (Kendall t
¼ � 0.30; 95% CI, �0.41 to�0.19; P, .001). Moreover, cortical

FIG 2. Flowchart of patient selection.

FIG 1. Quantification of NWU. NWU is determined in admission noncontrast CT. The ROI is gen-
erated automatically in the ischemic lesion core, which is measured with Mistar. The mean
attenuation of Dischemic and Dnornal are used to calculate NWU based on the formula shown.
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venous filling significantly correlated with collateral filling
(Kendall t ¼ �0.50; 95% CI,�0.64 to�0.34; P, .001).

Impact of Cortical Venous Filling on Early Brain Edema
NWU was significantly higher in patients with absent cortical ve-
nous filling than in those with favorable cortical venous filling
(8.1% versus 4.2%; P, .001) (Fig 3). Furthermore, as seen in
Table 2 and Table 3, in the multivariable linear regression analy-
ses, the ASPECTS (b ¼ �0.50; 95% CI, �0.70 to �0.30;
P, .001) and absent cortical venous filing (b ¼ 2.04; 95% CI,
�0.75 to 3.32; P ¼ .002) were 2 significant factors associated with
NWU adjusted for baseline NIHSS score and collateral filling
(Table 3 and Fig 4).

Factors Associated with MCE
A total of 39 (24%) patients developed MCE. As shown in Table
1, patients with MCE had higher baseline NIHSS score (14.03

versus 10.49; P, .001) and NWU (8.0% versus 4.2%; P, .001)
(Fig 3), lower ASPECTS (4 versus 9; P, .001), higher rate of
absent cortical venous filling (67% versus 4.8%; P, .001), and
lower rate of good collateral filling (31% versus 81%, P, .001)
compared with patients without MCE.

In the univariable logistic regression analysis, multiple factors
were associated with MCE. The significant variables from the
univariate analysis were entered into the multivariate logistic
regression. Male sex (OR, 0.31; 95% CI, 0.096–0.987; P ¼ .047),
ASPECTS (OR, 0.77; 95% CI, 0.60–0.97; P¼ .029), absent cortical
venous filling (OR, 14.68; 95% CI, 4.03–53.44; P, .001), and
NWU (OR, 1.29; 95% CI, 1.05–1.58; P ¼ .016) were significantly
associated with increased likelihood of MCE after adjustment for
confounding factors (Table 3).

Interobserver Analysis
Interrater reliability for COVES score on baseline CTA source
images was substantial (k = 0.75).

DISCUSSION
The aim of our study was to investigate the relationship between
absent cortical venous filling and early brain edema assessed
using NWU and its impact on the occurrence of MCE. Our study
revealed that absent cortical venous filling was strongly associated
with higher early brain edema, and both absent cortical venous
filling and higher NWU were independent predictors of the risk
for the development of MCE in patients with large-vessel occlu-
sion in the MCA territory.

These results may support our original hypothesis that absent
cortical venous filling is responsible for the onset of MCE by
inducing early brain edema. The underlying pathophysiological
mechanisms of MCE may be abnormal venous drainage; the

Table 1: Patient characteristics according to the presence of MCE

Patient Characteristic Overall (n = 163)
MCE (n = 39) Non-MCE (n = 124)

P Value24% 76%
Age in years, median (IQR) 69 (58–78) 74 (61–81) 69 (57.25–76) .131
Male sex, n (%) 103 (63%) 20 (51%) 83 (67%) .077
Admission NIHSS, mean 6 SD 11.34 6 5.43 14.03 6 5.11 10.49 6 5.27 ,.001
OIT in minutes, median (IQR) 191 (116–259) 201 (128–277) 189.5 (115.25–258.75) .858
IV thrombolysis, n (%) 68 (42%) 12 (31%) 56 (45%) .112
Endovascular treatment, n (%) 82 (50%) 19 (49%) 63 (51%) .820
Good collateral filling, n (%) 112 (69%) 12 (31%) 100 (81%) ,.001
ASPECTS, median (IQR) 9 (7–10) 4 (2–7) 9 (8–10) ,.001
COVES = 0, n (%) 32 (20%) 26 (67%) 6 (5%) ,.001
NWU in %, median (IQR) 4.89 (2.98–7.33) 8.01 (6.29–11.19) 4.15(2.59–6.11) ,.001

Table 2: Patient characteristics according to the COVES

Patient Characteristic
COVES>0 (n = 131) COVES =0 (n = 32)

P Value80% 20%
Age in years, median (IQR) 70 (60–77) 68.5 (53.75–78.75) .383
Male sex, n (%) 84 (64%) 19 (60%) .618
Admission NIHSS, median (IQR) 11 (6–14) 13.5 (10–18) .001
OIT in minutes, median (IQR) 188 (118–261) 205 (110.5–252.75) .910
IV thrombolysis, n (%) 58 (44%) 10 (31%) .180
Endovascular treatment, n (%) 65 (50%) 17 (53%) .722
Good collateral filling, n (%) 105 (80%) 7 (22%) ,.001
ASPECTS, median (IQR) 9 (7–10) 4.5 (2.25–7.75) ,.001
NWU in %, median (IQR) 4.24 (2.73–6.46) 8.11 (6.08–11.00) ,.001

FIG 3. Relationship of cortical venous filling, early brain edema, and
MCE. A, Boxplot shows that NWU was significantly higher in patients
with COVES = 0 than in those with COVES.0. B, Boxplot shows that
NWU was significantly higher in patients with MCE than in those
without MCE. * indicates P , .001.
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subsequent resistance to CSF absorption would lead to increased
venous pressure, which would increase the leakage of fluid into
the perivascular space, leading to brain edema.17 Our results are
in accordance with those of a recent study that investigated the
association between quantitative lesion water uptake and malig-
nant infarction.6 The authors concluded that NWU is a signifi-
cant predictor for developing MCE. We further found that absent
cortical venous filling was significantly associated with higher
early brain edema and could predict the occurrence of MCE.
Thus, these findings can be of great clinical significance in
patients without cortical venous filling and can indicate who
should receive adjuvant treatment with neuroprotectants and
edema prevention therapies such as IV glibenclamide.18

However, whether absent cortical venous filling plays any other
role in the development of MCE needs to be further elucidated.

Previous studies showed that collateral filling is significantly
associated with an early edema progression rate and plays a role
in the development of MCE.7,19 Our univariate analysis showed
that patients with MCE had a significantly lower rate of good col-
lateral filling than those without MCE. However, in the multivari-
ate analysis, this factor could not predict NWU or the occurrence
of MCE. This may be due to the high correlation between cortical
venous filling and collateral filling (Kendall t = �0.499; 95% CI,
�0.638 to �0.342; P, .001); however, no collinearity was found

FIG 4. Impact of absent cortical venous filling on early brain edema
according to baseline ASPECTS.

Table 3: Univariable and multivariable linear regression analyses to predict NWU and univariable and multivariable logistic regres-
sion analyses to predict MCE

Impact on NWU in multivariate regression
Coefficient 95% CI P ValueParameter

Univariable analysis
Age (1-year increase) 0.009 �0.03–0.05 .667
Male sex -0.29 �1.38–0.79 .597
Admission NIHSS 0.17 0.07–0.26 .001
Onset to imaging time (1 minute) 0.004 �0.001–0.009 .147
Good collateral filling -2.90 �3.93–1.86 ,.001
ASPECTS -0.70 �0.86–0.54 ,.001
COVES = 0 3.99 2.83–5.15 ,.001
Multivariable analysis
Admission NIHSS -0.01 �0.08–0.10 .811
Good collateral filling -0.46 �1.59–0.67 .423
ASPECTS -0.50 �0.70–0.30 ,.001
COVES = 0 2.04 0.75–3.32 .002

Prediction of MCE
Parameter
Univariable analysis
Age (1-year increase) 1.02 0.99–1.05 .300
Male sex 0.52 0.25–1.08 .079
Admission NIHSS 1.14 1.06–1.23 .001
OIT (1 minute) 1.001 0.997–1.004 .733
IV thrombolysis 0.54 0.25–1.16 .115
Endovascular treatment 0.92 0.45–1.89 .820
Good collateral filling 0.11 0.05–0.24 ,.001
ASPECTS 0.59 0.50–0.70 ,.001
COVES = 0 39.33 13.68–113.12 ,.001
NWU 1.58 1.35–1.85 ,.001
Multivariable analysis
Male sex 0.31 0.10–0.99 .047
Admission NIHSS 1.02 0.91–1.35 .730
Good collateral filling 0.75 0.22–2.63 .657
ASPECTS 0.77 0.60–0.97 .029
COVES = 0 14.68 4.03–53.45 ,.001
NWU 1.29 1.05–1.58 .016
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between them. A previous nonhuman primate model showed
that absent cortical venous filling indicated a less extensive collat-
eral circulation.20 A recent clinical study that included 228
patients with AIS also demonstrated that venous outflow is
affected by the reduction of arterial flow.21 Therefore, this sug-
gests that cortical venous filling can provide additional informa-
tion on both the occurrence of MCE and arterial collateral status.
From our results, we can reasonably infer that cortical veins may
play a more important role than arterial collateral in the develop-
ment of MCE. These findings prompt us to combine arterial col-
lateral and cortical vein to better evaluate patients with stroke,
resulting in better treatment.

Some clinical factors may also predict MCE. Previous studies
in Western countries showed that younger age significantly
increased the risk of MCE.22,23 The possible reason for this is that
the brain volume gradually decreases with increasing age; thus,
younger patients are more likely to develop MCE because there is
a lower intracranial volume to accommodate brain edema.1

However, the results of our study did not show the same findings.
This discrepancy may be attributed to the differences in the etiol-
ogic composition of patients with stroke between China and
Western countries. Intracranial atherosclerosis (ICAS) is common
in the Chinese population, accounting for 33%–50% of AIS cases.24

In contrast, AIS is most commonly caused by cardioembolism in
Western countries. Previous clinical research showed patients with
cardioembolism tend to be older than those with ICAS25 and are
more likely to experience a large hemispheric infarction,26 which is
the main cause of MCE.27 Our patients may have a higher propor-
tion of ICAS, which makes the effect of age on MCE insignificant.
However, our study did not measure the proportions of each etiol-
ogy and the role of etiology in age and MCE because this was not
the primary objective of this study. Another clinical factor, female
sex, was shown to be an independent predictor of MCE, which is
consistent with the results of previous studies28,29 indicating that a
more efficacious stroke management may be needed in female
patients. Although research efforts with a focus on sex differences
in neuroinflammation, neuroprotection, and neuronal cell death
signaling have recently received more attention,30-32 the reasons
for this phenomenon remain obscure.

To the best of our knowledge, this is the first study to investi-
gate the relationship between cortical venous filling, early brain
edema, and MCE. One of the strengths of our study is that early
brain edema was directly assessed by NWU, which calculates the
water uptake based on the CT attenuation and has been proved
as the criterion standard for histopathologic water uptake volume
measurement.33,34 In addition, we selected the COVES to evalu-
ate intracranial venous filling. This scoring method removes the
deep cerebral venous system and more accurately reflects the sta-
tus of the microcirculation.10,35 Although dynamic CTA may be a
better way to assess cortical venous filling than conventional
CTA,36 this technique requires advanced imaging and complex
postprocessing. Our method was simple and convenient to use
and has achieved good interobserver agreement, as previously
described.10

This study has several limitations. First, it was a retrospective
single-center study, and the number of patients was relatively
small; thus, selection bias inevitably existed. Another drawback of

this study can be attributed to the large variation in venous anat-
omy, though the 3 cortical veins chosen for the COVES had lesser
anatomic variability than that of other veins. Third, NWU mea-
surement may be imprecise in very small ischemic core volumes.
However, we improved the precision using the Mistar software to
measure the ischemic core assisting in determining the ROI.
Furthermore, the recanalization status is a significant predictor of
the occurrence of MCE. However, in this study, we did not
include this factor mainly because many patients without endo-
vascular treatment were unable to obtain recanalization data
because of the absence of follow-up vascular imaging. Finally, we
could not determine whether absent cortical venous filling leads
to MCE because of early brain edema; we aim to perform a medi-
ation analysis to explore this hypothesis more thoroughly in
future studies.

CONCLUSIONS
We observed that absent cortical venous filling was significantly
associated with early brain edema and the occurrence of MCE.
Early brain edema may be the link between absent cortical venous
filling and MCE. The clinical implication of these results is that
absent cortical venous filling may assist in the selection of
patients at risk for MCE in whom optimized adjuvant antiedema-
tous treatment would be indicated.

Disclosures: Weijian Chen—RELATED: Grant: Zhenjiang Provincial Key Laboratory
of Aging and Neurological Disorder Research (LH-001), the Scientific Technology
Planning Projects of Wenzhou and China (Y20170216).
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ORIGINAL RESEARCH
ADULT BRAIN

Tissue at Risk and Ischemic Core Estimation Using Deep
Learning in Acute Stroke

Y. Yu, Y. Xie, T. Thamm, E. Gong, J. Ouyang, S. Christensen, M.P. Marks, M.G. Lansberg, G.W. Albers, and
G. Zaharchuk

ABSTRACT

BACKGROUND AND PURPOSE: In acute stroke patients with large vessel occlusions, it would be helpful to be able to predict the
difference in the size and location of the final infarct based on the outcome of reperfusion therapy. Our aim was to demonstrate
the value of deep learning–based tissue at risk and ischemic core estimation. We trained deep learning models using a baseline MR
image in 3 multicenter trials.

MATERIALS AND METHODS: Patients with acute ischemic stroke from 3 multicenter trials were identified and grouped into minimal
(#20%), partial (20%-80%), and major ($80%) reperfusion status based on 4- to 24-hour follow-up MR imaging if available or into unknown
status if not. Attention-gated convolutional neural networks were trained with admission imaging as input and the final infarct as ground
truth. We explored 3 approaches: 1) separate: train 2 independent models with patients with minimal and major reperfusion; 2) pretraining:
develop a single model using patients with partial and unknown reperfusion, then fine-tune it to create 2 separate models for minimal and
major reperfusion; and 3) thresholding: use the current clinical method relying on apparent diffusion coefficient and time-to-maximum of
the residue function maps. Models were evaluated using area under the curve, the Dice score coefficient, and lesion volume difference.

RESULTS: Two hundred thirty-seven patients were included (minimal, major, partial, and unknown reperfusion: n ¼ 52, 80, 57, and
48, respectively). The pretraining approach achieved the highest median Dice score coefficient (tissue at risk ¼ 0.60, interquartile
range, 0.43–0.70; core ¼ 0.57, interquartile range, 0.30–0.69). This was higher than the separate approach (tissue at risk ¼ 0.55; inter-
quartile range, 0.41–0.69; P ¼ .01; core ¼ 0.49; interquartile range, 0.35–0.66; P¼ .04) or thresholding (tissue at risk ¼ 0.56; interquar-
tile range, 0.42–0.65; P¼ .008; core ¼ 0.46; interquartile range, 0.16–0.54; P, .001).

CONCLUSIONS: Deep learning models with fine-tuning lead to better performance for predicting tissue at risk and ischemic core,
outperforming conventional thresholding methods.

ABBREVIATIONS: AUC ¼ area under the curve; DSC ¼ Dice score coefficient; iCAS ¼ Imaging Collaterals in Acute Stroke; IQR ¼ interquartile range;
Tmax ¼ time-to-maximum of the residue function

As demonstrated in recent Endovascular Therapy following
Imaging Evaluation for Ischemic Stroke 3 (DEFUSE 3) and

Extending the Time for Thrombolysis in Emergency Neurological
Deficits (EXTEND) trials,1,2 perfusion imaging can be used to tri-
age patients with acute ischemic stroke to reperfusion therapy in
addition to the original “time window.” The DWI/PWI mismatch
paradigm is the most common way of triaging patients,3 especially
in those exceeding 6hours of stroke onset.

The tissue at risk, sometimes called the penumbra, reflects
the maximal extent of infarct if only minimal reperfusion is

achieved, defined by time-to-maximum of the residue function
(Tmax). 6 seconds region using standard clinical software.
Likewise, the ischemic core reflects the minimal ischemic lesion
if major reperfusion is achieved, which has been defined by an
ADC value, 620� 10�6mm2/s.4 Despite the simplicity and
ease of use of single-value thresholds to identify salvageable tis-
sue, such approaches have difficulty distinguishing benign
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hypoperfusion from tissue at risk5 and may fail to capture the
complexity of the disease evolution.

Machine learning is a class of algorithms that automatically
learn from data and provide predictions. Studies have shown
that machine learning can be used to predict final stroke lesions
from acute imaging data.6-13 Convolutional neural networks are
a subtype of machine learning that do not require humans to
define relevant features, instead extracting features automati-
cally from images using many hidden layers (giving rise to the
term “deep learning”).14-16 One type of deep convolutional neu-
ral network known as a U-net has shown much promise for seg-
mentation tasks in medical imaging.17

The most obvious approach to define the ischemic core and
tissue at risk is to train 2 separate models using patients with
complete or no reperfusion. However, such patients account only
for a small subgroup of all patients who undergo reperfusion
therapy, and the performance of deep learning models improves
with increased sample size.18 Therefore, the aim of this study was
to explore whether deep learning could provide a more accurate
estimation of tissue at risk and ischemic core, and what is the
most efficient and accurate approach with limited clinical data.

We evaluated 2 different approaches: training using targeted
cases (patients with minimal and major reperfusion) only (separate
training approach); or pretraining on a much wider cross-section
of cases (including those with partial reperfusion) followed by fine-
tuning on the targeted cases (pretraining approach). We hypothe-
sized that the pretraining approach is superior to separate training
and that both methods outperform the current clinical standard
thresholding method based on the DWI/PWI mismatch.

MATERIALS AND METHODS
Patient Population
Patients with acute ischemic stroke were enrolled from 3 prospec-
tive, multicenter stroke trials: Imaging Collaterals in Acute Stroke

(iCAS) from April 2014 to August 2017 (n¼ 128), DEFUSE from
April 2001 to April 2005 (n¼ 74), and DEFUSE 2 from July 2008
to October 2011 (n¼ 140). iCAS19,20 is a multicenter observational
study that enrolled patients with clinical acute ischemic stroke
symptoms attributable to the anterior circulation, an NIHSS score
of $ 5, and onset-to-imaging time of #24hours. The DEFUSE
and DEFUSE 2 protocols enrolled similar patients within a shorter
time window (#12hours) and results have been reported.21,22

We excluded patients on the basis of the following criteria: 1)
no confirmed ischemic stroke on follow-up DWI; 2) no PWI or
DWI at arrival, or poor PWI quality; 3) no follow-up T2 FLAIR
images within 3–7 days after stroke onset for iCAS and DEFUSE
2, or within 30 days for DEFUSE; or 4) complete reperfusion on
initial PWI (no Tmax. 6 seconds lesion) (Fig 1).

iCAS (NCT02225730) and DEFUSE (NCT01349946) were
approved by the institutional review boards of the participating
institutions, and written consent was obtained for each partici-
pant. This study has been approved for retrospective analysis by
the institutional review boards.

Imaging Protocol
All images were acquired at either 1.5T or 3T. Patients underwent
MR imaging, including DWI (b=0 and b=1000 s/mm2) and
dynamic susceptibility contrast-enhanced PWI using gadolinium-
based contrast agents according to the standard protocol of each
site. Postprocessing software (RAPID; iSchemaView) was used to
reconstruct perfusion parameter maps: Tmax, MTT, CBV, and
CBF. This software also automatically generates ADC segmentation
with a threshold of,620� 10�6mm2/s and Tmax segmentation
with a threshold of.6 seconds. Most patients underwent a follow-
up PWI study within 24hours, which was used to classify patients
into minimal, partial, and major reperfusion as described below.

Patients with T2 FLAIR obtained at 3–7 days after stroke
onset were used to evaluate the model performance; DEFUSE

FIG 1. Flow diagram of the study. According to the reperfusion rate calculated from baseline and 4- to 24- hour perfusion-weighted imaging,
patients are grouped into major reperfusion ($80%), partial reperfusion (20%–80%), minimal reperfusion (#20%), and unknown reperfusion sta-
tus (if 4- to 24-hour perfusion imaging was not performed). D1 indicates DEFUSE study; D2, DEFUSE 2 study.
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cases with DWI obtained at 4–8hours and/or T2 FLAIR at 30 days
after stroke treatment (because 24-hour and 3- to 7-day images
were not part of the study protocol) were only used to train the
deep learning algorithms but were not used for testing (Fig 2).

Imaging Analysis
Investigators at a core laboratory reviewed all studies.
Neuroradiologists who were blinded to clinical information seg-
mented the final infarct lesion on the follow-up studies. The seg-
mented infarct lesions were used as ground truth for the deep
learning model.

Patients were classified into 4 reperfusion categories based on
the baseline and the 4- to 24-hour PWI study. We relied on the

reperfusion rate rather than the TICI recanalization score to clas-

sify patients because it reflects the tissue reperfusion and predicts

outcome better than recanalization.23,24 Reperfusion status was

calculated as
Reperfusion Rate ¼ 100% � (1 – [Tmax24hr . 6 seconds

lesion / Tmaxbaseline. 6 seconds lesion]).
Patients with reperfusion rates of #20% and$80% were clas-

sified as having minimal and major reperfusion, respectively.25,26

Otherwise, they were classified as having partial reperfusion (if 4-

to 24-hour PWI was available) or with unknown reperfusion (if

not). Patients with minimal reperfusion were used to define tissue

at risk, while those with major reperfusion were used to define is-

chemic core.

FIG 2. Illustration of 3 approaches to define tissue at risk and ischemic core and detailed case distribution during 5-fold cross-validation. The
pretraining deep learning approach (A), the separate deep learning approach (B), and the thresholding approach (C). For the pretraining, 94
patients with partial/unknown reperfusion were used in the training set, and 11 patients were in the validation set. D, Cases without 3- to 7-day
follow-up were used only in training (A and B), while patients with 3- to 7-day follow-up were used in training, validation, and testing. Patients
with 3- to 7-day follow-up were divided randomly into 5 sets and used in training, validation, and testing with a ratio of 3:1:1. For each fold of the
tissue-at-risk model, 37 cases were used for fine-tuning on the pretrained model, 6 for validation, and 6–7 for testing. For each fold of the ische-
mic core model, 48 cases were used for the fine-tuning; 13, for validation; and 13–14, for testing.
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Imaging Preprocessing
All images were coregistered and normalized to the Montreal
Neurological Institute template space using Matlab 2016b
(MathWorks) and SPM 12 (http://www.fil.ion.ucl.ac.uk/spm/
software/spm12). Of note, the spatial coverage of perfusion
imaging was usually smaller than that of diffusion imaging, and
only voxels with both diffusion and perfusion information were
included in the model.

For input to the deep learning model, DWI (b=1000 s/mm2

images), ADC, Tmax, MTT, CBV, and CBF were normalized by
the mean of their parenchymal tissue value. To preserve impor-
tant information from the absolute value of Tmax and ADC, we
created 2 masks separately for Tmax. 6 seconds and ADC,

620� 10�6mm2/s using simple thresholding.

Training Approaches
A neural network called attention-gated U-net was used in this
study and was reported in previous literature12 (Online
Supplemental Data and Online Fig 1). In short, the model takes
5 consecutive slices of DWI, ADC, Tmax, MTT, CBF, CBV, and
masks of Tmax and ADC as input and gives a probability map
of infarct segmentation with voxel values that ranged from 0 to
1 as output. A value close to 1 indicates that the voxel is more
likely to be infarcted, while a value close to 0 indicates that the
voxel is likely to be spared. The consecutive slices provided the
model with more context than a single section of an image.

We explored the pretraining, separate, and thresholding
approaches to test which one performed best (Fig 2). In the pre-
training approach, a single model was first trained using patients
with partial and unknown reperfusion status. Then, starting from
these weights, 2 separate models were generated by fixing the
weights in the encoder layers but fine-tuning the decoding layers,
one using patients with minimal reperfusion to create a tissue-at-
risk model and the other using patients with major reperfusion to
create an ischemic core model. In the separate approach, 2 separate
models were trained from scratch with patients with either mini-
mal or major reperfusion. Because there were relatively fewer sub-
jects who fell into these extreme cases, there was less data for each
of the separate models for training. In the thresholding approach,
the clinically used Tmax and ADC segmentations from RAPID
were used. The union of Tmax. 6 seconds and ADC,

620� 10�6mm2/s was used to define tissue at risk. Tissue with
ADC, 620� 10�6mm2/s was used to define the ischemic core.27

During the pretraining phase, 10% of the cases were used as a
validation set and the rest were used for training. Five-fold cross-
validation was performed for the separate approach and the fine-
tuning part of the pretraining approach to reduce bias (Fig 2).
Given the multicenter, multivendor nature of the dataset, this sys-
tem represented the best test of the generalizability of the model.

Performance Evaluation
The area under the curve (AUC) was calculated for both the deep
learning models and the Tmax and ADC thresholding method.
The AUC was calculated for each case within the ipsilateral stroke
hemisphere, except in 1 case for which there were bilateral
strokes.

To calculate the Dice score coefficient (DSC) and lesion vol-
ume difference between prediction and ground truth, we set a
threshold probability of .5 for all deep learning models. To calcu-
late the mismatch ratio predicted by the models, we also applied
the tissue-at-risk model to patients with major reperfusion, and
the ischemic core model, to those with minimal reperfusion.

Statistical Analysis
Statistical analysis was performed using STATA (Version 15.0;
StataCorp). The x 2 or Fisher exact test and the Kruskal-Wallis
equality-of-populations rank test were performed for demo-
graphic and clinical information. Paired-sample Wilcoxon tests
were performed to compare AUC, DSC, lesion volume difference,
and absolute lesion volume differences between the pretraining
approach and separate approach, as well as the pretraining
approach and the Tmax/ADC thresholding methods. The con-
cordance correlation coefficient (r c) was used to analyze the
lesion volume predictions. Because infarct volumes were not nor-
mally distributed, cubic root transformation was performed for
the r c calculation. The correlation was considered excellent with
r c . 0.70, moderate when r c was between 0.50 and 0.70, and
low with r c , 0.50.28 All tests were 2-sided, and P# .008 was
considered statistically significant after adjustment by the
Benjamini-Hochberg method.

RESULTS
We reviewed 342 patients from DEFUSE 1, DEFUSE 2, and iCAS
and eventually included 237 patients (Fig 1). Fifty-two patients
were classified as having minimal reperfusion; 57, as partial
reperfusion; 80, as major reperfusion; and 48, as unknown reper-
fusion. Clinical and imaging information is summarized in the
Table. The time for training a model was 5 hours, and the time
for generating prediction for each patient was 30 seconds with
our current workstation. Figure 3 shows several examples of pre-
dictions using the 3 approaches. Online Supplemental Data show
the effect of the attention map at each level in the U-net.

Prediction of Tissue at Risk
The evaluations were performed in 33 patients with minimal
reperfusion with T2 FLAIR follow-up at 3–7 days. As shown in
Online Supplemental Table 2, the pretraining approach achieved
the highest AUC (0.92; interquartile range [IQR], 0.89–0.95) and
DSC (0.60; IQR, 0.43–0.70) compared with the separate approach
and thresholding method. There was no statistical difference in
the volume difference or the absolute volume difference among
the 3 approaches. However, the volume of tissue at risk predicted
by the pretraining approach showed excellent concordance (r c=
0.822; 95% CI, 0.725–0.919) with the true infarct volume com-
pared with the separate (r c = 0.685; 95% CI, 0.517–0.852) and
thresholding (r c = 0.657; 95% CI, 0.511–0.804) approaches. The
volumetric agreement between the pretraining approach and the
true lesion volume and the percentage volume difference are
shown in the Online Supplemental Data and the Table.

Prediction of Ischemic Core
The evaluations were performed in 67 patients with major reper-
fusion with T2 FLAIR follow-up at 3–7 days. The pretraining
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Clinical and imaging information of patients includeda

All Patients
(n = 237)

Minimal
Reperfusion (n = 52)

Major
Reperfusion

(n = 80)

Partial
Reperfusion

(n = 57)
Unknown

Reperfusion (n = 48)
P

Value
Male 108 (46) 27 (52) 39 (49) 25 (44) 17 (35) .3
Age (yr) 66 [SD, 16] 64 [SD, 16] 66 [SD, 16] 69 [SD, 14] 64 [SD, 17] .4
Hypertension 159 (67) 39 (75) 50 (63) 39 (68) 31 (65) .3
Diabetes 58 (25) 14 (27) 18 (23) 15 (26) 11 (23) .8
Dyslipidemia 97 (41) 24 (46) 30 (38) 30 (53) 13 (28) .6
Atrial fibrillation 73 (31) 12 (23) 27 (34) 21 (37) 13 (28) .4
Treatment methods .004
IV tPA only 79 (33) 25 (48) 18 (22) 21 (37) 15 (31)
Direct thrombectomy 62 (26) 8 (15) 29 (36) 16 (28) 9 (19)
Bridging therapy 77 (32) 13 (25) 31 (39) 16 (28) 17 (35)
No treatment 19 (8) 6 (12) 2 (3) 4 (7) 7 (15)
Onset-to-treatment
time (hr)

5.7 (4.7–7.4) 5.8 (5.2–6.3) 5.8 (4.6–7.8) 5.4 (4.6–6.4) 5.8 (4.9–7.7) .9

Baseline DWI lesion
volume (mL)

22 (8–57) 20 (6–63) 17 (6–43) 31 (16–83) 31 (13–61) .01

Baseline Tmax lesion
volume (mL)

115 (68–173) 98 (48–158) 115 (71–160) 126 (66–188) 123 (80–171) .3

PWI/DWI mismatch
ratiob

3.8 (1.9–8.6) 2.9 (1.4–6.8) 5.4 (2.3–13.9) 3.3 (2.0–5.8) 3.2 (1.6–6.6) .006

Baseline NIHSS 14 (10–19) 13 (8–19) 15 (9–19) 16 (10–19) 14 (11–19) .3
Symptomatic
hemorrhage

27 (11) 7 (13) 8 (10) 8 (14) 4 (8) .1

Reperfusion rate (%) 69 (15–97) 0 (0–9) 100 (92–100) 55 (37–68) NA ,.001
Final infarct volume
(mL)

49 (14–108) 59 (28–204) 19 (8–62) 77 (33–149) 57 (22–112) ,.001

90-day mRS 3 (1–4) 3 (2–4) 2 (1–3) 4 (2–5) 3 (1–4) ,.001

Note:—NA indicates not applicable.
aData are expressed as No. (%), median (IQR), or mean [SD].
bThe upper limit of the mismatch ratio was set to 20 if a small or no ischemic core lesion presented at baseline.

FIG 3. Two representative cases of predictions from the pretraining, separate, and thresholding approaches. Upper row: A 71 -year-old man
treated with IV tPA only, which achieved 0% reperfusion. Of note, only voxels with both diffusion and perfusion information are included in the
model. His true lesion is used to define tissue at risk. Lower row: A 45-year-old man treated with IV tPA and thrombectomy, which achieved
100% reperfusion. His true lesion is used to define ischemic core. The pretraining approach had more accurate prediction than either the sepa-
rate approach or the thresholding method, both visually, with DSC analysis, and volumetrically (Online Supplemental Data). Green areas overlaid
on the FLAIR image represent true-positive, blue represents false-negative, and red represents false-positive.
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approach again achieved the highest AUC (0.94; IQR, 0.89–0.97)
and DSC (0.57; IQR, 0.30–0.69) compared with the sepa-
rate approach and the thresholding method. The pretraining
approach also showed less biased volume prediction compared
with the thresholding approach and achieved excellent concord-
ance (r c¼ 0.756; 95% CI, 0.651–0.860) with the true infarct vol-
ume compared with the separate approach (r c ¼ 0.657; 95% CI,
0.519–0.795) and thresholding (r c ¼ 0.625; 95% CI, 0.489–0.762).
The volumetric agreement between the pretraining approach and
the true lesion volume and the percentage volume difference are
shown in the Online Supplemental Data and the Table.

Mismatch Patterns Predicted from the Deep Learning
Models
The median mismatch ratio yielded by the pretraining approach
was 2.0 (IQR, 1.5–4.2) for patients with minimal reperfusion and
2.7 (IQR, 2.0–5.4) for patients with major reperfusion, compared
with 2.9 (IQR, 1.4–6.8; P¼ .07) and 5.4 (IQR, 2.3–13.9; P, .001)
given by the thresholding approach. Examples of mismatch pre-
dicted by the 2 different approaches are shown in Fig 4.

DISCUSSION
By analyzing data from 3 multicenter clinical trials, this study
showed that a pretraining approach using deep learning in which a
large heterogeneous population is used to first train a common
model, which is then bifurcated into models for minimal and
major reperfusion, performs better than using separate training in
a smaller group of patients with extreme reperfusion. Furthermore,
it outperformed current clinically available prediction methods
based on a threshold of the DWI/PWI mismatch for identifying
tissue at risk and ischemic core in acute ischemic stroke.

Currently, Tmax. 6 seconds and ADC, 620 � 10�6mm2/s
are the state-of-the-art estimations for tissue fate with no reperfu-
sion and complete reperfusion.1,22,27 However, these thresholds
are derived from linear analysis and have not been validated in
large cohorts.29 Factors such as collateral status and gray/white
matter content may result in different susceptibilities to ische-
mia.30 This study suggested that the single-valued thresholding
approach could be outperformed using a nonlinear analysis
method such as deep learning. While we have shown the capabil-
ities of deep learning using MR imaging as the initial imaging
study, we recognize that CT is becoming increasingly used for
stroke triage. Similar methods could likely be used with CT data,
and this MR imaging–based approach using pretraining could act
as a starting point for training a CT-based triaging system, given
the wide availablity of CT scanners and the ability to extract simi-
lar perfusion parameters.

Previous traditional and machine learning studies used only
patients with minimal and major reperfusion to generate the cri-
teria of tissue at risk and ischemic core.6,25,26 In patients with is-
chemic stroke who received reperfusion therapy using the latest
devices, .50% of patients have partial reperfusion when the
reperfusion rate at 24 hours is intermediate (20%–80%) or the
TICI score is between 2a and 2b.1,31,32 Our results show that an
approach that trained models separately in patients with minimal
and major reperfusion had only moderate correlation with true
lesion volume and had only a minor advantage compared with

conventional thresholding methods. This finding is likely because
the separate approach “wastes”many cases that could potentially be
used to improve the network prediction. If we wanted to use the
separate approach to achieve the same level of predictive accuracy
as the pretraining approach, it likely requires a much larger training
set, which is challenging for clinical studies. For example, in the cur-
rent study, the pretrained model ultimately had access to approxi-
mately 2–3 times more individual cases for training than the
separate models. Therefore, the pretraining approach (fine-tuning
on a pretrained model) is a promising approach to maximally use
all available stroke data to improve the performance.

Fine-tuning techniques have been discussed in previous litera-
ture.33 Fine-tuning on the last layer is preferred when the predic-
tion task is within the pretrained model, while fine-tuning on the
last several layers is preferred for a more specific task as in this
study. Previous studies have shown that using models pretrained
on nonmedical image data may also perform well in medical
imaging data.34 However, medical images such as MR imaging
and CT are often quantitative or semiquantitative and in gray-
scale, differing from nonmedical photos. Complicated network
structure, filters, and pre-extracted features for regular photos
may be resource-consuming and redundant for MR imaging and
CT data and may not offer much performance benefit.35 This
study showed that pretraining using medical imaging data of the
same category and same cohort achieved excellent performance.
In the future, establishing pretrained models exclusively for medi-
cal imaging may help translate deep learning models into clinical
workflow application most efficiently.

Compared with previous studies that used machine learning
and deep learning to predict tissue fate,6,7,12 the accuracy and visual
reliability of our model are promising. Some may argue that if
more cases are used in the training set, they will always benefit the
model performance. A previous study that trained prediction mod-
els in all patients with stroke regardless of reperfusion status 12

showed good accuracy but had biased prediction in patients with
minimal and major reperfusion, with under- and overestimations
in lesion size, respectively. The current study shows that refining
the training strategy to specifically include patients with extreme
reperfusion states as a fine-tuning step will provide less biased pre-
dictions. McKinley et al6 trained 2 random forest classifiers on 15
cases with TICI 3 (ischemic core classifier) and 10 cases with TICI
0 (penumbra classifier). They reported a mean DSC of 0.32 [SD,
0.23] in cases with TICI grades 1 and 2a and 0.34 [SD, 0.22] in
cases with TICI grades 2b and 3. The models presented in this
study appear to perform better, though it is difficult to compare
metrics across studies that used different models and datasets.
Therefore, validating our models in the same dataset is an impor-
tant step for translation to clinical practice in the future.

After careful validation in a separate cohort and further
improvement in predictive accuracy, the models can be applied
to the triaging system in emergency departments. Similar to the
current commercial software and workstations that apply 2
thresholds (Tmax. 6 seconds and ADC, 620 � 10�6 seconds/
mm2), patients’ images could be fed separately into the 2 models,
which then generate predictions of tissue at risk and ischemic
core. A larger mismatch ratio between tissue at risk and ischemic
core indicates more benefit from reperfusion treatment, which
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can facilitate the timely clinical decision-making for patient triag-
ing (Fig 4). However, new criteria for the cutoff of the mismatch
ratio would be required because the current target mismatch cri-
teria4,21 were established solely with the thresholding approach.

There are several limitations to this study. Treatment varied

with respect to the use of thrombectomy and thrombolysis.

Although we considered the most important factor, reperfusion

status, in this study, clinical factors such as age, onset time to

imaging, or other risk factors were not included in the analysis. It

is our future aim to incorporate such clinical factors into the deep

learning models and test whether it can further improve perform-

ance. The patient cohort in this study mainly had onset-to-imaging

time exceeding 4.5 hours, which may affect the association between

baseline imaging and tissue fate. However, no consensus has been

reached on whether the perfusion profile is time-dependent,36,37

and patients presenting with prolonged symptoms represent the

most important cohort for a clinical imaging triaging system.

The model may not be directly applicable to images in the origi-

nal space because the training data were in the Montreal

Neurological Institute template space. However, the template

space may help reduce the model overfitting and provide im-

portant spatial information. The model may be further fine-

tuned with data in the original space to reduce the processing

time in real clinical settings.
We did not perform outcome analysis because the dataset was

not ideal for this purpose. Further studies are required to investigate
whether using the model prediction improves clinical outcome, but

it stands to reason that given the choice,
a method that more accurately identifies
dead and at-risk tissue would allow
clinicians to make better decisions about
thrombectomy. The data processing
and model parameters were chosen on
the basis of previous experience, and we
did not extensively search all combina-
tions of hyperparameters or fine-tuning
techniques, given time and computa-
tional constraints. Although better com-
binations could provide improvement,
our study demonstrated the feasibility
of using pretraining for stroke imag-
ing prediction and can be used as a
jumping-off point for future studies
seeking even better performance.
Further studies are also warranted
investigating whether prediction directly
from source perfusion images will
improve the performance.

CONCLUSIONS
This multicenter study showed that an
attention-gated deep convolutional
neural network can be used to identify
tissue at risk and core in acute ische-
mic stroke at levels superior to the
current clinical state of the art. Further

clinical validation is required for these methods to be incorpo-
rated as a deep learning acute stroke triaging system.
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ORIGINAL RESEARCH
ADULT BRAIN

Vessel Wall Enhancement on Black-Blood MRI Predicts Acute
and Future Stroke in Cerebral Amyloid Angiopathy

J.S. McNally, A. Sakata, M.D. Alexander, L.D. Dewitt, J.A. Sonnen, S.T. Menacho, G.J. Stoddard, S.-E. Kim, and
A.H. de Havenon

ABSTRACT

BACKGROUND AND PURPOSE: Cerebral amyloid angiopathy (CAA) is a known risk factor for ischemic stroke though angiographic
imaging is often negative. Our goal was to determine the relationship between vessel wall enhancement (VWE) in acute and future
ischemic stroke in CAA patients.

MATERIALS AND METHODS: This was a retrospective study of patients with new-onset neurologic symptoms undergoing 3T vessel
wall MR imaging from 2015 to 2019. Vessel wall enhancement was detected on pre- and postcontrast flow-suppressed 3D T1WI.
Interrater agreement was evaluated in cerebral amyloid angiopathy–positive and age-matched negative participants using a preva-
lence- and bias-adjusted kappa analysis. In patients with cerebral amyloid angiopathy, multivariable Poisson and Cox regression
were used to determine the association of vessel wall enhancement with acute and future ischemic stroke, respectively, using
backward elimination of confounders to P, .20.

RESULTS: Fifty patients with cerebral amyloid angiopathy underwent vessel wall MR imaging, including 35/50 (70.0%) with ischemic stroke
and 29/50 (58.0%) with vessel wall enhancement. Prevalence- and bias-corrected kappa was 0.82 (95% CI, 0.71–0.93). The final regression
model for acute ischemic stroke included vessel wall enhancement (prevalence ratio ¼ 1.5; 95% CI, 1.1–2.2; P ¼ .022), age (prevalence ratio
¼ 1.02; 95% CI, 1.0–1.05; P ¼ .036), time between symptoms and MR imaging (prevalence ratio¼ 0.9; 95% CI, 0.8–0.9; P, .001), and smok-
ing (prevalence ratio¼ 0.7; 95% CI, 0.5–1.0; P ¼ .042) with c-statistic ¼ 0.92 (95% CI, 0.84–0.99). Future ischemic stroke incidence with
cerebral amyloid angiopathy was 49.7% (95% CI, 34.5%–67.2%) per year over a total time at risk of 37.5 person-years. Vessel wall enhance-
ment–positive patients with cerebral amyloid angiopathy demonstrated significantly shorter stroke-free survival with 63.9% (95% CI,
43.2%–84.0%) versus 32.2% (95% CI, 14.4%–62.3%) ischemic strokes per year, chi-square ¼ 4.9, P ¼ .027. The final model for future ische-
mic stroke had a c-statistic of 0.70 and included initial ischemic stroke (hazard ratio ¼ 3.4; 95% CI, 1.0–12.0; P ¼ .053) and vessel wall
enhancement (hazard ratio ¼ 2.5; 95% CI, 0.9–7.0; P ¼ .080).

CONCLUSIONS: Vessel wall enhancement is associated with both acute and future stroke in patients with cerebral amyloid angiopathy.

ABBREVIATIONS: CAA ¼ cerebral amyloid angiopathy; HR ¼ hazard ratio; PR ¼ prevalence ratio; VWE ¼ vessel wall enhancement; vwMRI ¼ vessel wall
MR imaging; AIS ¼ acute ischemic stroke; SPACE ¼ sampling perfection with application-optimized contrasts by using different flip angle evolutions

Vessel wall enhancement (VWE) can be detected using vessel
wall MR imaging (vwMRI) using flow-suppressed, contrast-

enhanced black-blood T1-weighted sequences.1,2 In the setting of

intracranial atherosclerosis, VWE is a known independent risk
factor for acute ischemic stroke (AIS).3,4 Other pathologies also
affect the vessel wall, including vasculitis, reversible cerebral vaso-
constriction syndrome, and Moyamoya disease and their findings
on vwMRI that have been previously described.1,5,6 Very recently,
a case series found VWE in 2 of 5 patients (40%) with cerebral
amyloid angiopathy (CAA).7 Although this small study showed
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that VWE can occur in patients with noninflammatory CAA, its
neurologic impact is unknown.

In addition to lobar hemorrhage, CAA is an important cause
of transient neurologic complaints (amyloid spells), cognitive
impairment, and ischemic infarcts.8-10 The pathogenesis of CAA is
complex and related to amyloid-b deposition in the small- to me-
dium-sized vessel walls, resulting in necrosis, vessel rupture, or
thrombosis.11-13 Because of this, imaging techniques that highlight
vessel wall pathology, such as vwMRI, may have diagnostic and
prognostic impact in patients with CAA. Brain imaging currently
plays a vital role in CAA diagnosis using the modified Boston crite-
ria.14 The most common acute imaging finding in patients with
CAA is hemorrhage from vessel rupture.15 Microinfarcts can be
seen in animal models of CAA16 and are present in 30%–60% of
patients with CAA,17,18 contributing to cortical thinning.19 CAA
imaging criteria depend primarily on the presence of prior hemor-
rhage on susceptibility-weighted sequences,20 including siderosis
and microhemorrhages in lobar, cortical- or subcortical loca-
tions.14 CAA disproportionately affects older adults, with increas-
ing prevalence after age 60 years.21 Because of this, the modified
Boston criteria for CAA use a threshold of 55 years or older.

Patients with CAA often undergo work-up for acute neurologic
deficits concerning for ischemic stroke, which can be detected on
MR imaging.22 Evaluation of ischemic stroke risk in patients with
CAA has important diagnostic and prognostic impact because it is
a significant contributor to cognitive decline.23 These patients have
complex medical histories, and because vessel wall pathology may
not easily be seen with lumen imaging, this necessitates further
evaluation with vessel wall imaging techniques. Because of their
complicated nature, neurology consultation and vwMRI are often
performed in the work-up of patients with CAA at our institution.
In light of this and given the importance of VWE in a variety of in-
tracranial vasculopathies, our goal was to determine the association
of VWEwith AIS in patients with CAA undergoing vwMRI during
stroke work-up. In this study, we evaluated both acute concurrent
and future ischemic stroke risk while controlling for potential cere-
brovascular confounders. Our hypothesis was that in patients with
CAA, VWE would be associated with both concurrent and future
ischemic stroke.

MATERIALS AND METHODS
The data in this manuscript are available upon reasonable request.

Study Design and Cohort
Institutional review board approval was obtained before this ret-
rospective study at our academic center from 2015 to 2019 in
patients undergoing vwMRI for acute neurologic deficits con-
cerning for ischemic stroke. Because of the retrospective nature,
informed consent was not required by the institutional review
board. In this protocol, all patients with CAA included had prob-
able or possible CAA (based on modified Boston criteria and
microhemorrhages detected before vwMRI) and documented
acute focal neurologic deficits warranting vwMRI during the
stroke work-up. All patients with CAA admitted under the neu-
rology team with suspected stroke during this time period under-
went vwMRI work-up per protocol. Although a few scans
exhibited mild motion artifacts, none was sufficient to exclude

any participants from interpretation. Chart review was used to
determine age, sex, and other potential cerebrovascular con-
founders at the time of vwMRI.

CAA Diagnosis
Patients diagnosed with probable or possible CAA were included
in this study. Modified Boston criteria were used by a vascular neu-
rologist to diagnose CAA.14 Briefly, modified Boston criteria for
probable CAA included age 55 years or older, appropriate clinical
history, and MR imaging findings demonstrating either 1) multiple
hemorrhages restricted to lobar, cortical, or corticosubcortical
regions of varying sizes or ages without another cause or 2) a single
lobar, cortical, or corticosubcortical hemorrhage and focal (#3
sulci) or disseminated (.3 sulci) cortical superficial siderosis with-
out another cause. Cases of possible CAA were also included based
on the modified Boston criteria definition: single lobar, cortical, or
corticosubcortical hemorrhage without other cause. Twelve of our
CAA cases were also confirmed with biopsy.

vwMRI Protocol
All MR imaging was obtained at 3T on Verio, Trio, or Prisma plat-
forms (Siemens) with standard head coils and a standard contrast
dose of MultiHance (Bracco), 0.1mmol/kg. Sequences included
those in the Online Supplemental Data. The sampling perfection
with application-optimized contrasts by using different flip angle
evolutions (SPACE; Siemens) sequences were acquired with delay
alternating with nutation for tailored excitation flow suppression.24

Images were obtained in this order—precontrast: DWI, SWI, TOF,
T2 SPACE, T1 SPACE and postcontrast: TOF and T1 SPACE.

Brain Parenchymal Findings
Both acute and future ischemic stroke were determined using the
American Heart Association definition of CNS infarction as previ-
ously described.25 Briefly, acute or future ischemic stroke was
defined by brain cell death attributable to ischemia based on 1)
imaging evidence of cerebral infarction or 2) clinical symptoms
persisting $24hours, with other causes excluded. We also
reviewed neurovascular clinic or inpatient charts to determine
presence of AIS occurring at the time of imaging for concurrent
stroke and at follow-up visits or neuroimaging for future stroke.
Although all patients with CAA in this study had the clinical suspi-
cion of stroke, only DWI-positive and low-ADC value acute
infarcts were included as positive for AIS. In addition, the DWI
positive infarct did not have to necessarily explain the patient’s pre-
sentation and could be included even if clinically silent. The vari-
able time between symptom onset and MR imaging was included
as a potential confounder in the statistical analysis. Acute infarct
was defined using DWI derived from DTI trace images described
previously with parameters in the Online Supplemental Data.26

DTI trace outperforms conventional diffusion-weighted sequences
in detecting acute infarcts.27 Brain DWI was interpreted by a sub-
specialty-trained, Certificate of Added Qualification–certified neu-
roradiologist blinded to vascular imaging. Follow-up imaging was
only performed if patients developed an additional new, acute neu-
rologic deficit concerning for ischemic stroke. DWI was the pri-
mary imaging determinant for both acute and future ischemic
infarct in all patients. Although we had access to both CT and
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FLAIR imaging for all patients, these did not show additional inter-
val infarcts not detected by DWI. Acute hemorrhage was also diag-
nosed on a CT scan by a neuroradiologist blinded to vascular
imaging.

Vessel Wall Enhancement
Two separate board-certified radiologists evaluated VWE using T1
SPACE pre- and postcontrast sequences on vwMRI, blinded to
additional imaging or clinical information. In cases of disagree-
ment, a third radiologist was used as a tiebreaker. A signal thresh-
old was used for VWE positivity using signal at or above the
pituitary infundibulum as previously described.1,3 VWE was
graded in a binary manner—either positive or negative for the
entire set of brain images of each patient. This was done for the
whole brain without regard to vascular segment, nor was it neces-
sarily coupled with the area of DWI positivity. In addition to evalu-
ating whole-brain VWE, we evaluated territorial VWE in patients
with acute ischemic infarcts. VWE was evaluated in medium to
small artery walls and only in vessels with confirmed arterial flow
visible on TOF (including the first- through fourth-order branches
of the circle of Willis). The TOF was only used to confirm the ves-
sel was an artery and not a vein, and the VWE readers did not
simultaneously grade the TOF for stenosis (see later discussion).
Enhancement along a single vessel wall was considered positive,
though in all positive patients,.1 vessel was involved.

Stenosis on vwMRI
Maximum percent diameter stenosis was determined per the
Warfarin-Aspirin Symptomatic Intracranial Disease trial measure-
ment of intracranial stenosis.28 The subspecialty-trained, Certificate
of Added Qualification–certified neuroradiologist determined ste-
nosis blinded from DWI and VWE images at the time of TOF eval-
uation (and performed after a 2-month washout period). Of all
intracranial arteries visible on TOF, the artery with maximum ste-
nosis was selected using a combination of axial imaging, multipla-
nar reformats, maximum intensity projections, and 3D reformats.
Then the diameter (b) at the level of maximal stenosis and diameter
(a) of the downstream vessel distal to the stenosis were used to cal-
culate percent diameter stenosis using the formula [(a-b)/a] �
100%. Stenosis was measured at the narrowest segment of the vessel
(b) perpendicular to the long axis of the vessel on multiplanar refor-
mats using a submillimeter measurement tool. From the Warfarin-
Aspirin Symptomatic Intracranial Disease trial, in cases in which
the downstream segment of the vessel was diseased, a proximal nor-
mal vessel segment was used for the comparison diameter (a). In
cases in which the entire vessel was diseased, the contralateral vessel
was used for the comparison diameter (a).

Interrater Reliability
For interrater reliability, we evaluated an equal number of negative
control participants alongside the patients with CAA. This group
of CAA-negative patients were age-matched (older than 55 years
old) and had undergone vwMRI during the same time period, with
the same protocol, and in the same scanners. These patients had
no evidence of probable or possible CAA, vascular stenosis, aneu-
rysm, or acute stroke or hemorrhage. Interrater reliability for the
binary vwMRI measurement of positive or negative enhancement

was calculated in the combined group of CAA and negative control
participants blinded to all other imaging and clinical covariates
using prevalence- and bias-adjusted kappa statistics.

Statistical Analysis
Univariable binary Poisson regression, with robust standard errors,
was used in the patients with CAA to determine the prevalence ra-
tio (PR) of vwMRI factors, as well as clinical confounders for con-
current AIS as determined by retrospective chart review. These
confounders included maximum percent stenosis, age, female sex,
hypertension, hyperlipidemia, diabetes, smoking, antiplatelet use,
anticoagulation use, antihypertension use, and statin use. Systemic
inflammatory markers (erythrocyte sedimentation rate and C-reac-
tive protein) were also recorded in 30 of the 50 patients with CAA.
The time between symptom onset and MR imaging was also eval-
uated in relation to AIS. Next, all potential confounding variables
with P, .20 from the univariable analysis were placed in an initial
multivariable binary Poisson regression model with robust stand-
ard errors for the prediction of AIS; then variables were eliminated
in a backward fashion until all remaining variables met the thresh-
old P, .20.

Accuracy of the prediction of AIS was determined using the
area under the receiver operating characteristic curve, also called
the c-statistic. Lastly, we investigated whether the presence of
VWE predicted future ischemic stroke using Kaplan-Meier sur-
vival analysis to estimate the ischemic event rate. Ischemic event
rates per 100 person-years were calculated for each outcome, and
the formula annual risk ¼ 1(exp[-event rate � time]) was used to
estimate the absolute annual risk. Time to event was further ana-
lyzed for stroke by use of univariable followed by multivariable
Cox regression analysis. After univariable analysis, factors with
P, .20 were placed in an initial multivariable model; then varia-
bles underwent backward elimination to a threshold P, .20. All
patients were followed up by chart review for interval stroke
symptoms to the end of the study in 2019. Cox regression was
used to account for variable times to event.

In binary outcome models, 5 outcome events for every predic-
tor are sufficient to avoid overfitting.29 Our final model for future
stroke met this. The final Poisson regression model, however, did
not, and this is known to increase the likelihood of finding false-
positive predictors.30 To assess the stability of the final Poisson
model, the bootstrap inclusion fraction was computed for each
predictor, which is the percentage of times the variable remains
in the final model in a large number of bootstrap resamples in
which the variable selection is repeated.31,32 Predictors with boot-
strap inclusion fractions ,50% were dropped from the final
model as unreliable because these would not likely remain as sig-
nificant predictors in future datasets.

All statistical analyses were performed using Stata-15.1 statis-
tical software (StataCorp).

RESULTS
CAA Study Population
Characteristics of the patients with CAA are listed in Table 1. A
total of 50 patients met CAA study criteria, with vwMRI obtained
within 7 days of stroke symptom onset. These patients included
those with probable (43/50) and possible (7/50) CAA; 35/50
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(70.0%) patients had AIS, 23/50 (46.0%) had acute hemorrhage,
and 19/50 (38.0%) had both. Potential confounders included
maximum percent stenosis (14.9 6 20.8, mean 6 SD), patient
age (71.9 6 7.7 years), female sex (27/50, 54.0%), hypertension
(43/50, 86.0%), hyperlipidemia (32/50, 64.0%), diabetes (14/50,
28.0%), smoking (19/50, 38.0%), antiplatelet use (18/50, 36.0%),
anticoagulant use (5/50, 10.0%), antihypertensive use (37/50,
74.0%), statin use (27/50, 54.0%), time between symptom onset
and MR imaging (3.9 6 2.6 days), and elevated inflammatory
markers, which were recorded in 30 patients (10, 33.3%).

VWE Interrater Reliability
The 50 patients with CAA were combined with 50 negative control
participants without CAA, acute hemorrhage, ischemic stroke, or
vascular pathology. Patients with CAA demonstrated VWE (29/50,
58.0%), whereas negative control participants did not (0/50, 0.0%).
Fig 1 illustrates 3 separate patients with CAA with variable degrees

of VWE including a VWE negative scan, a single VWE positive ar-
tery on a single image, and a VWE positive scan with multiple
arteries involved on the same image. In the combined group of 50
CAA and 50 negative control patients, the radiology reviewers
agreed 91/100 times with a third tie-breaker used 9 times.
Interrater reliability for VWE was “substantial,” with a prevalence-
and-bias-corrected kappa=0.82 (95% CI, 0.71–0.93).

Factors Associated with Acute Ischemic Stroke in Patients
with CAA
A representative patient with CAA presenting with AIS and
VWE is shown in Fig 2. Leptomeningeal and brain biopsy was
also performed in this particular patient as shown in the Online
Supplemental Data. In this index case, pathology showed evi-
dence of CAA coupled with vessel wall inflammation. Overall,
35/50 patients with CAA were positive for AIS, and 23 of these
were VWE positive, with 22/23 matched to the vascular territory
(95.7%). There were 5/50 patients with CAA with.50% stenosis
and 0/50 with .70% stenosis. Of those with .50% stenosis, 1/5
had an acute ischemic infarct within the stenosis territory, though
this patient did not have a future ischemic stroke. Univariable
analysis with factors and potential confounders associated with
AIS are depicted in Table 2.

Factors associated with concurrent AIS meeting the P,.20
threshold were entered into the initial multivariable model. These
included: VWE (PR ¼ 1.6; 95% CI, 1.0–2.5; P ¼ .044), age (PR ¼
1.01; 95% CI, 0.99–1.05; P ¼ .146), diabetes (PR ¼ 1.3; 95% CI,
1.0–1.9; P ¼ .080), time between symptom onset and MR imaging
(PR ¼ 0.9; 95% CI, 0.8–1.0; P ¼ .006) and smoking (PR ¼ 0.7;
95% CI, 0.4–1.1; P ¼ .095). These did not include maximum
percent stenosis (PR ¼ 1.6; 95% CI, 0.7–3.6; P ¼ .297) or other
confounders. Also, in the 30 patients with recorded systemic
inflammatory markers, these were not associated with AIS (PR ¼
1.2; 95% CI, 0.9–1.7; P ¼ .282). After sequential backwards elimi-
nation to a threshold P,.20, 4 factors remained in the final model:
VWE (PR ¼ 1.5; 95% CI, 1.1–2.2; P ¼ .022), age (PR ¼ 1.02; 95%
CI, 1.0–1.05; P ¼ .036), time between symptoms and MR imaging
(PR ¼ 0.9; 95% CI, 0.8–0.9; P, .001), and smoking (PR ¼ 0.7;
95% CI, 0.5–1.0; P ¼ .042). The final model discriminatory value

FIG 1. Variation of VWE findings in patients with CAA. A, This patient with CAA had no VWE along the intracranial arteries (arrowheads). B,
There was VWE along a single right MCA branch in the representative image (arrows, inset with asterisks). C, There were multiple left MCA
branches with VWE on the same image (arrows).

Table 1: Characteristics of patients with CAA
Patient Characteristic n= 50

Probable CAA, n (%) 43 (86.0)
Biopsy proved, n (%) 12 (24.0)
Possible CAA, n (%) 7 (14.0)
Neurologic outcomes
Ischemic stroke, n (%) 35 (70.0)
Hemorrhage, n (%) 23 (46.0)
Both, n (%) 19 (38.0)

VWE 29 (58.0)
Clinical confounders
Maximum percent stenosis, mean (SD) 14.9 (20.8)
Age, mean (SD), y 71.9 (7.7)
Female sex, n (%) 27 (54.0)
Hypertension, n (%) 43 (86.0)
Hyperlipidemia, n (%) 32 (64.0)
Diabetes, n (%) 14 (28.0)
Smoking, n (%) 19 (38.0)
Antiplatelet, n (%) 18 (36.0)
Anticoagulation, n (%) 5 (10.0)
Antihypertension, n (%) 37 (74.0)
Statin, n (%) 27 (54.0)
Time between symptom onset and MR imaging in
days, mean (SD)

3.9 (2.6)

Inflammatory marker elevation, n (%), n¼ 30 available 10 (33.3)
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was c-statistic =0.92 (95% CI, 0.84–
0.99). The bootstrap inclusion fraction
was computed for each predictor, and
all variables in the final model were
stable, meaning the results were not
due to overfitting.

Future Stroke Prediction
In this study patients with CAA had
an overall time at risk of 37.5 person-
years and incident stroke event rate
of 49.7% (95% CI, 34.5%–67.2%) per
year. Kaplan-Meier survival analysis
(Fig 3) demonstrated significantly
shorter stroke-free survival with
VWE. VWE-positive patients with
CAA had a higher ischemic event
rate of 63.9% (95% CI, 43.2%–84.0%)
per year compared with VWE-nega-
tive patients with CAA with 32.2%
(95% CI, 14.4%–62.3%) per year, with
chi-square ¼ 4.9 and P ¼ .027. Uni-
variable Cox regression analysis for

Table 2: Univariable Poisson regression CAA vwMRI findings and AIS

Stroke Predictor
Stroke (2)
(n= 15)

Stroke (+)
(n= 35)

Univariable
PR (95% CI)

P
Value

VWE, n (%) 5 (33.3) 24 (68.6) 1.6 (1.0–2.5) .044
Maximum percent stenosis, mean (SD) 10.3 (20.7) 16.9 (20.8) 1.6 (0.7–3.6) .297
Age, mean (SD) 69.4 (8.5) 73.0 (7.2) 1.01 (0.99�1.05) .146
Female, n (%) 7 (46.7) 20 (57.1) 1.1 (0.8–1.7) .507
Hypertension, n (%) 13 (86.7) 30 (85.7) 1.0 (0.6–1.6) .928
Hyperlipidemia, n (%) 10 (66.7) 22 (62.9) 1.0 (0.7–1.4) .796
Diabetes, n (%) 2 (13.3) 12 (34.3) 1.3 (1.0–1.9) .080
Smoking, n (%) 9 (60.0) 11 (31.4) 0.7 (0.4–1.1) .095
Antiplatelet, n (%) 5 (33.3) 13 (37.1) 1.1 (0.7–1.5) .796
Anticoagulation, n (%) 1 (6.7) 4 (11.4) 1.2 (0.7–1.9) .546
Antihypertension, n (%) 12 (80.0) 25 (71.4) 0.9 (0.6–1.3) .499
Statin, n (%) 8 (53.3) 19 (54.3) 1.0 (0.7–1.5) .951
Time between symptom onset and MR
imaging in days, mean (SD)

5.5 (2.4) 3.2 (2.3) 0.9 (0.8–1.0) .006

Inflammatory marker elevation, n (%),
n = 30 available

1 (16.7)
n¼ 6

9 (37.5)
n¼ 24

1.2 (0.9–1.7) .282

Note:—Univariable Poisson regression was initially performed with PR values, with 95% CI and P values above. All
potential confounding variables with P, .20 from the univariable analysis were placed in an initial multivariable
Poisson regression model for AIS; then variables were eliminated in a backward fashion to the threshold P, .20.
Four factors remained in the final multivariable regression model for AIS: VWE (PR¼ 1.5; 95% CI, 1.1–2.2; P¼ .022),
age (PR¼ 1.02; 95% CI, 1.0–1.05; P¼ .036), time between symptoms and MR imaging (PR¼ 0.9; 95% CI, 0.8–0.9;
P, .001), and smoking (PR¼ 0.7; 95% CI, 0.5–1.0; P¼ .042)

FIG 2. Representative patient with CAA with acute hemorrhage, AIS, and VWE. This 69-year-old woman with acute right hand incoordination
and aphasia. Acute left frontal parenchymal hemorrhage was detected on CT (A, arrow). DWI showed a small acute right frontal infarct (B,
arrowhead) in addition to the hemorrhage (arrow). SWI demonstrated multiple peripheral and subcortical microhemorrhages (C, arrowheads)
in addition to the acute hemorrhage (arrow). Vessel wall imaging with pre- (D) and postcontrast T1 SPACE (E and F) revealed VWE along arterial
branches (E, arrow, inset; F, arrow, inset).
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stroke showed that 3 factors significantly increased future stroke
risk: initial stroke (hazard ratio [HR] ¼ 4.2; 95% CI, 1.2–14.3;
P ¼ .023), VWE (HR ¼ 3.1; 95% CI, 1.1–8.6; P ¼ .027), and

smoking (HR ¼ 0.5; 95% CI, 0.2–1.3; P ¼ .135). These were the
only variables with P, .20 from the univariable analysis and
were placed in the initial multivariable Cox regression model.
After multivariable regression, only 2 variables remained in the
final model at the P, .20 threshold and predicted future ische-
mic stroke with a c-statistic of 0.70. The final model consisted of
initial ischemic stroke (HR ¼ 3.4; 95% CI, 1.0–12.0; P ¼ .053)
and VWE (HR¼ 2.5; 95% CI, 0.9–7.0; P ¼ .080).

DISCUSSION
This study adds support to the growing literature on ischemic
stroke risk in CAA by investigating the prognostic impact of
vwMRI. Our data show that vwMRI can identify VWE in patients
with CAA with high interrater reliability, paralleling previous stud-
ies in other vasculopathies.1,3 Furthermore, VWE was an essential
predictor of both acute and future ischemic stroke in CAA, with
VWE associated with significantly shorter stroke-free survival.

Ischemic stroke occurs often in patients with CAA despite nega-
tive angiographic imaging.33,34 Our study confirms the lack of asso-
ciation with lumen stenosis. This corresponds to prior work finding
no association between vascular occlusion or stenosis with white
matter hyperintensities in CAA.35,36 Although lumen imaging lacks
the resolution of small-vessel pathology, this limitation does not
appear to affect contrast leakage as detected by vwMRI. Our
observed 70% prevalence for concurrent ischemic infarcts and 42%
prevalence of future stroke is slightly higher than previously
reported acute microinfarcts in 30%–60% of patients with
CAA.17,18 This may reflect some degree of selection bias, given that
only symptomatic patients with CAA underwent vwMRI. Because
of this, these data should be applied to symptomatic patients with
CAA presenting with acute neurologic deficits. Variable time
between stroke symptom onset and vwMRI was a potential limita-
tion, though this was accounted for in the final regression model
and VWE remained associated with AIS. Other potential limita-
tions include variable follow-up methods and time periods for
stroke follow-up evaluation.

FIG 3. Future stroke risk analysis. Kaplan-Meier survival curves are
shown for patients with CAA with versus without VWE, vwMRI (1)
versus (-). In the 50 participants, the total time at risk was 37.5 person-
years, and incidence event rate of ischemic stroke was 49.7% (95% CI,
34.5%–67.2%) per year. Patients with CAA with VWE demonstrated
significantly shorter stroke-free survival with an event rate of 63.9%
(95% CI, 43.2%–84.0%) per year compared with 32.2% (95% CI, 14.4%–
62.3%), chi-square¼ 4.9, P¼ .027. As discussed in Table 3, multivariable
Cox regression followed by backward elimination to a threshold P
value of 0.20 showed that VWE was 1 of 2 factors remaining in the final
future stroke prediction model (VWE HR= 2.5; 95% CI, 0.9–7.0; P¼ .080
and initial ischemic stroke HR¼ 3.4; 95% CI, 1.0–12.0; P¼ .053).

Table 3: Univariable Cox regression for future ischemic stroke
Stroke Predictor Future Stroke (2) (n= 29) Future Stroke (+) (n= 21) Univariable HR (95% CI) P Value

Initial stroke, n (%) 17 (58.6) 18 (85.7) 4.2 (1.2–14.3) .023
VWE, n (%) 13 (44.8) 16 (76.2) 3.1 (1.1–8.6) .027
Maximum percent stenosis, mean (SD) 17.1 (22.5) 11.9 (18.3) 0.7 (0.1–6.4) .723
Age, mean (SD) 72.6 (8.2) 71.0 (7.1) 1.0 (0.9–1.0) .651
Female, n (%) 13 (44.8) 14 (66.7) 1.5 (0.6–3.7) .397
Hypertension, n (%) 24 (82.8) 18 (90.5) 1.7 (0.4–7.1) .499
Hyperlipidemia, n (%) 17 (58.6) 15 (71.4) 1.3 (0.5–3.5) .552
Diabetes, n (%) 7 (24.1) 7 (33.3) 1.3 (0.5–3.3) .571
Smoking, n (%) 14 (48.3) 6 (28.6) 0.5 (0.2–1.3) .135
(interval) Antiplatelet, n (%) 9 (31.0) 6 (28.6) 0.8 (0.3–2.1) .649
(interval) Anticoagulation, n (%) 3 (10.3) 1 (4.8) 0.4 (0.05–2.8) .336
(interval) Antihypertension, n (%) 23 (79.3) 17 (81.0) 1.3 (0.4–3.8) .662
(interval) Statin, n (%) 22 (75.9) 14 (66.7) 0.7 (0.3–1.6) .372
(interval) Immunosuppression, n (%) 7 (24.1) 10 (47.6) 1.5 (0.7–3.7) .322
Elevated inflammatory markers, n (%),
n¼ 30 available

5 (33.3) n¼ 15 5 (33.3) n¼ 15 1.1 (0.4–3.1) .928

Note:—Interval indicates interval treatment with the listed medication as a potential confounder.
Univariable Cox regression was initially performed with HR values, with 95% CI and P values below. All potential confounding variables with P, .20 from the univariable
analysis were placed in an initial multivariable Cox regression model for future ischemic stroke; then variables were eliminated in a backward fashion to the threshold
P, .20. Two factors remained in the final multivariable regression model for future ischemic stroke: initial ischemic stroke (HR¼ 3.4; 95% CI, 1.0–12.0; P¼ .053) and VWE
(HR¼ 2.5; 95% CI, 0.9–7.0; P¼ .080)
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Another limitation was the single-center nature, though multi-
ple different scanners and separate observers were used for internal
validation. With the growing clinical use of vwMRI it should soon
be possible to confirm these findings at additional centers, poten-
tially with future multicenter studies. Additionally, our study was
not designed to determine best treatment or preventative strategies
against future ischemic stroke in CAA. Although some additional
confounders were associated with initial ischemic stroke, future
stroke prevention is the critical issue. Also, although our study did
not include asymptomatic CAA control participants, the patients
with CAA without acute or follow-up infarcts on DWI served as
the comparator groups in our regression analyses. A future study
on asymptomatic patients with CAA could determine silent stroke
risk in this population.

Our dataset also had limited information on VWE linked
with CAA-related inflammation, which is characterized by rapid
cognitive decline, vascular inflammation, and lobar edema.37,38

Systemic inflammation did not contribute to stroke risk in our
group of patients with CAA, though the role of local inflamma-
tion is not yet well defined. Although most patients did not
undergo biopsy, 1 patient in the Online Supplemental Data
showed CAA-related inflammation on pathology that corre-
sponded with VWE. It is clear though that VWE does not always
meet the threshold of pathology-defined CAA-related inflamma-
tion related to leukocyte infiltration.7 Local proinflammatory cas-
cades may still be activated, resulting in endothelial dysfunction
and contrast leakage before overt leukocyte infiltration on pathol-
ogy. The traditional dichotomy of CAA with or without inflam-
mation may instead represent a spectrum of proinflammatory
cascades as with other neuroimmunologic diseases, including
multiple sclerosis.39 Without an overt link to inflammation on
pathology, however, the use of novel immunotherapies in
patients with CAA with VWE remains premature.

The strengths of this imaging study include a sizable number of
patients with CAA undergoing unique evaluation with vwMRI.
Although the retrospective design is a limitation, this applies to
most imaging studies of patients with CAA. More important, our
conclusions are relevant to symptomatic patients with CAA in
whom diagnostic and treatment decisions are made on an urgent
basis, and there was a high risk of future stroke correlated with
VWE on initial vwMRI, which allows for prognostication in these
patients. Also, despite the minority of patients undergoing con-
firmatory biopsy, the results remain generalizable to patients with
suspected CAA by imaging. By evaluating all participants with
CAA who underwent imaging, these results translate to clinical
practice in the work-up of acute neurologic deficits or rapid neuro-
logic decline. These patients with CAA tend to benefit the most
from rapid diagnosis, stroke prevention strategies, and close fol-
low-up. Future research is warranted to develop or identify treat-
ment strategies against the CAA disease processes leading to VWE.

CONCLUSIONS
VWE can be reliably detected on black-blood vwMRI in patients
with CAA presenting with new-onset focal neurologic symptoms,
and this is associated with AIS. VWE was highly associated with
concurrent AIS on multivariable regression analysis. Most impor-
tant, initial stroke and VWE were essential factors predicting

future ischemic stroke risk in this cohort of patients with CAA.
The use of vwMRI can have diagnostic and prognostic impact in
this high-risk population and may serve as the target for future
trials aimed at decreasing stroke risk.
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Clinical Features of Cytotoxic Lesions of the Corpus
Callosum Associated with Aneurysmal

Subarachnoid Hemorrhage
H. Toi, K. Yagi, S. Matsubara, K. Hara, and M. Uno

ABSTRACT

BACKGROUND AND PURPOSE: Patients with SAH due to a ruptured intracranial aneurysm occasionally show reversible high-signal
lesions in the splenium of the corpus callosum on DWI. These lesions are called cytotoxic lesions of the corpus callosum. This
study retrospectively reviewed cases of aneurysmal SAH and investigated clinical features of cytotoxic lesions of the corpus cal-
losum associated with SAH.

MATERIALS AND METHODS: Participants comprised 259 patients with aneurysmal SAH who had undergone curative treatment at
our hospital. We examined the following items related to cytotoxic lesions of the corpus callosum: occurrence rate, timing of
appearance and disappearance of the lesions, lesion size, aneurysm location, severity of SAH, treatment method, clinical course,
and outcome.

RESULTS: Among the 259 cases, DWI detected cytotoxic lesions of the corpus callosum in 33 patients (12.7%). The mean periods from
the onset of SAH to detection and disappearance of cytotoxic lesions of the corpus callosum were 6.3 days (range, 0–25 days) and
35.7 days (range, 9–78days), respectively. Cytotoxic lesions of the corpus callosum were classified into 2 types: a small type localized in
the splenium in 26 cases (78.9%) and a large type spread along the ventricle in 7 cases (21.2%). The severity of SAH, coiling, hydrocepha-
lus, and poor mRS score at discharge were significantly higher in the group with cytotoxic lesions of the corpus callosum. However, mul-
tivariate analysis did not identify cytotoxic lesions of the corpus callosum as a risk factor for poor outcome.

CONCLUSIONS: Cytotoxic lesions of the corpus callosum appear at a frequency of 12.7% in patients with aneurysmal SAH.
Cytotoxic lesions of the corpus callosum associated with SAH take several days to appear and subsequently resolve within about a
month. Cytotoxic lesions of the corpus callosum were likely to occur in patients with high-grade SAH but did not represent a pre-
dictor of poor outcome.

ABBREVIATIONS: CLOCC ¼ cytotoxic lesions of the corpus callosum; DCI ¼ delayed cerebral ischemia

MR imaging findings of cytotoxic lesions of the corpus cal-
losum (CLOCC) are known to appear in association with

various pathologic conditions such as encephalitis, encephalop-
athy, metabolic disorder (hypoglycemia and hypernatremia),
antiepileptic drug withdrawal, alcoholism, infection, and sei-
zure.1-14 A series of cases showing CLOCC associated with coro-
navirus disease 2019 was also recently reported.15 These lesions
are clearly detectable, especially on DWI.13 In patients with SAH
due to a ruptured intracranial aneurysm, reversible high-signal

lesions (ie, CLOCC) are sometimes observed on DWI in the sple-
nium of the corpus callosum during the clinical course, but the
frequency of appearance and associations with clinical findings
remain unclear.14,16 The present study retrospectively reviewed
cases of aneurysmal SAH and investigated the clinical features of
CLOCC associated with SAH.

MATERIALS AND METHODS
Patient Data
This study included 286 patients with aneurysmal SAH who had
been treated in the Department of Neurosurgery at Kawasaki
Medical School between April 2009 and June 2016. Any patients
who did not undergo serial MR imaging or who had SAH of
unknown origin were excluded. The management, treatment, and
clinical course of patients with SAH that does not require clipping
or coiling, such as in perimesencephalic SAH, differ markedly in
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patients with SAH requiring treatment.17 To minimize variability
in the investigated cohort, we, therefore, included only patients
with an aneurysm that was identified and subsequently clipped or
coiled. Patients with traumatic SAH were also excluded. The main
confounder for callosal lesions in patients with SAH having experi-
enced trauma is diffuse axonal injury. We retrospectively examined
patients with aneurysmal SAH focusing on CLOCC. Clinical data
were collected from the medical records of patients, and we exam-
ined the following items related to the lesion: timing of the appear-
ance and disappearance of lesions; locations of aneurysms; history
of hypertension and diabetes mellitus; severity of SAH according
to both Hunt and Hess grade and Fisher group; treatment method;
clinical course involving development of delayed cerebral ischemia
(DCI) and/or hydrocephalus; and mRS score at discharge.

“Clinical deterioration caused by DCI” is a concept proposed by
a multidisciplinary research group as an important outcome mea-
sure in patients with aneurysmal subarachnoid hemorrhage.18

Briefly, clinical deterioration caused by DCI is a secondary outcome
measure in patients with aneurysmal subarachnoid hemorrhage
defined as the following: “The occurrence of focal neurologic
impairment (such as hemiparesis, aphasia, apraxia, hemianopia, or
neglect), or a decrease of at least two points on the Glasgow Coma
Scale (either on the total score or on one of its individual compo-
nents [eye, motor on either side, verbal]). This should last for at least
1hour, is not apparent immediately after aneurysm occlusion, and
cannot be attributed to other causes by means of clinical assessment,
CT or MR imaging scanning of the brain, and appropriate labora-
tory studies.”18

Imaging Methods
In all cases, DWI, FLAIR, T2WI, and MRA were performed before
and after clipping or coiling with 3T scanners (Vantage Titan 3T
MRT-3010, Canon Medical Systems; or Ingenia 3T CX, Philips
Healthcare) or 1.5T scanners (Excelart Vantage MRT-2003, Canon
Medical Systems; or Signa Excite, GE Healthcare). Acquisition pa-
rameters for DWI were the following: TR, 6000ms; TE, 95ms; ma-
trix, 256� 128 or 192� 128; FOV, 24 cm; section thickness, 5mm;
interslice gap, 0.5; axial sections, 26; flip/flop angle, 90°/180; b-val-
ues, 0 and 1000 s/mm2.

Patients underwent MR imaging at the time of admission, once
in the first week, and once in the second week. In some cases, more
images were obtained at the discretion of the attending physicians.
We defined CLOCC as high-signal areas observable in the splenium
of the corpus callosum on DWI that disappeared during follow-up.
We chose DWI as the sequence to confirm the disappearance of
CLOCC because of its clarity, though CLOCC can also be observed
with FLAIR and T2WI. We also confirmed that CLOCC showed a
reduced ADC corresponding with the DWI hyperintensity to
exclude T2-shinethrough artifacts. CLOCC can be distinguished
from ischemia because they also disappear on T2WI and FLAIR.
We classified CLOCC into a small type localized to the splenium
and a large type extending along the ventricle, in accordance with
previous reports, and examined the ratio of types.9,16

Treatment of Aneurysms and General Management
All patients underwent digital subtraction angiography on admis-
sion. Selection of treatment with clipping or endovascular coil

embolization resulted from a consensus reached between the treat-
ing neurosurgeon and the interventional neuroradiologist after ana-
lyzing the risks and chances of success of both therapeutic
modalities for each case. All patients received 0.9% normal saline at
a rate of 1mL/kg/h, with an appropriate dosage of supplemental
5% albumin solution administered to maintain positive fluid bal-
ance. Oral statins andmineralocorticoids were not routinely admin-
istered. Persistent fever (temperature exceeding 38.5°C) was treated
with acetaminophen and surface cooling devices. Angiography was
routinely performed on patients in whom DCI developed, and
endovascular treatment of vasospasm entailed either intra-arterial
chemical vasodilation with fasudil hydrochloride hydrate (Eril;
Asahi Kasei Pharma) or balloon angioplasty. We did not change
the treatment protocol after detecting CLOCC. The protocol for
this retrospective study was approved by the ethics committee at
our institution, and the board waived the requirement to obtain
patient consent (approval No. 2780).

Statistical Analysis
Numeric data are expressed as mean [SD] or median (interquar-
tile range). Categoric variables are expressed as numbers (percen-
tages). Statistical analyses were performed using SPSS statistical
and computing software, Version 24 (IBM). For intergroup com-
parisons, we used the x 2 test, Fisher exact test, Student t test, and
the Mann-Whitney U test. To assess independent predictors of
poor outcome, we first performed univariate logistic regression;
then, those possible predictors showing values of P, .10 were
included in the multivariate analysis. In all analyses, values of
P, .05 were considered statistically significant.

RESULTS
Of the 286 cases of aneurysmal SAH, we excluded 12 cases that
could not be evaluated due to early death, 10 cases that showed
SAH of unknown origin, and 5 cases in which only external ven-
tricular drainage was performed. The remaining 259 patients
underwent curative treatment (clipping or coiling) and MR imag-
ing multiple times, and we analyzed these cases. Of the 259 cases,
DWI detected CLOCC in 33 patients (12.7%). These patients
comprised 5 men and 28 women, with a mean age of 68.6 years
(range, 40–94 years). In 33 cases with CLOCC, the mean period
from the onset of SAH to detection of CLOCC was 6.3 days
(range, 0–25days). MR imaging showed CLOCC in 4 cases on
day zero, 21 cases within days 1–7, five cases within days 8–14,
and 3 cases on or after day 15. CLOCC were detected after clip-
ping or coiling in 25 cases (75.8%) and before clipping or coiling
in 8 cases (24.2%). CLOCC resolved in all cases, and the mean pe-
riod from onset of SAH to the disappearance of CLOCC was
35.7 days (range, 9–78 days). On DWI, CLOCC were classified as
the small type localized to the splenium (mean maximum diame-
ter, 10.4mm) or the large type extending along the ventricle (Fig
1). Among all 33 patients with CLOCC, 26 patients (78.9%)
showed the small type and 7 cases (21.2%) showed the large type.
CLOCC were identified as asymmetric in 16 of the 33 patients.

Clinical characteristics of patients with and without CLOCC
are shown in Table 1. Regarding age, severity of the Hunt and
Hess grade, severity of the Fisher score group, and treatment
method, significant differences were seen between groups. The
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CLOCC group was significantly younger, showed greater severity
of SAH, and was more likely to undergo coil embolization than the
group without CLOCC. No significant difference existed between
groups regarding sex, history, or aneurysm location. Development
of hydrocephalus and a poor mRS score at discharge were signifi-
cantly more frequent in the group with CLOCC (Table 2), though
no significant differences were seen between groups regarding DCI
after SAH. In univariate analysis, advanced age, severity of the
Hunt and Hess grade, large hematoma, coiling, and appearance of
CLOCC correlated with poor outcome (Table 3). In multivariate
analysis, only old age, severity of the Hunt and Hess grade,
and large hematoma correlated with poor outcome (Table 3).

Multivariate analysis, thus, did not con-
firm CLOCC as a risk factor for poor
outcome.

Illustrative Case
A 70-year-old woman presented with
poor-grade SAH (Hunt and Hess grade
4). CT revealed Fisher group 3 SAH,
and MRA demonstrated a 5-mm-diam-
eter aneurysm on the anterior commu-
nicating artery. The patient underwent
aneurysm coiling on day 2. This patient
developed DCI and received regional
arterial infusion of fasudil hydrochlor-
ide hydrate 3 times. She also developed
hydrocephalus and underwent ventric-
uloperitoneal shunting. The patient had
mild disorientation and was dischar-
ged home with an mRS score of 3.
Although no abnormality was evident
on DWI in this patient on admission
(Fig 2A), a high-signal area appeared in
the splenium of the corpus callosum on
SAH day 7 (Fig 2B). The lesion gradu-
ally faded and had completely resolved
by day 63 (Fig 2C–F). This change was
thought to represent CLOCC and was
also observable on FLAIR and T2WI
(Fig 3).

DISCUSSION
Clinical Features of CLOCC
Associated with SAH
The splenium is known as a region with
characteristics differing from those of
other parts of the corpus callosum. The
splenium consists of fibers of the for-
ceps major and communicates somato-
sensory information between the left
and right parietal lobes and the visual
cortex at the occipital lobes. Nerve fibers
in the splenium show specific features,
with the density of thin fibers reportedly
decreasing and the density of large-di-
ameter fibers increasing.19 Various con-

genital and acquired diseases can involve the splenium of the corpus
callosum. These include vascular diseases such as cerebral infarction
and bleeding; demyelinating diseases such as multiple sclerosis and
acute disseminated encephalomyelitis; brain tumors such as lipoma,
glioma, and malignant lymphoma; traumatic lesions such as diffuse
axonal injury; and encephalopathy caused by hypoxia, hypoglyce-
mia, and carbon monoxide poisoning.

Starkey et al14 described CLOCC associated with SAH in 3
different cases that were nontraumatic and presumably aneurys-
mal, and in 1 case involving aneurysmal dissection. The Japanese
literature includes a report by Yamazaki et al16 of 7 cases of
CLOCC associated with SAH. Our study is by far the largest to

Table 1: Characteristics of patients with or without CLOCC

No CLOCC (n= 226) CLOCC (n = 33) P Value
Age (mean) (yr) 68.6 [SD, 12.2] 63.7 [SD, 15.1] .04
Male sex 69 (29.9%) 5 (15.2%) .10
Hypertension 102 (45.1%) 20 (60.6%) .07
Diabetes mellitus 20 (8.8%) 5 (15.2%) .34
Location of aneurysm .94
ACA 18 1
AcomA 55 8
ICA 15 2
PcomA 56 9
MCA 49 7
VA-BA 33 6

Hunt and Hess grade 3 (2–3) 4 (3–4) .001
Fisher group .009
1 8 0
2 60 2
3 100 15
4 58 16

Coil embolization 126 (55.8%) 25 (75.8%) .04

Note:—ACA indicates anterior cerebral artery; AcomA, anterior communicating artery; PcomA, posterior commu-
nicating artery; VA-BA, vertebral artery and basilar artery.

FIG 1. Two types of CLOCC: a small type localized to the splenium (A–C) and a large type spread-
ing along the ventricle (D–F).
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date. Uchida et al20 also reported a case of ruptured arteriovenous
malformation with CLOCC in the Japanese literature. Sorimachi et
al21 reported hemorrhage in the splenium of the corpus callosum
in association with SAH, but that change was deemed unrelated to
CLOCC. Hadeishi et al22 reported that DWI findings at the onset
of SAH were related to the initial brain injury, but they mainly dis-
cussed cortical lesions and did not mention splenial lesions.

The most important finding in the present study was that
CLOCC, which have been described in relation to various dis-
eases and conditions, were also observed in cases of aneurysmal

SAH and that the frequency of the lesions was found to be
12.7% among treated patients with SAH. The possibility
remains that CLOCC are associated with elevated intracranial
pressure because CLOCC appeared more frequently among
patients with higher Hunt and Hess grades. Although no direct
association between intracranial hypertension and CLOCC has
been reported, intracranial hypertension is associated with
strong activation of the inflammatory cascade, resulting in high
cytokine levels in the brain.23 Increased intracranial pressure is
thus speculated to represent 1 cause of CLOCC. This possibility
is not limited to CLOCC in cases of SAH rather than in CLOCC
of other etiologies, but increased cytokine levels might be more
prominent in severe cases of SAH because of the extremely high
intracranial pressure. The high incidence of CLOCC among
patients who underwent coil embolization may be related to the
tendency to choose coiling in poor-grade cases. Hydrocephalus

usually becomes apparent around 7–
10 days after SAH and is most prom-
inent around 3–4 weeks, except
for acute hydrocephalus appearing
immediately after severe SAH.24

Hydrocephalus usually shows nor-
mal pressure and is not associated
with high intracranial pressure in
the early stages of SAH.

Frequencies of poor mRS scores
at discharge were higher in the
CLOCC group, but multivariate
analysis failed to identify CLOCC as
a predictor of poor outcome. Un-
necessary examinations and treat-
ments thus appear avoidable even if
this lesion is identified on MR imag-
ing. Neurosurgeons do not need to
perform repeat angiography or
MR imaging and do not need to
initiate treatment for encephalitis
or encephalopathy.

Regarding lesion size, Takanashi

et al9 classified CLOCC into 2 types:

one isolated within the splenium and

the other involving the entire corpus

callosum. We therefore divided the

CLOCC into a small type (isolated

within the corpus callosum) and a

large type (extended along the ventri-

cle). Yamazaki et al16 reported 6 oval-

type cases and 1 extended-type case

among their 7 cases with CLOCC.

Their oval-type cases were presumed

to correspond to our small-type cases,

while their extended-type cases cor-

responded to our large-type cases,

though lesion size was not consid-

ered.16 No reports have clarified the

reasons for asymmetric CLOCC. At

Table 3: Uni- and multivariate analyses of variables associated with poor outcomea

Univariable Model Multivariable Modelb

OR 95% CI P Value OR 95% CI P Value
Age (per 10-year increase) 1.79 1.47–2.19 ,.001 2.04 1.58–2.65 ,.001
Male sex 0.95 0.55–1.63 .84
Hypertension 1.33 0.81–2.17 .26
Diabetes mellitus 1.11 0.48–2.55 .81
Location of aneurysm
ACA 1.00
AcomA 0.68 0.24–1.97 .48
ICA 0.66 0.17–2.49 .54
PcomA 0.50 0.18–1.43 .20
MCA 0.72 0.25–2.11 .55
VA-BA 0.84 0.27–2.60 .76
Hunt and Hess grade ($4) 10.2 4.80–21.79 ,.001 5.53 2.21–13.82 ,.001
Fisher group
1 1.00 1.00
2 2.23 0.25–19.65 .47 1.64 0.17–15.57 .67
3 8.48 1.01–71.17 .049 5.07 0.56–46.36 .15
4 30 3.41–263.95 .002 16.08 1.60–161.80 .018
Coil embolization 2.31 1.39–3.82 ,.001 0.87 0.46–1.68 .92
CLOCC 3.71 1.55–8.90 .003 1.99 0.69–5.76 .46

Note:—ACA indicates anterior cerebral artery; AcomA, anterior communicating artery; PcomA, posterior commu-
nicating artery; VA-BA, vertebral artery and basilar artery.
aWe defined poor outcome as mRS score of $3 at discharge.
bMultivariate analysis included only those variables showing P, .05 in univariate analysis.

Table 2: Clinical outcomes of patients with or without CLOCC
No CLOCC
(n = 226)

CLOCC
(n = 33) P Value

DCI 41 (18.1%) 10 (30.3%) .106
Hydrocephalus 36 (15.9%) 14 (42.4%) .001
mRS 3 (1–4) 4 (3–5) .002

FIG 2. Serial DWI in an illustrative case. A 70-year-old woman presented with poor-grade SAH
due to rupture of an aneurysm (diameter, 5mm) at the anterior communicating artery. DWI on
admission shows no lesion (A). CLOCC appear on days 7–8 (B and C) and gradually resolve (D–F).
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present, the implications of CLOCC size and shape remain

obscure.9,16

What Are CLOCC?
We speculated that CLOCC do not represent the initial brain injury
due to SAH and should, instead, be considered a secondary change
following SAH. First, CLOCC were detected within about a week
after SAH onset and disappeared within around 1month. Second,
this MR imaging finding is observable in a wide variety of other dis-
eases and conditions. CLOCC can be distinguished from ischemia
because they also resolved on T2WI and FLAIR. CLOCC do not
represent ordinary ischemia and seem related to some abnormality
of the cerebral circulation and metabolism associated with SAH,
considering that the lesion also resolved on T2WI and FLAIR. Liu
and Lin25 mentioned transient intramyelinic edema as a possible
mechanism for CLOCC. The neuroradiologic finding of transient,
isolated, high-intensity signal on DWI involving the lesion might
indicate cytotoxic edema. Specifically, intramyelinic edema is a sub-
type of cytotoxic edema involving the myelin sheaths that was
postulated by Liu and Lin25 to be a possible mechanism underlying
CLOCC.26

Why CLOCC exclusively localize to the splenium remains
unclear. We speculate on the mechanism of CLOCC associated
with SAH as follows:14 SAH causes increases in levels of cytokine-
like interleukin-6 and tumor necrosis factor-a in CSF;27,28 astrocytes
might then be stimulated by cytokines to release glutamate and
block glutamate reuptake, increasing extracellular glutamate levels.
Ultimately, this cascade would lead to dysfunction of the neurons
and microglia, with cytotoxic edema developing as water becomes
trapped in these cells. The splenium of the corpus callosum is vul-
nerable to cytokinopathy because astrocytes and oligodendrocytes
of the splenium have a higher density of receptors for cytokines and
glutamate compared with those in other brain areas. This higher
density would lead to a tendency for cytotoxic edema of the sple-
nium, manifesting as CLOCC on DWI. Another hypothesis is based
on the blood flow to the splenium. The splenium is supplied not
only by the anterior circulation but also by the posterior circulation
and so has more abundant blood flow than other areas of the corpus

callosum supplied solely by the anterior circulation.29-31 The sple-
nium may therefore be more susceptible to cytotoxic edema caused
by cytokine release in the blood compared with other brain areas.

All patients received intravenous fasudil hydrochloride hydrate
every 8 hours from day 4 to day 14. We administered fasudil to
prevent cerebral vasospasm. Basic research has shown that intrave-
nous administration of fasudil dose-dependently increased regional
cerebral blood flow and blood velocity, without changing blood
volume.32 On the basis of these results, fasudil can be inferred to
not increase the cytokine exposure of the splenium. The pres-
ent report is a study of patients with SAH who received
standard treatment in Japan, although it cannot be com-
pletely ruled out that intravenous administration of fasdil
may have affected the appearance of CLOCC.

The relevance of CLOCC to clinical symptoms is difficult to
determine because clinical symptoms did not change when CLOCC
appeared. Physicians should be aware that CLOCC occur frequently
with SAH and are not a cause for panic, because this finding is not a
predictor of poor outcome. However, the chronic effects of CLOCC
are unknown, and careful follow-up is needed.

The present study has several limitations that warrant consider-
ation. First, the sample size was not exceptionally large, and larger-
scale research is warranted. However, this was the first report to
investigate the incidence of CLOCC in patients with SAH and thus
provides a contribution to future studies. Second, this was a retro-
spective study, and more systematic research is needed in the
future. Third, we could not obtain any pathologic specimens for
CLOCC. To solve the mystery of CLOCC, pathologic study and
further accumulation of data are needed.

CONCLUSIONS
CLOCC occurred in SAH at a frequency of 12.7%. CLOCC asso-
ciated with SAH developed in the acute phase, took several days
to appear, and subsequently resolved within about a month.
CLOCC were more likely to occur in high-grade cases of SAH
but were not confirmed as a predictor of poor outcome. CLOCC
represent a conspicuous imaging finding in treated patients with
aneurysmal SAH, but their clinical importance should not be
overemphasized.

ACKNOWLEDGMENTS
We appreciate the assistance of Yukari Ogawa, Keita Kinoshita,
Satoshi Hirai, and Hiroki Takai (Department of Neurosurgery,
Kawasaki Medical School, Kurashiki, Okayama, Japan) in the ac-
quisition of data.

REFERENCES
1. Bulakbasi N, Kocaoglu M, Tayfun C, et al. Transient splenial lesion

of the corpus callosum in clinically mild influenza-associated en-
cephalitis/encephalopathy. AJNR Am J Neuroradiol 2006;27:1983–86
Medline

2. Gallucci M, Limbucci N, Paonessa A, et al. Reversible focal splenial
lesions.Neuroradiology 2007;49:541–44 CrossRef Medline

3. Garcia-Monco JC, Cortina IE, Ferreira E, et al. Cytotoxic lesions of
the corpus callosum syndrome (RESLES): what’s in a name? J
Neuroimaging 2011;21:e1–14 CrossRef Medline

FIG 3. Serial FLAIR and T2WI in an illustrative case. CLOCC (white
arrows) are observed in the splenium on FLAIR and T2WI on day 8 (A
and B) and resolve by day 63 (C and D).

1050 Toi Jun 2021 www.ajnr.org

https://www.ncbi.nlm.nih.gov/pubmed/17032879
http://dx.doi.org/10.1007/s00234-007-0235-z
https://www.ncbi.nlm.nih.gov/pubmed/17522852
http://dx.doi.org/10.1111/j.1552-6569.2008.00279.x
https://www.ncbi.nlm.nih.gov/pubmed/18681931


4. Gürtler S, Ebner A, Tuxhorn I, et al. Transient lesion in the sple-
nium of the corpus callosum and antiepileptic drug withdrawal.
Neurology 2005;65:1032–36 CrossRef Medline
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J.Y. Zeng, X.Q. Hu, J.F. Xu, W.J. Zhu, H.Y. Wu, and F.J. Dong

ABSTRACT

BACKGROUND: A noninvasive, safe, and economic imaging technique is required to identify epileptogenic lesions in the brain.

PURPOSE: Our aim was to perform a meta-analysis evaluating the accuracy of arterial spin-labeling in localizing the epileptic focus
in the brain and the changes in the blood perfusion in these regions.

DATA SOURCES:Our sources were the PubMed and EMBASE data bases.

STUDY SELECTION: English language studies that assessed the diagnostic accuracy of arterial spin-labeling for detecting the epilep-
togenic zone up to July 2019 were included.

DATA ANALYSIS: The symptomatogenic foci of seizures in the brain were determined and used as the references. The relevant
studies were evaluated using the Quality Assessment of Diagnostic Accuracy Studies-2 tool. The outcomes were evaluated using
the pooled sensitivity, pooled specificity, pooled accuracy, diagnostic odds ratio, area under the summary receiver operating char-
acteristic curve, and likelihood ratio.

DATA SYNTHESIS: Six studies that included 174 patients qualified for this meta-analysis. The pooled sensitivity, pooled specificity,
and area under the summary receiver operating characteristic curve were 0.74 (95% CI, 0.65–0.82), 0.35 (95% CI, 0.03–0.90), and 0.73
(95% CI, 0.69–0.76), respectively. The accuracy of arterial spin-labeling for localizing the epileptic focus was 0.88 (accuracy in arterial
spin-labeling/all perfusion changes in arterial spin-labeling) in cases of a positive arterial spin-labeling result. The epileptogenic zone
exhibited hyperperfusion or hypoperfusion.

LIMITATIONS:Only a few studies were enrolled due to the strict inclusion criteria.

CONCLUSIONS: Arterial spin-labeling can be used for assessing, monitoring, and reviewing, postoperatively, patients with epilepsy.
Blood perfusion changes in the brain may be closely related to the seizure time and pattern.

ABBREVIATIONS: ASL ¼ arterial spin-labeling; QUADAS-2 ¼ Quality Assessment of Diagnostic Accuracy Studies-2; SOZ ¼ seizure onset zone

Epilepsy is the most common chronic neurologic disease, charac-
terized by the occurrence of repeat seizures. Several diseases,

including brain tumors, hypoxia-related brain diseases, and cerebral
cortical dysplasia, can cause epilepsy. Electroencephalography,
which identifies the epileptic discharges in the brain, was the earliest
method applied for the diagnosis and localization of epileptic disor-
ders.1,2 The development of imaging technology in recent years has

enabled the use of conventional (structural) MR imaging and CT,
which can locate and visualize the structural brain lesions responsi-
ble for epilepsy. However, not all patients with epilepsy exhibit
structural changes in their brain tissue. Several animal and clinical
studies have found that seizures can alter the metabolism and vas-
cular perfusion in the brain tissue.3-8 Therefore, PET and SPECT
can be used to locate lesions with metabolic abnormalities and an
abnormal blood supply.
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Currently, the treatment of epilepsy is mainly based on phar-
macotherapy, and 20%–40% of patients may have refractory seiz-
ures. Surgery is the treatment of choice in patients with refractory
epilepsy.9,10 Patients who are not drug-resistant with surgical
conditions can also benefit from surgery.11 The accurate detec-
tion of the epileptic lesion is the key to the effectiveness of sur-
gery. The surgical treatment plan mainly depends on the
consistency of the clinical symptoms of the seizure and the find-
ings of electroencephalography and structural MR imaging.12

PET and SPECT are used if both electroencephalography and
structural MR imaging fail to identify the lesion.13-15 However,
the radiation exposure associated with PET and SPECT can have
adverse effects on human health. Therefore, a noninvasive, safe,
and economic imaging technique is required to identify the brain
lesions responsible for epilepsy.

The development of functional MR imaging technology has
made it possible to visualize the change in the CBF using arterial
spin-labeling (ASL) (without the use of contrast agents) because
ASL can magnetize protons in the circulating blood as an endoge-
nous perfusion tracer.16,17 Several studies of neurologic diseases
have shown a good correlation among ASL, DSC-perfusion MR
imaging, and PET for evaluating the changes in CBF perfusion,
and they support the credibility and feasibility of the clinical
applications of ASL.18-21

ASL can be used to identify the location of epileptic lesions,
with the potential to replace interventional examinations. However,

most published research on this subject
consists of experimental studies, with
small samples and different results.
There is controversy about the changes
in the blood perfusion in the lesion
area; some believe that perfusion is
increased, and some believe that perfu-
sion is reduced. The purpose of our
study was to conduct a systematic
review and meta-analysis of studies
assessing the ability of ASL to locate
epileptogenic foci. We aimed to obtain
a clear idea of the accuracy of ASL for
the localization of the epileptogenic
focus and the changes of the blood per-
fusion of the lesion.

MATERIALS AND METHODS
Medical Subject Headings and terms
such as “seizures” or “seizure” or “epi-
lepsies” or “epilepsy” or “arterial spin-
labeling” were used to search the
PubMed and EMBASE data bases for
studies published in English on ASL
and epileptic foci up to July 13, 2019.

The search strategy was as fol-
lows: ((((((eclampsia) OR convul-
sion) OR epilepsy) OR epilepsies)
OR seizure) OR seizures) AND arte-
rial spin-labeling. We also manually
sought related studies mentioned in

FIG 1. Data collection process.

FIG 2. Results of the QUADAS-2 tool. Risk of bias and applicability concerns summary (upper ta-
ble). Risk of bias and applicability concerns graph (lower table).
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the selected articles to ensure that all relevant research was
included.

Studies that assessed the diagnostic accuracy of ASL in detect-
ing the epileptogenic zone were included in the analysis. The
symptomatogenic focus in the brain was determined from the
studies that qualified for inclusion, and it was used as the refer-
ence. The outcomes were evaluated using the pooled sensitivity,
pooled specificity, pooled accuracy, summary receiver operating
characteristic, and likelihood ratio.

Study Selection
The inclusion criteria were as follows: 1) retrospective or prospec-
tive studies on epilepsy, 2) clinical studies that included at least
20 patients, 3) studies that located the brain lesions using ASL
and used the clinical seizure focus (in the brain) as a reference,
and 4) the availability of the true-positive, true-negative, false-
positive, and false-negative nature of the findings in the given
data. Reviews, abstracts, letters to the editor, editorials, and case
reports were excluded. Two colleagues (F.J.D. and X.Q.H.)with
extensive experience and expertise screened the qualified studies.
Disagreements between the 2 analysts were resolved through dis-
cussion or by the third analyst (J.Y.Z.), who reassessed the search
results, assessed the process, and read the included studies to
ensure they met the inclusion criteria. We summarized the

characteristics of the qualified studies, such as the authors of the
study, the country where it was conducted, publication year, and
reported data, namely, true-positive, false-negative, false-positive,
true-negative, sensitivity, and specificity information. Moreover,
we summarized the characteristics of the results of ASL and ana-
lyzed the accuracy of ASL in detecting the cortical epileptogenic
zone under different conditions, such as hyperperfusion or hypo-
perfusion, and structural MR imaging with positive or negative
findings.

The qualifying studies were evaluated using the Quality
Assessment of Diagnostic Accuracy Studies-2 (QUADAS-2)
tool. Each domain of the QUADAS-2 is used to judge the risk of
bias, and the first 3 domains were assessed to ascertain their
applicability.22,23

Statistical Analyses
MIDAS (Version 14.0; Stata module; https://econpapers.repec.org/
software/bocbocode/s456880.htm) and RevMan (Version 5.3.5;
https://training.cochrane.org/online-learning/core-software-
cochrane-reviews/revman/revman-5-download) software were used
to analyze the included studies. STATA (Version 14.0, with a bivari-
ate mixed-effects regression model; StataCorp) was used to anal-
yze the diagnostic test accuracy by collating the statistical indices
(including the sensitivity, specificity, summary receiver operating
characteristic, and so forth) and drawing a statistical chart.23

FIG 3. Forest plot showing the sensitivity for each specific study on the right y-axis and the specificity of the accuracy of ASL for detecting the
epileptogenic zone.
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RevMan was used for the methodologic evaluation of the
quality of the included studies. The heterogeneity of the qualify-
ing studies was evaluated using the Cochrane Q Test statistic
value (P) and the inconsistency index (I2).24

Publication Bias
The potential publication bias was evaluated using the Deek fun-
nel plot asymmetry test. The slope coefficient: P , .1, indicated
significant asymmetry.25

RESULTS
Literature Search
A total of 306 studies were selected through the search strategy.
Six of 306 studies met the inclusion criteria and were included in
this meta-analysis (Fig 1).

Study Characteristics
The 6 retrospective diagnostic studies that qualified for inclusion
in this meta-analysis21,26-30 included 174 patients. The sympto-
matogenic zone of 155 patients was used as the reference. The
characteristics of the qualifying studies are summarized in the
Online Supplemental Data. We classified the results of the 6

studies, which are summarized in
the Online Supplemental Data. Three
studies (studies 3–5)21,28,29 performed
quantitative analyses, while the other 3
studies (studies 1, 2, and 6)26,27,30 per-
formed qualitative analyses (Table).

Methodology Quality Assessment
The results of the QADAS-2 are pre-
sented in Fig 2. All the qualifying stud-
ies had a low risk of bias and were of
high quality as per the QADAS-2
assessment.

Data Synthesis and Analysis
The pooled sensitivity, pooled specific-
ity, and area under the summary re-
ceiver operating characteristic curve
were 0.74 (95% CI, 0.65–0.82), 0.35
(95% CI, 0.03–0.90), and 0.73 (95% CI,
0.69–0.76), respectively (Figs 3 and 4).
The positive and negative likelihood
ratios were 1.1 (95% CI, 0.4–2.9) and
0.74 (95% CI, 0.13–4.09), respectively
(Fig 5).

A total of 79 patients exhibited hy-
poperfusion in the epileptogenic zone;
the epileptogenic zone was accurately
located using ASL in 70 patients (accu-
racy rate, 88.6%) (Online Supplemental
Data). However, 45 patients exhibited
hyperperfusion in the epileptogenic
zone; the epileptogenic zone was accu-
rately located using ASL in 39 patients

(accuracy rate, 87.7%). The classification of the structural MR imag-
ing findings revealed that 26 patients showed abnormalities in the
brain tissue, which was accurately located in 21 patients using ASL
(accuracy rate, 65.5%). The brain tissue was normal in 87 patients;
ASL accurately detected the lesions in 57 of these patients (accuracy
rate, 80.8%).

ASL accurately located the lesions in 98 of 151 patients whose
lesions were localized using video electroencephalography, with
an accuracy rate of 64.9%.

The actual epileptogenic focus corresponded exactly with the
symptomatogenic focus in 72 of 109 patients whose lesions were
accurately localized using ASL. The ASL-localized lesion was partially
consistent with the symptomatogenic seizure focus (it was smaller or
larger) in the remaining 37 patients (Online Supplemental Data).

The P values of the patients’ ages, measurement method, and
time of onset of epilepsy were all . .01 in univariate logistic
regression analysis (Fig 6).

Publication Bias
The Deek funnel plot demonstrated a lack of evidence of publica-
tion bias, and the studies were dispersed symmetrically (P¼ .73,
Fig 7).

FIG 4. Summary receiver operating characteristic curves with prediction and confidence con-
tour, 95% confidence contour, and 95% prediction contour for all included studies for analyzing
the accuracy of ASL in detecting the epileptogenic zone (n = 6). SENS indicates sensitivity; SPEC,
specificity; AUC, area under the curve; SROC, summary receiver operating characteristic.
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DISCUSSION
Our study found that ASL was highly sensitive (0.74) in detecting
changes in the CBF in patients with epilepsy. This sensitivity was
especially high in patients with negative results on structural
MRI. Animal experiments have shown that the blood vessel
changes in the brain lesions of rats mainly include hyperemia and
neuronal degeneration and that hyperperfusion caused by vascu-
lar changes was inextricably linked to the incidence of epilepsy.3-6

Clinical studies have found that increased neuronal activity
caused by seizures is associated with increased neuronal metabo-
lism and local blood flow.7-9

In nonlesional epilepsy, when conventional MR imaging can-
not detect a structural epileptogenic lesion, the goal is to identify
the epileptogenic zone. During epileptic seizures, neuronal activity
and metabolic demand in the focal area increase and the local
blood flow produces corresponding changes to meet the needs of
the neural activity.28-32 Therefore, ASL can detect the seizure onset
zone (SOZ) through the blood flow changes. The epileptogenic
zone includes the SOZ, ie, the area of the cortex from which the ep-
ileptic discharge originates; the irritative zone, ie, the area of cortex
where the epileptic discharge spreads; and the symptomatogenic
zone, ie, the area of cortex that produces ictal symptoms and signs.

The irritative zone encompasses the SOZ and represents the
seat of the hemodynamic response to neuronal activity and

metabolic demand that may be evaluated with ASL. Therefore, ASL
can detect CBF changes larger than only the SOZ, thus overestimat-
ing the real extent of the lesion. However, this phenomenon also
occurs in other methods that investigate brain perfusion in
epilepsy.

The accuracy of ASL for locating lesions was approximately
0.9, irrespective of hyperperfusion or hypoperfusion on MR
imaging, which was almost consistent with its accuracy for the
clinical location. Recent studies have shown that the accuracy of
ASL is in concordance with that of [18F] FDG-PET and DSC MR
imaging.18-21 Therefore, ASL can be used to measure changes in
the CBF in patients with epilepsy, and the positive results are reli-
able,18,21 consistent with the results of our included studies.
However, our study found that the specificity and negative likeli-
hood results of ASL are relatively poor and that its negative
results had low credibility. The specificity ranged from 1 to 0 (it
was lower than 0.5 in most studies), as seen in the Online
Supplemental Data.

We analyzed the data from the studies, which included
patients without symptomatogenic foci in whom ASL failed to
locate the lesion. These patients were judged as having true-nega-
tive results. The first, fourth, and sixth studies included patients
with true-negative results (no clinical seizure focus, and ASL
failed to locate the brain lesions). The fifth study also included 10

FIG 5. Forest plot showing the negative and positive likelihood ratios of the accuracy of ASL for each specific study on the right y-axis and in
detecting the epileptogenic zone.

1056 Zeng Jun 2021 www.ajnr.org



healthy controls. Strictly speaking, these patients should have
been excluded because our inclusion criteria entailed the presence
of a symptomatogenic focus for comparison. Therefore, these 3
studies had no patients with true-negative results. The patients in
the second and third studies had known epileptic lesions; thus,
the number of those with true-negative results was zero.
Therefore, the specificity of the included studies would be zero.

The study population in clinical research usually consists of
patients, and there is no healthy group for comparison, resulting
in few or no true-negative results, poor specificity of the experi-
ment, and unreliable results. In general, ASL can be used to assist
in the localization of epileptic lesions or in postoperative reviews,
but other tests need to be performed in cases of negative results.

Second, the increase or decrease in
the blood flow to epileptic lesions is a
matter of controversy. The Online
Supplemental Data show that the vas-
cular flow in most lesions mainly
decreased in the interictal and postictal
periods, especially in patients with
structural MR imaging negative for epi-
lepsy. Our results are in agreement
with those of previous studies in
adults.33-35 An animal study indicated
that hypoperfusion could be observed
in epileptic lesions for up to 60minutes
after a seizure.36 Clinical research in
the same group found that ASL
depicted hypoperfusion in .70% of
patients within 60minutes of the end
of the seizure, and 80% of these were
accurately localized.4

Only one of the included studies
reported that hyperperfusion was the
predominant alteration in the epileptic
lesions (study 2). We carefully analyzed
the data and speculated that the patients
in this study might have had a high fre-
quency of seizures. The time intervals
(immediately to 65 days; average time
interval, 101 hours; 39 patients, #

3days; 5 patients,.3days) between the
seizure episode and electroencephalog-
raphy and between the seizure episode
and ASL (1 hour to 60days; average
time interval, 97hours; 38 patients #

3days; 6 patients, . 3days) were both
prolonged in study 2. Moreover, the 2
time intervals were not synchronized,
and there was no significant difference
between them.

The abnormal discharge time and
abnormal perfusion time of the lesion
areas were synchronized, unless the
patients had frequent seizure attacks.
Thus, the 2 examinations were per-
formed at different times, but they

found the results during the same period (either during the ictal
period or during abnormal brain firing). Hence, the results are
consistent, and the time interval is meaningless. Moreover, some
hyperperfusion changes were reported by 2 other studies (studies 1
and 6). Most interesting, most patients with hyperperfusion also
had frequent seizures and/or abnormal discharges on electroence-
phalography. Recent animal and clinical studies have shown that
the CBF increases during seizures and decreases in the postictal
and interictal periods, thus disproving the previously recognized
hypoxia-hyperfusion theory.5,37

Thus, we speculated that the blood flow to the lesion area usu-
ally increases in the interictal (abnormal neuronal firing but with-
out clinical symptoms) and ictal periods in patients with frequent

FIG 6. Subgroup analysis of the effect of age, measurement methods, and seizure phase on the
detection of the epileptogenic zone using ASL.
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seizures, while the blood flow decreases in the interictal and pos-
tictal periods if the patient’s seizure frequency is low. There is a
correlation between the perfusion pattern and frequency of seiz-
ures (or abnormal brain discharge). This hypothesis is consistent
with the findings of other studies.19,38,39

Limitations
First, the inclusion criteria were extremely strict, and only 6 studies
were enrolled in the meta-analysis. Most of the included studies
had small sample sizes, and their results were limited. Moreover,
our results are dependent on the symptomatogenic focus as a
standard reference, but the symptomatogenic zone is not easily
ascertained in all types of epilepsy (such as insular epilepsy).40

Therefore, our results are only meaningful for epilepsy with symp-
tomatogenic focus localization. In addition, most of the included
studies lacked symptomatic patients without epileptogenic lesions
in the brain, which led to high heterogeneity in the results of our
analysis. This reduced the reliability of the results of the specificity
and negative likelihood of the ASL findings. However, the time,

place (where the study was conducted), and participants’ ages dif-
fered among the studies included, and the results of PET and other
tests were compared at the same time; hence, the positive results
had high reliability. Future meta-analyses should include more
studies with epilepsy diagnosed as negative to reduce the heteroge-
neity. In addition, our study found that the perfusion of the lesion
area was closely related to the duration of the seizure episode and
seizure pattern, though the exact period could not be judged in
many of the included studies. Therefore, future studies should con-
sider the duration and frequency of seizures to better understand
the changes in cerebral perfusion using ASL.

Second, ASL is a new diagnostic technology. Thus, there are im-
portant differences in the diagnostic accuracy of ASL, which need
improvement. For example, the participant’s age influences the
inflow time between the end of the marker pulse and the image-ac-
quisition time; thus, ASL cannot be quantified among different age
groups.16 Manufacturer-related differences in the MR imaging
scanners and the lack of a quantitative threshold also affect the
accuracy.

FIG 7. The Deek funnel plot for the diagnostic odds ratio of ASL for detecting the epileptogenic zone.

Characteristics of the included studies

Author Country
Patients
(Men) Age (yr) Study Design Year TP FP FN TN Sensitivity Specificity

Sierra-Marcos et al26 Spain 26 (8) 32.4 (SD, 13.8) Retrospective
analysis

2016 15 0 6 4 0.74 1

Kim et al27 Korea 44 (21) 51 (average) Retrospective
analysis

2016 31 6 7 0 0.82 0

Galazzo et al21 UK 20 (10) 34 (SD, 12) Retrospective
analysis

2016 13 5 2 0 0.87 0

Gaxiola-Valdez et al28 Canada 21 (10) 33.9 (average) Retrospective
analysis

2017 12 3 5 1 0.71 0.25

Shang et al29 USA 20 (13) 26.5 (SD, 9.48) Retrospective
analysis

2018 13 1 6 10 0.68 0.91

Lee et al30 South
Korea

43 (17) 6.3 (SD, 3.3) Retrospective
analysis

2019 19 6 10 8 0.66 0.57

Note:—TP indicates True Positive; FP, False Positive; TN, True Negative; FN, False Negative.
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CONCLUSIONS
First, our meta-analysis showed that ASL has high sensitivity for the
localization of lesions in patients with epilepsy, and the accuracy of
the localization is very high for the positive results. Therefore,
whether in patients with or without normal brain structure, ASL
can be used for the assessment in diagnosis, in protocol, and post-
operative review after surgery or other treatments, in association
with the other methods currently used.

Second, the changes in the CBF may be closely related to the
seizure time and seizure pattern.
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Dedicated 3D-T2-STIR-ZOOMit Imaging Improves
Demyelinating Lesion Detection in the Anterior Visual

Pathways of Patients with Multiple Sclerosis
E. Pravatà, L. Roccatagliata, M.P. Sormani, L. Carmisciano, C. Lienerth, R. Sacco, A. Kaelin-Lang, A. Cianfoni,

C. Zecca, and C. Gobbi

ABSTRACT

BACKGROUND AND PURPOSE: Demyelinating lesions in the anterior visual pathways represent an underestimated marker of dis-
ease dissemination in patients with MS. We prospectively investigated whether a dedicated high-resolution MR imaging technique,
the 3D-T2-STIR-ZOOMit, improves demyelinating lesion detection compared with the current clinical standard sequence, the 2D-
T2-STIR.

MATERIALS AND METHODS: 3T MR imaging of the anterior visual pathways (optic nerves, chiasm, and tracts) was performed using
3D-T2-STIR-ZOOMit and 2D-T2-STIR, in patients with MS and healthy controls. Two experienced neuroradiologists assessed, inde-
pendently, demyelinating lesions using both sequences separately. 3D-T2-STIR-ZOOMit scan-rescan reproducibility was tested in 12
patients. The Cohen k was used for interrater agreement, and the intraclass correlation coefficient for reproducibility. Between-
sequence detection differences and the effects of location and previous acute optic neuritis were assessed using a binomial
mixed-effects model.

RESULTS: Forty-eight patients with MS with (n ¼ 19) or without (n ¼ 29) past optic neuritis and 19 healthy controls were evaluated.
Readers’ agreement was strong (3D-T2-STIR-ZOOMit: 0.85; 2D-T2-STIR: 0.90). The 3D-T2-STIR-ZOOMit scan-rescan intraclass correla-
tion coefficient was 0.97 (95% CI, 0.96–0.98; P, .001), indicating excellent reproducibility. Overall, 3D-T2-STIR-ZOOMit detected
more than twice the demyelinating lesions (n¼ 89) than 2D-T2-STIR (n¼ 43) (OR¼ 2.7; 95% CI, 1.7–4.1; P, .001). In the intracranial
anterior visual pathway segments, 33 of the 36 demyelinating lesions (91.7%) detected by 3D-T2-STIR-ZOOMit were not disclosed
by 2D-T2-STIR. 3D-T2-STIR-ZOOMit increased detection of demyelinating lesion probability by 1.8-fold in patients with past optic
neuritis (OR¼ 1.8; 95% CI, 1.2–3.1; P¼ .01) and 5.9-fold in patients without past optic neuritis (OR¼ 5.9; 95% CI, 2.5–13.8; P, .001).
No false-positive demyelinating lesions were detected in healthy controls.

CONCLUSIONS: Dedicated 3D-T2-STIR-ZOOMit images improved substantially the detection of MS disease dissemination in the an-
terior visual pathways, particularly in the intracranial segments and in patients without past optic neuritis.

ABBREVIATIONS: AON ¼ acute optic neuritis; aVP ¼ anterior visual pathway; DL ¼ demyelinating lesion; HC ¼ healthy controls; iCanal ¼ intracanalicular
optic nerve; iCran ¼ intracranial optic nerve; iOrb ¼ intraorbital optic nerve; OC ¼ optic chiasm; OT ¼ optic tract; pON ¼ past optic neuritis

MS is the most common immune-mediated demyelinating
disease in young adults,1 with frequent involvement of the

visual pathways.2 Pathologic investigations demonstrated a high
prevalence of demyelinating lesions (DLs) in the anterior visual
pathways (aVPs), including the optic nerve, chiasm (OC), and
tract (OT), in patients either with or without previous episodes of

acute optic neuritis (AON).3 Accordingly, ophthalmologic studies
showed frequent occurrence of subclinical visual impairment in
MS, even in patients without previous AON.4 Nevertheless and
despite a previous proposal,5 the aVPs are currently not included
among the sites investigated by MR imaging to demonstrate dis-
ease dissemination in space, due to the lack of supportive data
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about DL prevalence and MR imaging characteristics.6 Including
highly sensitive examinations in the diagnostic workflow may
potentially lead to earlier diagnosis and start of treatment5 and
provide structural correlates for patients’ asymptomatic visual
loss.4 Furthermore, in the monitoring phase, an improved detec-
tion of new-onset lesions may help tailor treatment in individual
patients.7

In a group of patients with MS with and without a history of
AON and in a group of healthy controls (HC), we tested whether
a dedicated inversion-recovery (STIR)-prepared T2-weighted
technique, combining high spatial resolution and tissue contrast
characteristics, the “3D-T2-STIR-ZOOMit” (Siemens), may
improve DL diagnostic performance in the aVPs with respect to
2D-T2-STIR, the current standard technique.8

MATERIALS AND METHODS
The study was authorized by the Ethics Committee of Canton
Ticino, Switzerland (2017–00814-CE3224, May 24, 2017). All
participants provided written informed consent.

Study Participants
This was a prospective, cross-sectional, single-center study includ-
ing 49 adult patients with relapsing-remitting MS according to the
2010 McDonald criteria9 and with or without previous AON his-
tory (pON1 and pON–, respectively), and 24 HC. Participants
were enrolled between November 2017 and March 2019 at the MS
Center of the Ospedale Regionale di Lugano (Neurocenter of
Southern Switzerland), Switzerland, the regional center for neuro-
ophthalmologic disorders. AON diagnosis was based on a history
of visual acuity and color detection loss, typical field deficits, ocular
pain, and fundus examination. MR imaging and visual evoked

potentials (prolonged P100 latency) were used as supportive tools
when needed. All participants with MS were relapse- and steroid
therapy–free for at least 3months before enrollment. Specific
exclusion criteria were other neurologic and ophthalmologic disor-
ders (glaucoma, ocular hypertension, retinopathy, maculopathy).

MR Imaging Acquisition
Acquisition parameters of 3D-T2-STIR-ZOOMit and 2D-T2-
STIR are reported in Table 1.

3D-T2-STIR-ZOOMit. We adapted the vendor-provided default
T2-weighted sequence for small-FOV imaging with selective
region excitation on a 3T Magnetom Skyra (Siemens) scanner10,11

with a 64-channel head/neck coil. We applied a nonselective inver-
sion recovery preparation pulse,12,13 using an acquisition voxel size
of 0.6mm3. Scan duration was 8 minutes 54 seconds.

2D-T2-STIR. A standard 2D-T2-STIR sequence, with 2.5-mm sec-
tion thickness, was acquired on the coronal plane, covering the
orbits and the intracranial aVPs. The scan duration was 2 minutes
57 seconds

Additional information about sequences, image acquisition,
and preparation, is provided in the Online Supplemental Data.

Image Quality
Figure 1 shows the normal anatomy of the aVPs as depicted by 3D-
T2-STIR-ZOOMit and the segment boundaries defined for the
analyses: intraorbital (iOrb), intracanalicular (iCanal), and intra-
cranial (iCran) optic nerves, OC, and OT. The corresponding
anatomic landmarks were also used for 2D-T2-STIR. One neurora-
diologist (A.C.) and 1 neurologist (C.G.) with .15 years of experi-
ence in MS imaging rated, in each of the 5 aVP segments, field

inhomogeneity andmotion-related arti-
facts, according to a previously used
scale: 0¼ no relevant artifacts; 1¼mild
artifacts not preventing image analysis;
2 ¼ artifacts preventing accurate image
analysis.14

Image Reading Sessions
Two neuroradiolgists (E.P. and L.R.)
with .15 years of experience in MS
imaging performed 3 reading sessions
each, .3months apart to avoid recall
bias.

Session 1. The blinded readers reviewed
separately the 3D-T2-STIR-ZOOMit
and 2D-T2-STIR image sets in a

Table 1: Acquisition parameters for 3D-T2-STIR-ZOOMit and 2D T2-STIR
Parameter 3D-T2-STIR-ZOOMit 2D-T2-STIR

Mode 3D 2D
Acquisition plane Transversal Coronal
TR/TE (ms) 240/119 4880/101
Magnetization preparation Non-selective STIR Non-selective STIR
TI (ms) 220 220
FOV read/FOV phase 80 mm � 100% 180 mm � 100%
Base resolution/phase/section 128/100%/100% 320/100%/–
Acquired voxel size (X, Y, Z) (mm) 0.6, 0.6, 0.6 0.6, 0.6 , 2.5
Interpolated voxel size (X, Y, Z) (mm) 0.3, 0.3 , 0.6
Flip angle Variable 140°
Turbo factor 46 35
Averages 1.4 1
Acceleration factor (GRAPPA) 2 None
Scan duration (min/sec) 8/54 2/57

Note:—GRAPPA, generalized autocalibrating partially parallel acquisition; STIR, short tau inversion recovery.

Table 2: Confusion matrix illustrating DL detection rates of 3D-T2-STIR-ZOOMit and 2D-T2-STIR per each aVP segment in all
patients with MSa

3D-T2-STIR-ZOOMit

iOrb– iOrb+ iCanal– iCanal+ iCran– iCran+ OC– OC+ OT– OT+
2D-T2-STIR – 67 (69.8) 9 (9.4) 68 (70.8) 8 (8.3) 87 (90.6) 7 (7.3) 79 (82.3) 16 (16.7) 86 (89.6) 10 (10.4)

1 0 (0) 20 (20.8) 4 (4.2) 16 (16.7) 0 (0) 2 (2.1) 0 (0) 1 (1.0) 0 (0) 0 (0)
a Data are number of DLs (n = 96, for each aVP segment) with percentages in parentheses and refer to 96 observations (left and right sides together in 48 patients) in each
aVP segment. Absence of a lesion is indicated with –; presence, with 1”.
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random order. 3D-T2-STIR-ZOOMit images were presented in
orthogonally reconstructed planes, whereas 2D-T2-STIR images
were presented in the acquisition (coronal) plane. To assess the
presence of a lesion, we used a previously employed binary scale:14

0¼ no lesion; 1¼ lesion. Lesions were defined as areas of signal
hyperintensity, referenced to the normal-appearing white matter
of the frontal lobes, either partially or completely involving the
whole aVP short-axis section. A consensus was reached after
resolving discrepancies during a subsequent separate session.

Session 2. To test the hypothesis that 3D-T2-STIR-ZOOMit may
detect false-positive lesions in HC assuming that these had no
DLs, the readers performed an additional joint session on scans
of the 19 HC and 19 randomly chosen participants with MS.

Session 3. To assess scan-rescan reproducibility, a final joint ses-
sion compared the 3D-T2-STIR-ZOOMit images re-acquired
from 12 participants with MS with those from session 1.

Statistical Analysis
Categoric variables were reported with count and percentages; con-
tinuous variables, with mean (SD) or median and interquartile
range. Interrater reliability was reported with accuracy, Cohen k ,
and their 95% CIs. A Cohen k of .0.8 suggests a strong level of
agreement between the raters. To assess scan-rescan reproducibil-
ity of 3D-T2-STIR-ZOOMit images, we calculated the interclass
correlation coefficient. Between-sequence detection differences
and the effects of DL side and location in the aVPs, accounting for
within-patient correlation, were assessed using a binomial mixed-

effects logistic model. OR, 95% confidence intervals, and P values
were reported.

P values , .05 were considered significant. R statistical and
computing software, Version 3.6.0 (http://www.r-project.org/)
was used for all analyses.

RESULTS
Participant Characteristics
Of 73 initially included participants (49 with MS, 24 HC), 48 par-
ticipants with MS (39.1 [SD, 13.1] years of age, 30 women) with
(n ¼ 19) or without (n ¼ 29) past optic neuritis (pON1/pON–)
and 19 HC (35.1 [SD, 8.1] years of age, 10 women) were finally
evaluated (Fig 2). On image inspection, scans of 1 participant
with MS and 3 HC were discarded due to poor image quality in
all aVP segments (movement) and also scans of 2 HC for coil-
related artifacts (shading artifacts). The main demographic and
clinical characteristics of participants with MS are presented in
the Online Supplemental Data. Patients’ neurologic impairment
severity, assessed with the Expanded Disability Status Scale,15 was
mild (median ¼ 2; range, 1–3.5). Twenty-nine participants
(60.4%) were pON�. Among those with pON1 (n¼ 19, 39.6%),
4 had bilateral AON. When we counted individual eyes, 73 (76%)
had no AON and 23 (24%) had previous AON.

Image Quality
The Online Supplemental Data illustrate samples of the encoun-
tered artifacts. As for 3D-T2-STIR-ZOOMit, grade I movement
artifacts were noted in all aVP segments in 3 patients with MS

FIG 1. Geometrically unbiased, high-resolution representation of the aVP segment anatomy by 3D-T2-STIR-ZOOMit (healthy control No. 9001).
The left panel shows curved reconstructions along the true long axis of the right and left aVPs. The thin arrow points to the porus opticus.
Coronal-oblique reconstruction images corresponding to the iOrb (A, from the eye bulb to the optic canal), iCanal (B, in the optic canal), and
iCran (C, from the optic canal to the chiasm) segments and OC (D) and OT (E) segments highlighted in white circles are presented. By compari-
son, the right panel (F–J, different healthy volunteer) shows corresponding coronal-oblique images obtained with a 3D-ZOOMit standard
sequence without the STIR preparation pulse. Note substantial contrast resolution gain with 3D-T2-STIR-ZOOMit, particularly at interfaces
between different signal tissues and between the OT and adjacent hypothalamus (thin arrows in E).
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and only in the iOrb segment in 7 patients. Field inhomogeneity
artifacts occurred in the iCanal segment in 11 patients with grade
1 and 6 with grade 2, and in 3 (grade 1) and 3 (grade 2) HC. No
relevant artifacts were recorded on 2D-T2-STIR images.

3D-T2-STIR-ZOOMit Reliability
Interrater Reliability. Accuracy for 3D-T2-STIR-ZOOMit was
0.96 (95% CI, 0.93–0.97), and the Cohen k was 0.85 (95% CI,
0.78–0.91), whereas accuracy for 2D-T2-STIR was 0.98 (95% CI,
0.97–0.99) and the Cohen k was 0.90 (95% CI, 0.83–0.97). The
strong level of interrater reliability for 3D-T2-STIR-ZOOMit and
the overlapping k confidence intervals suggest similar agreement
between the techniques.

HC Analysis. We assessed 19 HC and 19 randomly chosen partici-
pants with MS, for a total of 380 sites (10 aVP segments in 38 par-
ticipants). At consensus, 28 lesions were found in participants with
MS, whereas no lesions were found in HC. Agreement was 0.995
(95% CI, 0.981–0.999). k was 0.96 (95% CI, 0.91–0.99).

For scan-rescan reproducibility, the ICC was 0.97 (95% CI,
0.96–0.98), F(120) ¼ 38, P, .001), indicating excellent reprodu-
cibility (Online Supplemental Data).14

DL Detection Comparison: All Participants with MS
Figure 3 illustrates the DL appearance on 3D-T2-STIR-ZOOMit
sequences. Lesions involved either completely or, partially, the
aVP cross-section. Subtle and diffuse signal abnormalities with-
out definite segmental boundaries were also encountered, but
this pattern was not systematically assessed in the present
investigation.

Ten aVP segments (5 for each side) were reviewed in 48 par-
ticipants with MS and 96 eyes, for both techniques. Table 2
presents the DL detection rates of 3D-T2-STIR-ZOOMit and 2D-
T2-STIR. With 3D-T2-STIR-ZOOMit, more than twice the DLs
(n¼ 89) were detected compared with 2D-T2-STIR (n¼ 43)
(OR¼ 2.7; 95% CI, 1.7–4.1; P, .001). Detection capability differ-
ences were similar across sides (right versus left, OR¼ 1.1; 95%

CI , 0.7–1.7; P¼ .47), but not across segments (x2 [df¼4] ¼ 20.4;
P, .001).

In particular, in the iOrb segment (Fig 4), 9 of 29 DLs (31%,
corresponding to 10.1% of all aVP lesions) detected by 3D-T2-
STIR-ZOOMit were missed by 2D-T2-STIR.

In the iCanal segment only, 4 DLs were detected with 2D-T2-
STIR, but not with 3D-T2-STIR-ZOOMit. Of these, one occurred
in a participant with MS with grade 2 movement artifacts, and

FIG 2. Flow chart showing the numbers of participants and healthy
participants with MS included in the study who were assessed and
evaluated.

FIG 3. An example of the DL appearance on 3D-T2-STIR-ZOOMit
images in a patient with MS (No. 0034). The upper panel shows
curved reconstructions along the true long axis of the right and left
aVPs. Focal signal hyperintensities indicate DLs with partial (right) and
complete (left) involvement of the optic nerve cross-section (arrow-
heads). There are areas of diffuse signal hyperintensity with no defi-
nite boundaries along the aVP (thin arrows), possibly related to
diffuse demyelination and/or degeneration. The white arrow indi-
cates the ophthalmic artery causing nerve impression. Ro and Lo
images present sagittal-oblique reconstructions of R and L.
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one was on a scan with grade 2 magnetic field inhomogeneity
artifacts. Two DLs were missed by 3D-T2-STIR-ZOOMit but
could be retrospectively noticed after being detected by 2D-T2-
STIR.

If one takes all intracranial segments together (iCran, OC, and
OT), 33 of 36 DLs (corresponding to 40.5% of all aVP lesions)
detected by 3D-T2-STIR-ZOOMit were missed by 2D-T2-STIR.
These DLs appeared generally smaller than the extracranial
lesions (Fig 5). OT lesions, representing 10.4% of all aVP lesions,
were characterized by signal contrast loss between the OT and
the adjacent hypothalamus gray matter (Fig 5). Due to a resem-
blance to lobster antennas, we propose this appearance as the
“lobster antenna” sign.

DL Detection Comparison: pON1 and pON–
3D-T2-STIR-ZOOMit revealed$1 lesion in 18 of the 19 (94.7%)
pON1, and in 13 of the 29 (44.8%) pON- patients whereas 2D-
T2-STIR revealed lesions only in 17 patients with pON1 (89.5%)
and 5 (17.2%) patients with pON– (Online Supplemental Data
and Fig 6). DLs were about 6.5 times more frequently found in
pON1 than in pON– (OR¼6.5; 95% CI, 2.8–15.1; P, .001).
Lesion-detection probability using 3D-T2-STIR-ZOOMit was 1.8
times higher in pON1 (OR¼ 1.8; 95% CI, 1.2–3.1; P¼ .01) and
5.9 times higher in pON– (OR¼ 5.9; 95% CI, 2.5–13.8; P, .001)
than when using 2D-T2-STIR. The larger detection increment in
pON– compared with pON1 was statistically significant (P for
interaction¼ .049). Among the 73 individual eyes with no AON,
3D-T2-STIR-ZOOMit revealed 32 DLs, whereas 2D-T2-STIR
revealed only 4.

DISCUSSION
We showed that 3D-T2-STIR-ZOOMit
may detect a substantially larger num-
bers of aVP DLs, particularly in the
intracranial segments and in patients
without pON–, compared with the
standard 2D-T2-STIR.5,8 Because optic
nerve lesions represent a hallmark of
MS disease dissemination,16 including
highly sensitive MR imaging examina-
tions in the diagnostic workflow may
lead to earlier diagnosis and start of
treatment5 and provide structural cor-
relates for patients’ asymptomatic
vision loss.4 The technique specificity
was supported by the absence of false-
positive lesions in HC.

The classic 2D-T2-STIR uses a
STIR pulse to both suppress orbital fat
and increase image contrast by exploit-
ing the T1 relaxation time difference
among tissues,12,13 ultimately leading
to an increased lesion conspicuity with
respect to non-inversion recovery–pre-
pared T2-TSE sequences using spectral
fat saturation. However, 2D imaging
offers suboptimal demarcation of ana-
tomic details17-20 because of through-

plane partial volume effects.21 The ZOOMit is a recently developed
MR imaging technology that focuses on data sampling by applying
an excitation pulse that is spatially selective in both section
and phase-encoding directions.10,11 The dedicated 3D-T2-STIR-
ZOOMit technology allowed disclosing aVP disease dissemination
with a 5.9-fold probability increase compared with 2D-T2-STIR,
thus revealing a substantially larger number of clinically asymp-
tomatic DLs.

3D-T2-STIR-ZOOMit detected at least 1 DL in 44.8% of
patients with pON–. Using a 3D double inversion recovery
sequence, Sartoretti et al22 identified lesions in 72% of a group of
patients with MS without visual symptoms within the past
3 years. Patient selection criteria might, at least in part, account
for such a relatively higher percentage because patients who had
visual symptoms before the previous 3 years might have been
included. Indeed, with the same technique, Hadhoum et al23

found lesions in 38.5% of optic nerves without AON history,
while Riederer et al24 observed subclinical lesions in 18% of their
patients. However, these studies did not assess the OT, whose
lesion burden constituted 10.4% of all DLs in our participants
with MS.

Most interesting, DLs frequently targeted the intracranial aVP
segments, which, altogether, had 40.5% of aVP lesions, a figure
that was largely missed with 2D-T2-STIR. Although brain 3D tech-
niques used in clinical practice, such as double inversion recovery
or FLAIR, might detect a relatively higher number of intracranial
aVP lesions than 2D-STIR, their spatial resolution is substantially
lower than that of 3D-T2-STIR-ZOOMit.14,25 Here, we were able
to disclose a frequent occurrence of the OT involvement in MS,

FIG 4. Comparison of extra cranial aVP detection in a participant with MS with previous unilat-
eral AON on the left side (patient with MS No. 0038). A1–3, A very small, asymptomatic DL partially
involving the superolateral aspect of the right iOrb segment (arrowheads on coronal, sagittal-
oblique, and axial-oblique images) was missed on the 2D-T2-STIR image (B). A larger L iOrb lesion
was instead detected by both sequences (thin arrows in A1, A3 and B), possibly representing
chronic changes related to the previous AON.
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leading to the proposed lobster antenna sign appearance. Future
investigations in larger cohorts and longitudinal studies are war-
ranted to compare with other autoimmune disorders typically
involving this region, such as the neuromyelitis optica spectrum
and the antimyelin oligodendrocyte glycoprotein antibodies disor-
ders.2 Indeed, a detailed knowledge of DL appearance and spatial
distribution patterns in the entire aVP may support prompt differ-
ential diagnosis and appropriate treatment initiation.

Our technique has several limitations. First, we did not use post-

mortem specimens as a criterion standard to definitely assess 3D-

T2-STIR-ZOOMit accuracy. As far as we are aware, no previous

radiologic-pathologic correlation data are available in the literature

for the aVP. However, our control analysis showed that 3D-T2-

STIR-ZOOMit was unlikely to provide false-positive results in

healthy participants. Moreover, between-reader agreement and

scan-rescan consistency were high, suggesting adequate technique

reproducibility. Second, scan duration was relatively long, and

images from 3 participants had to be discarded for severe movement

artifacts. Implementation in the clinical setting requires appropriate

hardware as well as patient coaching before the examination (see

the MATERIALS AND METHODS section). This study was per-

formed in patients with relatively mild disability. Future sequence

developments, using, for example, compressed sensing,26 3D parallel

imaging acceleration techniques,27 and/or motion-correction techni-

ques28 may facilitate image acquisition by reducing the scan time and

movement artifacts, therefore optimizing the examination workflow.

Third, field inhomogeneity artifacts preventing visualization of the

iCanal segment were relatively frequent, leading to a reduced DL-

detection capability at this level. Finally, we did not assess here

whether the increased sensitivity allowed by 3D-T2-STIR-ZOOMit

may help to explain patients’ subclinical vision loss and to predict dis-

ability accrual and clinical relapses. Future studies are planned to

investigate the relationships among DL load, precise ophthalmologic

measurements of visual acuity loss, and neurologic disability.

CONCLUSIONS
We showed that the assessment of MS disease dissemination in
the aVP may be substantially improved using dedicated high-spa-
tial-resolution and contrast-optimized 3D-T2-STIR-ZOOMit

FIG 5. Intracranial aVP detection of asymptomatic DL in a participant with MS without a previous AON history (patient with MS No. 0020) on
3D-T2-STIR-ZOOMit images. A1, and B1, Bilateral DLs partially affecting the OTs and impairing tissue contrast (arrowheads) with the adjacent
hypothalamus ventrolateral aspects (asterisks). C1, Further depiction of DLs with partial involvement of the OC (arrowheads). All these lesions
were not detectable on 2D-T2-STIR (middle panel, B2, C2). The right panel (A3, B3, C3) provides the reference normal anatomy (empty arrow-
heads) from a healthy control (No. 9005). Because of the axial plane appearance of the OTs and hypothalamus ventrolateral aspects resembling
lobster antennas, we propose the “lobster antenna” sign to indicate loss of normal tissue contrast between the OT and hypothalamus. Thin
arrows in A1 and A3 indicate the mammillary bodies, corresponding to the lobster’s eyes in the artwork (A2). Courtesy of Dr. Andrea Diociasi.
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images. Advantages are particularly beneficial at the level of the
intracranial segments and in patients without a history of acute
optic neuritis.
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BRIEF/TECHNICAL REPORT
ADULT BRAIN

A Novel Method to Measure Venular Perivascular Spaces in
Patients with MS on 7T MRI

I.C. George, A. Arrighi-Allisan, B.N. Delman, P. Balchandani, S. Horng, and R. Feldman

ABSTRACT

SUMMARY: In MS, inflammatory cells accumulate within the perivascular spaces of acute and chronic lesions. Reliance on perivas-
cular spaces as biomarkers for MS remains uncertain because various studies have reported inconsistencies in perivascular space
anatomy. Distinguishing between venular and arteriolar perivascular spaces is pathophysiologically relevant in MS. In this pilot study,
we leverage susceptibility-weighted imaging at 7T to better identify perivascular spaces of venular distribution on corresponding
high-resolution T2 images.

ABBREVIATIONS: HC ¼ healthy controls; PVS ¼ perivascular space

In MS, immune cells, immunoglobulins, and proinflammatory
factors cross 2 barriers to enter the CNS: the vascular endothe-

lium, or blood-brain barrier, and the glia limitans.1 Between these
is the perivascular space (PVS), where immune cells may accu-
mulate in both active and chronic MS lesions.2

The localization of immune cells and inflammatory markers
in relation to perivascular spaces, along with formation of MS
lesions around central veins, suggests that changes in PVS anat-
omy may reflect disease severity.3 Previous work reported differ-
ences in the PVS anatomy between patients with MS and healthy
controls (HC), though results have conflicted.4-6 In addition to
the heterogeneities of the study design, including differences in
field strengths and MS phenotypes, discrepancies may relate to
inadequate differentiation between venular and arteriolar PVSs,
which are differentially affected in MS.7 We hypothesized that

selective analysis of venular PVSs may more accurately reflect
pathophysiologic changes in MS.

We developed a novel technique coregistering T2-TSE images
with SWI to identify venular PVSs (with central susceptibility
suggesting deoxygenated blood) or nonvenular PVSs (lacking
susceptibility). We present the pilot results at 7T on 3 persons
with relapsing-remitting MS and 3 HC.

MATERIALS AND METHODS
Three persons with MS (1 woman/2 men; Expanded Disability
Status Scale scores, 2.0, 3.0, and 0; 32, 33, and 35 years of age) and
3 age-matched HC (32, 33, and 35 years of age) were recruited
through Mount Sinai Hospital. All persons with MS met the
2017 McDonald criteria8 and received disease-modifying therapy.
Informed consent was obtained from all participants.

Subjects were scanned on a 7T scanner (Magnetom 7T;
Siemens) using an SC72CD gradient coil (maximum slew rate ¼
200 T/m/s, Gmax ¼ 70 mT/m) with single-channel transmit and
32-channel receive head coils (Nova Medical). Sequences included
T2-TSE, SWI, and MP2RAGE with a uniform denoised recon-
struction. Details are listed in the protocol.9

To detect vessels, we developed a vessel-segmentation
tool in Matlab (MathWorks).10 Minimum-intensity-projection
images were obtained from SWI. Vessel edge enhancement was
performed by finding the eigenvalues of the Hessian matrix.11,12

Uniform denoised images were used to create GM and WM
volumetric segmentations of the brain using FreeSurfer, Version
6.0. (http://surfer.nmr.mgh.harvard.edu). Segmentations were used
to calculate total WM volume and create GM and WM masks.
Lesions were segmented by the lesion growth algorithm (https://
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www.applied-statistics.de/lst.html).13 The uniform denoised, T2-
TSE, and susceptibility-weighted images were coregistered using
SPM12 (http://www.fil.ion.ucl.ac.uk/spm/software/spm12), and the
FreeSurfer-derived masks were used to isolate WM of the cerebral
hemispheres.

The resulting 3D datasets were connected along an 18-con-

nected network through the nearest neighbors. Individual objects
were characterized using the “bwlabel” function in Matlab, and

principal axes were extracted. Networks were filtered to exclude

objects with a major-/minor-axis length ratio of ,4, to eliminate

nonvessel punctate foci of susceptibility.
For all subjects, WM PVSs were manually marked on coregis-

tered T2-TSE images by 2 raters (I.C.G. and A.A.-A.) on OsiriX

Imaging Software, Version 9.0.2 (http:// www.osirix-viewer.com).

An individual ROI was identified for each marked PVS. PVSs were
marked on the diameter through the short axis of the ROI (exclud-

ing diameters of ,0.5mm). Gray matter and posterior fossa PVSs

were excluded because these areas are prone to artifacts at 7T.

Interrater reliability was assessed comparing total PVSs marked

per section by each reviewer.
Vessel and PVS masks were overlaid to quantify the coinci-

dence of PVSs and segmented veins relative to the total number
of detected PVSs. Total numbers of PVSs and venular PVSs were
averaged across raters for persons with MS and HC.

A percentage perivenular space quotient was calculated for
each subject by dividing the number of venular spaces detected
by the total number of perivascular spaces. A nonparametric

Moods median test was performed to compare this percentage in
HC versus persons with MS. A x 2 test of independence was per-
formed to assess the relationship between the number of venular
PVSs and total PVSs in HC and persons with MS.

RESULTS
Alignment of PVSs manually marked on T2-TSE sequences with
corresponding SWI demonstrated the feasibility of this approach
(Fig 1).

Interrater reliability was high between reviewers, demonstrat-
ing correlation coefficients of r¼ 0.95 and r¼ 0.85 on 2 scans.

The total PVS number and percentage of venular PVSs were
quantified for 3 persons with MS and 3 HC. The mean total PVSs
were 4976 (SD, 282.6) in persons with MS versus 8487 (SD, 2645.1)
in HC (P¼ .15). Of these, 15.19% were venular in the persons with
MS group versus 10.26% venular in HC (P¼ .014) (Fig 2). In this
sample, even though persons with MS had fewer detectable perivas-
cular spaces than HC, a larger proportion of spaces in persons with
MS were venular. Total brain volumes andWM volumes were sim-
ilar between the persons with MS and HC, with a mean total vol-
ume of 1162mL (range, 968–1319 mL) in persons with MS and
1042mL (range, 996–1101 mL) in HC (t test, P¼ .46). Mean WM
volume was 470 mL (range, 374–557 mL) in patients with MS and
444 mL (range, 441–449 mL) in HC (t test, P¼ .68). Mean lesion
volume was 1.3mL (range, 0.45–1.45mL).

In HC, the number of venular PVSs was highly related to the
number of PVSs (x 2 ¼ 0.26, 2 df), while in the persons with MS

FIG 1. Overlay of pre- and postprocessed images of T2-TSE with manual PVS markings and SWI at 7T in a healthy control (A–D 1) and a person with
MS (A–D 2) allows identification of venular and nonvenular PVSs. T2-TSE (A), SWI (B), T2-TSE with PVSs highlighted in yellow (C), and T2-TSE with SWI
overlay in red (D) are depicted, with magnification of 1 sample area in the thick white square demonstrated in the thinnerwhite square inset.
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group, the number of venular and total PVSs was independent of
it (x 2 ¼ 99, 2 df).

DISCUSSION
We developed a method to identify venular PVSs using coregis-
tered SWI-mapping deoxygenated blood signal and demonstrate
the feasibility and reproducibility of this approach in the hemi-
spheric white matter at 7T.

While our cohort is too small to draw definitive conclusions
comparing persons with MS with HC, preliminary results suggest
an increased proportion of venular PVSs in persons with MS.
Furthermore, in HC, the venular PVS number was highly depend-
ent on the total number of PVSs, while in persons with MS, these
were independent (P, .001), implying that these differences are
specific to this compartment and would not have been detected by
analyzing total numbers or total volume of PVSs. We found lower
numbers of total PVSs in persons with MS compared with HC;
however, the difference was not statistically significant. The larger
total PVS number found in our study suggests that previous find-
ings at 1.5T may not extend to higher field strengths, which
improve PVS detection. We plan to further explore these results in
a larger cohort.

A recent meta-analysis demonstrated that enlarged PVSs are
more prevalent in persons with MS versus HC, though study
designs varied widely. No study differentiated venular and arteriolar
PVSs.4-6,14,15 The total number of PVSs detected in our study is
greater than those previously reported at 7T,12 likely due to differen-
ces in measurement algorithms. A larger study using our approach
would clarify how the venular PVS number and size differ in MS
and whether treatment modulates these changes.

Limitations of the current study include the small number of
subjects and raters. We are refining a semi-automated method
to measure PVSs at 7T to improve feasibility and interrater reli-
ability. Additionally, PVSs within gray matter, the posterior
fossa, and T2-hyperintense lesions were not included in
the analysis due to difficulty of detection on TSE images.

Controlling for nonlesional brain vol-
ume normalizes the dataset to nor-
mal-appearing white matter and may
mitigate the exclusion of PVSs from
within lesions, though our method
may be limited in subjects with large,
confluent white matter lesions.

Future steps include the validation
of preliminary findings from this study
in a larger cohort and developing an
automated tool to identify PVSs in a
shorter timeframe than manual detec-
tion. Critical questions remain as to
whether PVS anatomy corresponds to
disease activity, active relapse, response
to treatment, brain atrophy, neurode-
generation, and disability progression.

CONCLUSIONS
We present a semi-automated method
of differentiating venular and nonve-

nular PVSs. The algorithm is reproducible and feasible in a group
of persons with MS and HC and has the potential to identify an
important biomarker in MS.
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ORIGINAL RESEARCH
ADULT BRAIN

MRI Shrimp Sign in Cerebellar Progressive Multifocal
Leukoencephalopathy: Description and Validation

of a Novel Observation
N. Adra, A.E. Goodheart, O. Rapalino, P. Caruso, S.S. Mukerji, R.G. González, N. Venna, and J.D. Schmahmann

ABSTRACT

BACKGROUND AND PURPOSE: There are no validated imaging criteria for the diagnosis of progressive multifocal leukoencephalop-
athy in the cerebellum. Here we introduce the MR imaging shrimp sign, a cerebellar white matter lesion identifiable in patients
with cerebellar progressive multifocal leukoencephalopathy, and we evaluate its sensitivity and specificity.

MATERIALS AND METHODS: We first identified patients with progressive multifocal leukoencephalopathy seen at Massachusetts
General Hospital between 1998 and 2019 whose radiology reports included the term “cerebellum.” Drawing on a priori knowledge,
2 investigators developed preliminary diagnostic criteria for the shrimp sign. These criteria were revised and validated in 2 succes-
sive stages by 4 additional blinded investigators. After defining the MR imaging shrimp sign, we assessed its sensitivity, specificity,
positive predictive value, and negative predictive value.

RESULTS: We identified 20 patients with cerebellar progressive multifocal leukoencephalopathy: 16 with definite progressive multi-
focal leukoencephalopathy (mean, 46.4 [SD, 9.2] years of age; 5 women), and 4 with possible progressive multifocal leukoencephal-
opathy (mean, 45.8 [SD, 8.5] years of age; 1 woman). We studied 40 disease controls (mean, 43.6 [SD, 21.0] years of age; 16 women)
with conditions known to affect the cerebellar white matter. We defined the MR imaging shrimp sign as a T2- and FLAIR-hyperin-
tense, T1-hypointense, discrete cerebellar white matter lesion abutting-but-sparing the dentate nucleus. MR imaging shrimp sign
sensitivity was 0.85; specificity, 1; positive predictive value, 1; and negative predictive value, 0.93. The shrimp sign was also seen in
fragile X–associated tremor ataxia syndrome, but radiographic and clinical features distinguished it from progressive multifocal
leukoencephalopathy.

CONCLUSIONS: In the right clinical context, the MR imaging shrimp sign has excellent sensitivity and specificity for cerebellar pro-
gressive multifocal leukoencephalopathy, providing a new radiologic marker of the disease.

ABBREVIATIONS: JCV ¼ JC polyomavirus; MS ¼ multiple sclerosis; NPV ¼ negative predictive value; PML ¼ progressive multifocal leukoencephalopathy;
PPV ¼ positive predictive value; PRES ¼ posterior reversible encephalopathy syndrome

Progressive multifocal leukoencephalopathy (PML) is an oppor-
tunistic demyelinating disease in which the human JC polyo-

mavirus (JCV) causes lytic infection of oligodendrocytes, astrocytes,
and, rarely, neurons.1 It affects immunosuppressed patients with an

impaired T-lymphocyte response, including patients with chronic
lymphocytic leukemia, Hodgkin lymphoma, and HIV/AIDS.2-5

The increase in the PML incidence associated with immune thera-
pies such as natalizumab for multiple sclerosis6-8 underscores the
importance of developing early, validated diagnostic criteria for
PML.6-8

Cerebellar and brainstem involvement in PML was identified 4
decades ago. There are few studies of the diagnostic specificity of
pontocerebellar findings on MR imaging in PML.9,10 A punctate
pattern of T2 and FLAIR hyperintensity is described in natalizu-
mab-associated PML and in PML–immune reconstitution inflam-
matory syndrome.11,12 The hot cross bun sign, a cruciform T2
hyperintense signal in the midpons, has been noted late in the
course of PML, affecting posterior fossa structures, when both the
brainstem and the cerebellum have lost considerable volume (oli-
vopontocerebellar atrophy). The hot cross bun sign was described
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initially in the cerebellar subtype of multiple system atrophy13,14 and
is also seen in spinocerebellar ataxia, particularly spinocerebellar
ataxia 1 and 2,15 and in variant Creutzfeldt-Jakob disease16 and cere-
bral vasculitis.17 Conditions other than PML affect the middle cere-
bellar peduncles, and disorders of immunocompromised patients
such as toxoplasmosis, lymphoma, posterior reversible encephalop-
athy syndrome (PRES), neuro-Behçet disease, or HIV encephalitis
may pose a diagnostic challenge. Cerebellar neuroimaging markers
specific to PML may, therefore, aid diagnosis and preempt invasive
procedures like brain biopsy.10

The shrimp sign was first proposed as a marker of cerebellar
PML 25 years ago by N.V., who characterized it as a well-defined
T2- or FLAIR-hyperintense and T1-hypointense lesion in the cer-
ebellar white matter that abuts-but-spares the dentate nucleus
and has the shape of a shrimp. It may also involve the hilum of
the dentate nucleus. On axial MR imaging, the well-defined white
matter lesion outlines the serrated, curvilinear-shaped dentate
nucleus.

We designed this study to determine whether the shrimp sign
is, indeed, a reliable indicator of cerebellar PML and to assess its
sensitivity and specificity.

MATERIALS AND METHODS
Standard Protocol Approvals, Registrations, and Patient
Consents
The study was approved by the Partners Human Research institu-
tional review board.

Study Population
Cohorts were drawn from medical record review of patients
with T2-hyperintense cerebellar lesions at Massachusetts General
Hospital between 1998 and 2019. Radiologic images acquired
during clinical care were identified in Render, a searchable repos-
itory of radiology reports and images. Medical record review con-
firmed the diagnosis and captured demographic data.

Imaging Sequences
All MR imaging was performed as part of standard clinical care.
Initially, axial planes of T1WI, T2WI, FLAIR, and, when avail-
able, postgadolinium T1WI were studied. After the preliminary
stage of the study, we also examined T1WI in the sagittal and cor-
onal planes.

PML Cohort. Radiologic records were obtained using the search
terms “progressive multifocal leukoencephalopathy” or “PML”
and “cerebellar or cerebellum.” Using the American Academy of
Neurology PML diagnostic criteria, we defined definite PML as
patients with polymerase chain reaction positive for JCV from
the CSF and pertinent clinical presentations and MR imaging
findings.18 Possible PML was defined as patients who had not
undergone lumbar puncture but were diagnosed using clinical
presentations and MR imaging findings.

Control Cohort. Patients with diseases known to affect cerebellar
white matter were chosen as controls.19 Terms from broad catego-
ries (demyelinating lesion, leukodystrophy, cerebellar white mat-
ter1 hyperintensity, middle cerebellar1 white matter1 hyperin-
tensity) and specific categories (fragile X–associated tremor ataxia
syndrome, PRES, cerebrotendinous xanthomatosis, Alexander dis-
ease, Langerhans cell histiocytosis) were searched twice, in combi-
nation with the terms “cerebellar” or “cerebellum.” Patients whose
cerebellar pathology included hemorrhage, ischemic stroke, or
space-occupying tumors (medulloblastoma, astrocytoma, ependy-
moma, glioblastoma) were excluded because these lesions are
unlikely to be confused with PML. Patients with small, nonspecific
cerebellar white matter lesions were also excluded. Because cases of
MS and PRES were disproportionately higher than diagnoses in
the rest of the group, we randomly chose 5 cases of MS and 4 of
PRES and kept all other controls in the cohort.

Defining and Validating the Shrimp Sign
The shrimp sign was assessed through 4 stages (Fig 1). In the pre-
liminary stage, O.R. (neuroradiology) and J.D.S. (neurology),
blinded to the diagnosis, developed the shrimp sign criteria based
on a priori knowledge and assessed its presence in all cases. The a
priori inclusion criteria were the following: 1) presence of a well-
defined lesion in the cerebellar white matter that is hyperintense
on T2-weighted and FLAIR imaging and hypointense on T1-
weighted imaging, and 2) the lesion abutting and sharply demar-
cating the dentate nucleus and outlining the dentate nucleus on
axial MR imaging (Fig 2). The a priori exclusion criteria were the
following: 1) invasion of the dentate nucleus by the white matter
lesion, 2) a small and nonspecific lesion of the middle cerebellar
peduncle, and 3) presence of hemorrhage, ischemic stroke, or
space-occupying tumor in the cerebellar pathology. Permissible
features included involvement of the white matter hilum of the

A priori shrimp sign criteria

2 Investigators

(JDS & OR)

Blinded

Preliminary Stage
PML: n = 20  Control Cohort: n = 40

Exploratory Stage
PML: n = 20   Control Cohort: n = 40

1st Validation Stage
PML: n = 20  Control Cohort: n = 40

2nd Validation Stage
PML: n = 20   Control Cohort: n = 40

Final Test Cases
PML: n =  5

Refined shrimp sign criteria

Final shrimp sign criteria

2 Investigators

(JDS & OR) 

Un-Blinded

2 Investigators

(NV & PC)

Blinded

2 Investigators

(SSM & RGG) 

Blinded

All 6

Investigators

Blinded

FIG 1. Flow diagram outlining the methodology for defining and vali-
dating the shrimp sign. In the preliminary stage, axial planes of T1-
weighted imaging, T2-weighted imaging, FLAIR, and, when available,
postgadolinium T1-weighted images were studied. In subsequent
stages, these images were also examined in the sagittal and coronal
planes.
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dentate nucleus, lesions in the cerebral hemisphere and brain-

stem, and pontocerebellar atrophy. In PML present for a long du-

ration (years), there may be prominent atrophy of the cerebellar

hemispheres, dentate nuclei, middle cerebellar peduncle, and

brainstem, sometimes with a hot cross bun sign in the pons.13,14

This olivopontocerebellar atrophy pattern may develop as a pri-

mary neurodegenerative disorder (neuronal PML) or as the late/

burned-out stage of PML.
In the exploratory stage, diagnoses were revealed and the

investigators reviewed the cases to refine the shrimp sign criteria.

These revised criteria were used for the first validation stage, in

which P.C. (neuroradiology) and N.V. (neurology) evaluated the

MR images blinded to diagnoses. The investigators were aided by

canonical images of positive and negative shrimp signs. Core

inclusion and exclusion criteria were

designated. The final criteria (Table 1)

were subjected to a second validation

stage by R.G.G. (neuroradiology) and

S.S.M. (neurology), also blinded to the

diagnoses. If reviewers disagreed, we

erred on the side of specificity rather

than sensitivity (ie, a determination of

no for the presence of the shrimp sign

prevailed over a yes determination).

Sensitivity, specificity, positive predic-

tive value (PPV), and negative predic-

tive value (NPV) of the shrimp sign

criteria were assessed following the

preliminary and validation stages. In

these stages, 20 patients with PML and

40 controls were evaluated for the

presence of the shrimp sign by each

investigator.
After the study had begun, 5 addi-

tional cases of PML were referred to
Massachusetts General Hospital: 1 pos-
sible and 4 definite. These 5 were used
as a test of the finalized shrimp sign cri-
teria. All 6 senior investigators assessed
the presence of the shrimp sign in these
5 cases, blinded to the diagnoses.

RESULTS
Patients with PML
The search for cases of PML generated
138 medical records. Of these, cerebel-
lar white matter lesions were identified
in 20 patients: 16 with definite PML
(mean, 46.4 [SD, 9.2] years of age), 4
with possible PML (mean, 45.8 [SD,
8.5] years of age). See Table 2 for
patient demographics. Of 16 cases of
definite PML, 13 (81.25%) had HIV
infection.

Control Patients
Medical records of 716 controls were generated. We excluded
645 (90%) due to hemorrhage, ischemic stroke, tumors, duplicate
records, and/or no sizeable cerebellar lesions. Of the remaining
71 controls, 25 had MS and 15 had PRES. The disproportionately
greater frequency of these 2 diagnoses was addressed by ran-
domly choosing 5 cases of MS and 4 of PRES. The final cohort
included 40 control patients (mean, 43.64 [SD, 21.0] years of age).
See Table 2 for demographics and Table 3 for diagnoses.

Development of Preliminary Diagnostic Criteria
Assessment of a priori criteria of the first evaluators (J.D.S., O.R.)
resulted in 4 false-negative and 8 false-positive cases, a sensitivity of
0.8, specificity of 0.8, NPV of 0.89, and PPV of 0.67 (Table 4). After
unblinded re-examination of the false-negatives, we noted the

FIG 2. Representative MRIs from 5 patients with PML demonstrating the essential features of the
MR imaging shrimp sign. Each row represents images taken from 1 patient, numbered cases 1–5: T2
axial (A), T1 axial (B), and T1 sagittal images (C). White arrows identify the white matter lesion;
black arrows, the dentate nucleus. FLAIR axial (D), T1 axial (E), T1 sagittal (F), FLAIR axial (G), T2 axial
(H), T1 coronal (I), FLAIR axial (J), T2 axial (K), T1 sagittal (L), T2 axial (M), FLAIR axial (N), and T1 sagittal
(O) views. In case 5, the bilaterally symmetric shrimp sign is somewhat atypical in this patient with
PML in the setting of confirmed HIV positive for CSF-JCV.
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importance of evaluating all 3 cardinal planes. We determined that
the white matter lesion outlining the dentate nucleus must
encompass$50% of the nucleus for a positive diagnosis. If there are
multiple white matter lesions, they must abut the nucleus, but they
do not have to be contiguous. Review of false-positive cases
prompted us to add cavitation within the white matter lesion as an
exclusion criterion, along with T1 isointensity of lesions and overt at-
rophy of the dentate nucleus. Bilateral lesions were found to be a per-
missible atypical feature in PML. An important consideration in the
differential diagnosis is HIV encephalopathy without PML. In these
cases, the cerebellar white matter lesions are hazy and ill-defined;
whereas they may be hyperintense on T2WI or FLAIR imaging, they
are T1 isointense (not hypointense). Furthermore, the lesions are
diffusely distributed or bilaterally symmetric in the cerebellar and cer-
ebral white matter, further distinguishing them from PML.

Validation Stage 1
Assessment of the revised shrimp sign criteria resulted in 4 false-
negatives and 1 false-positive, a sensitivity of 0.8, specificity of
0.98, PPV of 0.94, and NPV of 0.91 (Table 4). Imaging features of
fragile X–associated tremor ataxia syndrome may resemble cases
of PML with bilateral shrimp signs. We modified our criteria to
highlight the permissible atypical feature of bilateral, usually
asymmetric white matter lesions but draw attention to fragile X–
associated tremor ataxia syndrome as a possible PML imaging
mimic. Following review, we also amended the criteria, recogniz-
ing that when all core inclusion and exclusion criteria are met,
minimal mass effect and enhancement following contrast admin-
istration remain compatible with the PML shrimp sign.

Validation Stage 2
By means of the amended criteria, the shrimp sign was evident in
17 of 20 patients with PML (85%). Of the 3 false-negatives, 1 had
possible PML and 2 had definite PML. There were no false-posi-
tives; the shrimp sign was absent in all 40 controls. Assessment of

Table 1: Diagnostic criteria for the MR imaging shrimp sign of cerebellar PML
Core Inclusion Criteria of the Shrimp Sign Core Exclusion Criteria of the Shrimp Sign

White matter lesion
Well-defined lesion in the cerebellar white matter
The lesion is hyperintense on T2-weighted and FLAIR imaging
The lesion is hypointense on T1-weighted imaging
The lesion abuts and sharply demarcates the dentate nucleus
and outlines the dentate nucleus in horizontal, parasagittal,
and/or coronal views
The lesion must encompass at least 50% of the dentate nucleus
(partial shrimp); if there are multiple lesions adjacent to the
dentate, they do not need to be contiguous

White matter lesion
Is not hypointense on T1-weighted imaging
Is hazy and ill-defined on T2-weighted or FLAIR imaging
Has cavitation within the substance of the lesion
Demonstrates prominent focal, diffuse, or ring enhancement

Dentate nucleus
Is invaded by the white matter lesion
Is displaced by the white matter lesion
Shows enhancement of the nucleus itself (specifically excluding
the hilum)
Is severely atrophic early in the course of the disease

Other features compatible with PML Permissible atypical featuresa

There may be a mottled appearance of the white matter lesion
on T2-weighted imaging
The white matter hilum of the dentate nucleus may be involved
The lesion may occur together with, or independent of, cerebral
hemisphere and brainstem PML lesions

Minimal enlargement of the MC P (up to 2–3mm)
Minimal mass effect on the fourth ventricle
Faint enhancement of the white matter lesion or the hilum of
the dentate nucleus
Olivopontocerebellar atrophy in late-stage PML
Bilateral, usually asymmetric white matter lesions

Note:—MCP indicates middle cerebellar peduncle.
a In the right clinical and imaging context and when all core inclusion and exclusion criteria are met.

Table 2: Patient demographicsa

Definite
PML

(n= 16)

Possible
PML
(n= 4)

Control
Cohort
(n= 40)

Sex (F/M) 5:11 1:3 16:24
Age (mean) (SD) (yr) 46.4 (9.21) 45.8 (8.46) 43.6 (21.04)
Cause of PML
HIV 13 (81.25%) 3 (75%) –

Cancer 2 (12.5%) 0 (0%) –

Immunosuppressant
therapy

1b (6.25%) 1c (25%) –

Ethnicity
Hispanic 1 (6.25%) 0 (0%) 2 (5%)
Non-Hispanic 8 (50%) 1 (25%) 25 (62.5%)
Unknown 7 (43.75%) 3 (75%) 13 (32.5%)
Race
White 10 (62.5%) 0 (0%) 30 (75%)
African American 2 (12.5%) 2 (50%) 3 (7.5%)
Asian 0 (0%) 0 (0%) 1 (2.5%)
Unknown 4 (25%) 2 (50%) 6 (15%)

a Patients with PML with positive JCV-CSF findings were defined as having definite
PML. Patients with PML without CSF samples but with clinical and MR findings in-
dicative of PML were defined as having possible PML.
b Rituxan and fludarabine.
cMycophenolate mofetil (Cellcept), tacrolimus (FK-506), and prednisone.

Table 3: Diagnoses in the 40 patients in the control cohort
Diagnosis No.

Acute disseminated encephalomyelitis 5 (12.5%)
Multiple sclerosis 5 (12.5%)
Neurofibromatosis 4 (10%)
PRES 4 (10%)
Fragile X–associated tremor ataxia syndrome 3 (7.5%)
Lymphoma 3 (7.5%)
Neuro-Behçet disease 3 (7.5%)
Cerebrotendinous xanthomatosis 2 (5%)
HIV encephalopathy 2 (5%)
Susac disease 2 (5%)
Alexander disease 1 (2.5%)
Krabbe disease 1 (2.5%)
Langerhans cell histiocytosis 1 (2.5%)
Metachromatic leukodystrophy 1 (2.5%)
Neurosarcoidosis 1 (2.5%)
Toxoplasmosis 1 (2.5%)
Wilson disease 1 (2.5%)
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the validity of the final shrimp sign criteria (Table 1) thus resulted
in a sensitivity of 0.85, specificity of 1, NPV of 0.93, and PPV of 1
(Table 4). In the 17 patients with PML with the shrimp sign, it was
noted at the first clinical presentation in 15 (88.2%), in all 3
patients with possible PML, and in 12/14 with definite PML. In the
remaining 2 patients, the shrimp sign developed within a year of
the PML diagnosis.

Final Test Cases
In the 5 additional PML patients evaluated using the final criteria
there was unanimous agreement. Of the 4 definite PML cases the
shrimp sign was present in 1 and absent in 3 (2 without cerebellar
involvement, and 1 with end-stage olivopontocerebellar atrophy,
white matter attenuation, and marked nuclear atrophy). There
was no shrimp sign in the 5th patient with possible PML, who
had leukoencephalopathy and patchy cerebellar white matter
hyperintensities but was negative for JCV in the CSF.

DISCUSSION
The diagnosis of PML relies on clinical and MR imaging findings
and detection of the JCV in the CSF by polymerase chain reac-
tion. Because PML lesions may involve multiple brain areas, the
clinical and imaging manifestations may vary.18 Characteristic
features include multifocal distribution of patchy or confluent
areas of white matter signal abnormality in the cerebral hemi-
spheres, brainstem, and cerebellum. These lesions are T1 hypoin-
tense and T2 hyperintense4,20-22 and typically do not enhance or
cause mass effect proportionate to the volume of the lesion,
though faint contrast enhancement and minimal mass effect are
noted.21,22 Diffusion restriction may detect active lesions.22-24

The absence of an MR imaging biomarker for cerebellar PML
prompted us to assess whether the MR imaging shrimp sign may
fill this gap. Results showed high sensitivity and NPV and excel-
lent specificity and PPV, indicating that it is, indeed, a reliable
imaging biomarker of cerebellar PML. The MR imaging shrimp
sign is a distinct T2- or FLAIR-hyperintense and T1-hypointense
lesion in the shape of a shrimp, located in the cerebellar white
matter abutting-but-sparing the dentate nucleus. It outlines the
serrated, curvilinear shape of the dentate nucleus, which stands
out against this abnormal background.

Postmortem studies of cerebellar PML provide the neuropatho-
logic basis for our imaging observations.9,25 One case revealed a
very widespread demyelinating process involving mainly the right
cerebellar hemisphere but also most of the pons and left cerebellum,
with the typical morphologic characters of PML.9 Another demon-
strated severe, confluent demyelination in the cerebellar white mat-
ter but, remarkably, sparing the dentate nucleus. Imaging in that
case showed bilateral asymmetric lesions that were T2-hyperin-

tense and T1-hypointense, consistent
with what we now identify as the MR
imaging shrimp sign.25 Histopathologic
examination confirmed preservation of
the dentate nuclei. The cerebellar white
matter lesions were notable for com-
plete loss of myelin sheaths, severe
damage in the axons, infiltration of
macrophages with increased microglial

cells, and scarcity in oligodendrocytes and perivascular lympho-
cytes. These observations demonstrate the magnitude of cerebellar
injury in a patient with PML and may explain the T1-hypointensity
characteristic of the shrimp sign.

In a study of PML and relapsing-remitting MS, MR imaging
findings and clinical features were analyzed to distinguish these
disorders.26 Crescent-shaped white matter lesions were reported
in 23% of the cerebellar PML cohort. Because that study exam-
ined only these 2 conditions, the specificity of this sign could not
be assessed.

The finding of JCV in the CSF has been considered more sensi-
tive and specific for PML than clinical and MR imaging findings.
However, false-negative CSF JCV values are encountered when the
immune system is relatively intact, as inMS and systemic lupus ery-
thematosus.27,28 Patients with AIDS with PML on suppressive anti-
retroviral therapy may also have reduced or undetectable CSF JCV
levels.29-31 The good sensitivity and high specificity of the shrimp
sign make it promising for the diagnosis and longitudinal study of
cerebellar PML, complementing and supporting the clinical fea-
tures. We note that disease survival in PML has increased with
improved diagnostic techniques, earlier recognition, and the intro-
duction of antiretroviral drugs.2,32 The shrimp sign was present at
the onset of clinical disease in 75% (15/20) of our cohort of patients
with PML, who were known retrospectively to have developed a
cerebellar lesion at any point in their disease course, suggesting that
the shrimp sign may be helpful for early diagnosis.

Limitations
By means of the final criteria, 3 cases in the original cohort of 20
patients who had known cerebellar PML were not diagnosed with
the shrimp sign. One case did not have T1 hypointensity. This was
a bona fide false-negative. Absence of the shrimp sign does not
exclude a diagnosis of PML because the cerebellum may be spared
or the radiologic findings may be only minimal. The remaining
cases did not pass the criteria due to symmetric lesions across the
cerebellar hemispheres. The reviewers were divided on these 2
cases: The neurologist used the shrimp sign because the symmetry
was incomplete, but the radiologist was concerned about the sym-
metry. Because patients with widespread leukoencephalopathies,
such as neuro-Behçet disease, Krabbe disease, or cerebrotendinous
xanthomatosis may have more aggressive cerebellar involvement
that extends to the middle cerebellar peduncles, brainstem, and
white matter of the cerebellar folia, adhering to the diagnostic crite-
ria will minimize false-positives, though it may result in occasional
false-negatives. Consideration of the clinical details should help
lead to the correct diagnosis.

A case in point is fragile X–associated tremor ataxia syndrome,
which showed a striking resemblance to the shrimp sign. Unlike

Table 4: Sensitivity and specificity of the MR imaging shrimp sign of cerebellar PMLa

Sensitivity (PML, True-
Positive/False-Negative)

Specificity (Controls, True-
Negative/False-Positive) PPV NPV

Preliminary stage 0.8 (16/4) 0.8 (32/8) 0.67 0.89
Validation stage 1 0.8 (16/4) 0.98 (39/1) 0.94 0.91
Validation Stage 2 0.85 (17/3) 1 (40/0) 1 0.93

a Sensitivity and specificity of the shrimp sign of cerebellar PML in the exploratory stage and following the first
and second validation stages.
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most of our cases of PML, fragile X–associated tremor ataxia syn-
drome cerebellar and middle cerebellar peduncle lesions were
bilateral and symmetric. This X-linked disorder of older men with
a premutation expansion (55–200) of the CGG repeat is character-
ized by slow evolution over a period of years of tremor, ataxia, pe-
ripheral neuropathy, erectile dysfunction, and cognitive decline,
and the patient may have a grandson/grandnephew with the full
mutation fragile X syndrome and daughters who are fragile X car-
riers.33 Imaging features notwithstanding, when the clinical context
is considered, there should be little room for confusion between
this genetic disorder and PML.

In most of our patients, PML occurred against a background
of HIV. Of the 4 cases negative for HIV, the 1 case of possible
PML and 2 of 3 cases of definite PML had the shrimp sign. PML
is increasingly recognized in patients treated with immune thera-
pies such as natalizumab and rituximab, but our study included
only 1 patient with rituximab-associated PML, and this case was
positive for the shrimp sign. Future studies will need to address
the relative prevalence of the shrimp sign in patients with HIV-
associated PML versus those with PML in the setting of other
causes of immune compromise.

Severe dentate nucleus atrophy is an exclusion criterion for the
shrimp sign, though it often accompanies olivopontocerebellar at-
rophy that may be observed in late-stage cerebellar PML. Dentate
nucleus atrophy is generally not present in early cerebellar PML
when the shrimp sign is evident. Measurement of the dentate nu-
cleus diameter on clinical scans is technically challenging, and this
issue precluded us from defining clear limits and quantitative com-
parisons of the nucleus diameters among cases. The subjective
term “severe atrophy” in the exclusion criteria recognizes this real-
ity and indicates that nucleus dimensions should be largely pre-
served relative to the remainder of the cerebellum.

Finally, we note that patients with PML may present with
ataxia and cerebellar atrophy but no white matter lesions, reflect-
ing JCV infection of the cerebellar granular cells, a constellation
termed JCV granule cell neuronopathy.34 We caution that the ab-
sence of the shrimp sign in a newly ataxic patient with HIV does
not preclude the possibility of JCV infection, even though the
imaging is not indicative of PML.

Implications. Our study is the first to identify a neuroimaging
marker that is both sensitive and specific for cerebellar PML early
in the disease. The clinical significance of our findings is highlighted
by a recent case report of a patient with PML initially misdiagnosed
with cerebellar ischemic stroke.35 Imaging at presentation revealed
a focal lesion in the middle cerebellar peduncle sparing the dentate
nucleus. During the next few months as the patient worsened,
increasing lesion size prompted consideration of PML. By means of
our shrimp sign criteria, earlier detection of PML may have been
facilitated. Future studies can assess the reliability of our shrimp
sign criteria in other cohorts and the potential for this sign to facili-
tate earlier detection and treatment of PML.

CONCLUSIONS
In this retrospective review of brain MR imaging studies in 2
cohorts, patients with known PML and those with other disorders
associated with T2-hyperintense cerebellar lesions, the shrimp

sign showed high sensitivity and NPV and excellent specificity
and PPV for cerebellar PML. The shrimp sign is a valid and reli-
able radiologic biomarker for cerebellar PML and may aid in the
diagnosis of cerebellar PML.
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Repeatability of Automated Image Segmentation with
BraTumIA in Patients with Recurrent Glioblastoma

N. Abu Khalaf, A. Desjardins, J.J. Vredenburgh, and D.P. Barboriak

ABSTRACT

BACKGROUND AND PURPOSE: Despite high interest in machine-learning algorithms for automated segmentation of MRIs of
patients with brain tumors, there are few reports on the variability of segmentation results. The purpose of this study was to
obtain benchmark measures of repeatability for a widely accessible software program, BraTumIA (Versions 1.2 and 2.0), which uses a
machine-learning algorithm to segment tumor features on contrast-enhanced brain MR imaging.

MATERIALS AND METHODS: Automatic segmentation of enhancing tumor, tumor edema, nonenhancing tumor, and necrosis was
performed on repeat MR imaging scans obtained approximately 2 days apart in 20 patients with recurrent glioblastoma. Measures
of repeatability and spatial overlap, including repeatability and Dice coefficients, are reported.

RESULTS: Larger volumes of enhancing tumor were obtained on later compared with earlier scans (mean, 26.3 versus 24.2mL for
BraTumIA 1.2; P, .05; and 24.9 versus 22.9mL for BraTumIA 2.0, P, .01). In terms of percentage change, repeatability coefficients
ranged from 31% to 46% for enhancing tumor and edema components and from 87% to 116% for nonenhancing tumor and necrosis.
Dice coefficients were highest (.0.7) for enhancing tumor and edema components, intermediate for necrosis, and lowest for non-
enhancing tumor and did not differ between software versions. Enhancing tumor and tumor edema were smaller, and necrotic tu-
mor larger using BraTumIA 2.0 rather than 1.2.

CONCLUSIONS: Repeatability and overlap metrics varied by segmentation type, with better performance for segmentations of
enhancing tumor and tumor edema compared with other components. Incomplete washout of gadolinium contrast agents could
account for increasing enhancing tumor volumes on later scans.

ABBREVIATIONS: BRATS ¼ Multimodal Brain Tumor Image Segmentation Benchmark; CCC ¼ concordance correlation coefficient; ICC ¼ intraclass correla-
tion coefficient; GCI ¼ generalized conformity index; RC ¼ absolute Bland-Altman repeatability coefficient; RC% ¼ Bland-Altman repeatability coefficient in
terms of percentage change

Automated tumor-segmentation software is usually evaluated
by comparing automated segmentations with those obtained

by or approved by human expert observers. For example, in
the Multimodal Brain Tumor Image Segmentation Benchmark
(BRATS) challenges, consensus segmentations were obtained by
fusing the input of human expert observers, and segmentation
software performance was measured using the Dice score, sensi-
tivity, specificity, and 95th percentile of the Hausdorff distance.1

Although this analysis is helpful for evaluating segmentation ac-
curacy, it does not measure the variability of automated segmen-
tation. Measurements of segmentation variability are important
for quantifying the uncertainty for any given segmentation vol-
ume measurement and estimating the smallest change in these
parameters that can be measured reliably. These estimates are
useful to evaluate the suitability of automated segmentation soft-
ware for clinical applications in which interval change in tumor
size is the primary parameter of interest.

The primary goal of this study was to study the variability of
segmentation volumes and spatial overlap obtained using the
widely available software package, Brain Tumor Image Analysis
(BraTumIA)2 (Version 1.2 and Version 2.0; https://www.nitrc.org/
projects/bratumia).2 This software uses machine-learning techni-
ques to produce fully automated segmentations of high-grade glio-
mas, which are highly correlated with the results of manual human
rater segmenations.2,3
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MATERIALS AND METHODS
Patient Population
Segmentations were performed on MR image sets obtained from
20 patients (13 men, 7 women; age range, 39–64 years; mean, 52.9
[SD, 7.7] years of age) with pathologically confirmed glioblastoma
diagnosed with recurrence who underwent repeat pretreatment
imaging as part of a study of bevacizumab and irinotecan therapy.4

These patients were older than 18 years of age and had Karnofsky
scores of at least 60%. Included patients had a minimum of 6weeks
between previous surgical resection and the beginning of the study
and 4weeks between previous radiation therapy or chemotherapy
and the beginning of the study.

Written informed consent was obtained for the underlying clini-
cal study, which was approved by the Duke Health Institutional
Review Board, and also for this retrospective study on collected imag-
ing data. Of note, 19 of the 20 patients reported here have publicly
available imaging from the Cancer Imaging Archive (https://wiki.
cancerimagingarchive.net/display/Public/RIDER+NEURO+MRI).

MR Imaging
MR images were obtained on a single 1.5T scanner (Avanto;
Siemens). The imaging protocol included the following: axial pre-
contrast 2D spin-echo T1WI (TE ¼ 7.7ms, TR ¼ 500ms, flip
angle ¼ 908, FOV ¼ 178.75 � 220mm2, voxel size ¼ 0.430 �
0.430 � 7.5mm3); axial 2D spin-echo T2WI (TE ¼ 93ms, TR ¼
4100ms, flip angle ¼ 150°, FOV ¼ 192.50 � 220mm2, voxel
size ¼ 0.573 � 0.573 � 7.5mm3); and axial 3D-FLAIR images
(TE ¼ 119ms, TR ¼ 9000ms, TI ¼ 2300ms, flip angle ¼ 180°,
FOV¼ 175.31� 220mm2, voxel size¼ .859� 0.859� 7.5mm3).
Gd-DTPA (Magnevist; Bayer HealthCare Pharmaceuticals) was
injected intravenously at a dose of 0.1mmol/kg for dynamic con-
trast-enhanced MR imaging. This was immediately followed by
axial postcontrast 2D spin-echo T1WI (TE ¼ 7.7ms, TR ¼
500ms, flip angle ¼ 90°, FOV ¼ 165 � 220mm2, voxel size ¼
0.430 � 0.430 � 7.5mm3). Next, a T1-weighted 3D echo-spoiled
gradient-echo sequence was performed. Repeat scans were gener-
ally performed 2 days after the initial scans (mean, 45.1 [SD, 7.6]
hours; range, 23.2–54.6 hours).

Automatic Segmentation
The BraTumIA2 software was used to automatically segment
each MR imaging scan into 4 components: enhancing tumor,
tumor edema, nonenhancing tumor, and tumor necrosis.
Segmentation of white matter and gray matter components of
normal brain are also provided. 2D-T1WI, contrast-enhanced
T1WI, T2WI, and FLAIRMR imaging sequences described above
were used as input. The machine learning–based methods used
by the BraTumIA to produce segmentations are described sepa-
rately.2 Of note, the segmentations produced by BraTumIA 1.2
were deterministic, and those of BraTumIA 2.0 were not. For
BraTumIA 2.0, a single summary segmentation was produced for
each scan by repeating the segmentation 25 times and resolving
disagreements using the same procedure used for resolving
reader disagreements in the BRATS study.1 Across the 25 repeti-
tions, the variability of segmentation volumes was assessed using
percentage coefficients of variation and variability of overlap,
using the generalized conformity index (GCI),5 in which a GCI of

zero indicates no segmentation overlap across repetitions, a GCI
of 1 indicates complete spatial overlap across repetitions, and a
GCI of 0.7–1.0 is considered excellent performance.6

Statistical and Image Analysis
Standard repeatability metrics,7 including Bland-Altman repeat-
ability coefficients (RC), intraclass correlation coefficients (ICC),
and concordance correlation coefficients (CCC), were obtained for
the volumes for each segmentation component as well as selected
segmentation combinations. Segmentation combinations included
total tumor-related abnormality (enhancing 1 edema 1 nonen-
hancing1 necrosis), total nonenhancing tumor–related abnormal-
ity (edema 1 nonenhancing 1 necrosis), and nonenhancing non-
necrotic tumor–related abnormality (edema 1 nonenhancing).
Segmentation volumes obtained at the earlier and later scans using
Version 1.2 and Version 2.0 of the software were compared using t
tests. ICCs were interpreted using standard guidelines.8

The rigid body algorithm in 3D Slicer, Version 4.8.19 (www.
slicer.org) and the Mattes Mutual Information algorithm were
used to spatially register the segmentations of 3D echo-spoiled
gradient-echo sequences from the 2 time points. The registra-
tion matrix obtained from combining this registration with
registration of the input images to the 3D echo-spoiled gradi-
ent-echo sequence from the same time point was then applied
to align the output segmentations. Spatial overlap of segmenta-
tions was measured using EvaluateSegmentation10 (https://
github.com/Visceral-Project/EvaluateSegmentation). To mini-
mize possible bias due to head positioning, we calculated over-
lap metrics both after registration of the later-to-earlier scan
and registration of the earlier-to-later scan and averaged them.

RESULTS
Summary Statistics
Measurements of the reproducibility of segmentation volumes
and overlap for repeat BraTumIA 2.0 segmentations on identical
datasets are summarized in the Online Supplemental Data. The
mean coefficient of variation was ,4%, and the GCI showed
excellent segmentation overlap for all segmentation components
and all combined segmentations except for the segmentations of
nonenhancing and necrotic tumor, the 2 components with the
smallest mean volume.

Mean segmentation volumes obtained by BraTumIA 1.2 and
BraTumIA 2.0 software (using the summary segmentation for the
latter) at baseline and repeat MR imaging scans are summarized in
Table 1. For both BraTumIA 1.2 and 2.0, volumes of enhancing tu-
mor were larger on the later dataset (mean, 26.3 versus 24.2mL,
P, .05; and 24.9 versus 22.9mL, P, .01, respectively); an example
of a case with a larger volume of enhancement on repeat imaging
is shown in Fig 1. No significant differences in volumes for any of
the remaining segmentation components and/or combinations
were seen.

Repeatability coefficient in terms of both absolute volume (RC)
and percent change (RC%) are summarized in Table 2. Other pre-
viously recommended repeatability measurements,7 including the
mean total SD, mean within-subject SD, ICC, and CCC are also
reported for each segmentation type and combined segmentations
in the Online Supplemental Data.
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CCCs were.0.8 for all tumor-related segmentations. By stand-
ard interpretation of ICCs, the reliability of segmentation volumes
was excellent for segmentation of enhancement and necrosis for
both software versions and for total tumor-related abnormality
using BraTumIA 1.2, and it was good-to-excellent for all other seg-
mentations (including all other combined segmentations) using
both BraTumIA 1.2 and 2.0, except for segmentation of gray mat-
ter with BraTumIA 1.2 and of edema and white matter with
BraTumIA 2.0, for which reliability was fair-to-excellent.

Repeatability varied across segmentation types. In terms of abso-
lute volume, the mean RC was $24 mL for edema, total tumor-
related abnormality, total nonenhancing tumor-related abnormal-
ity, and nonenhancing non-necrotic tumor–related abnormality for
both software packages, and 95% CIs overlapped. For enhancing tu-
mor volume, mean RCs were 6.9 and 5.2 mL for BraTumIA 1.2

and 2.0, respectively. For nonenhancing
and necrotic tumor, the mean RCs
were between 2 and 3 mL.

In terms of RC% for change in vol-
ume, CIs included or exceeded 100%
change for nonenhancing tumor and
necrosis segmentations. Mean RC%
ranged from 26% to 46% for enhancing
tumor; tumor edema; total tumor-
related abnormality; total nonenhanc-
ing tumor–related abnormality; and
total nonenhancing non-necrotic seg-
mentations for both software packages.

Overlap Metrics
Analysis of Dice coefficients and 95th
percentile and average Hausdorff dis-
tance (Table 3) showed that for the
component segmentations, the Dice
coefficients were highest (.0.7) for
enhancing tumor and edema compo-
nents; nonenhancing tumor had the
lowest Dice coefficient; and necrosis
was intermediate. An example of regis-
tered imaging slices and segmentations
for a case with a relatively high Dice
coefficient is illustrated in Fig 2. For all

combined tumor segmentations, Dice coefficients were, on aver-
age,$0.75.

Average 95th percentile Hausdorff distances were ,25mm for
enhancing, nonenhancing, and necrotic tumor and higher for tu-
mor edema. Average Hausdorff distances were lowest (,1.2mm)
for enhancing tumor, tumor edema, and all combined tumor seg-
mentations, and highest for nonenhancing and necrotic tumor.

Comparison of BraTumIA 1.2 and 2.0
The mean volumes for segmentations produced by the 2 versions
of BraTumIA are reported in Table 4. BraTumIA 2.0 produced
significantly smaller volumes for enhancing tumor and edema
segmentations and significantly larger necrosis segmentations
compared with BraTumIA 1.2 (P, .01 for all). The correspond-
ing effect was also seen on the combined tumor segmentations,

Table 1: Differences between segmentation volumes obtained at baseline and repeat imaging (in mL)

Segmented Region

Mean Segmentation
Volumes, BraTumIA

1.2 [SD]

Mean Segmentation
Volumes, BraTumIA

2.0 [SD]

Mean Difference in
Volume between Baseline
and Repeat Scans [SD]

Baseline Repeat Baseline Repeat BraTumIA 1.2 BraTumIA2.0
Enhancing 24.2 [17.1] 26.3 [18.5] 22.9 [16.6] 24.9 [18.1] 2.1a 2.0b

Edema 96.5 [34.3] 94.8 [39.2] 93.3 [33.2] 91.0 [37.7] –1.8 –2.2
Nonenhancing 3.0 [3.2] 3.0 [3.0] 2.8 [2.5] 2.6 [2.4] 0.03 –0.2
Necrotic 5.9 [13.0] 5.6 [12.4] 6.6 [12.6] 7.0 [12.9] –0.3 0.4
Total tumor-related abnormality 130 [51.3] 130 [56.7] 126 [48.4] 126 [52.8] 0.05 –0.1
Total nonenhancing tumor-related abnormality 105 [38.1] 103 [43.7] 103 [35.7] 101 [40.5] –2.0 –2.1
Nonenhancing non-necrotic tumor-related abnormality 99.5 [36.2] 97.8 [41.2] 96.1 [34.3] 93.6 [38.4] –1.7 –2.5
WM 545 [51.8] 543 [50.4] 549 [55.3] 546 [53.0] –2.7 –2.6
GM 594 [56.8] 597 [54.2] 608 [59.0] 611 [54.6] 2.7 2.8

a P, .05.
b P, .01 by paired t tests; all others not significant.

FIG 1. Registered baseline and repeat MR images from a 53-year-old man with multifocal left-hemi-
spheric recurrent glioblastoma, with corresponding segmentations showing enlargement of
enhancement segmentation on the repeat study compared with the baseline study. Registered T1-
weighted axial slices obtained at baseline before (A) and after (B) administration of Gd-DTPA are
shown along with segmentations obtained using BraTumIA 2.0 (C), as well as corresponding regis-
tered slices (D and E) and segmentation (F) from the repeat image set, aligned to match the baseline
image set. The segmentation from the repeat image set appears larger along its anterior margin
(open arrow). The overall enhancement volume increased by 2.2 mL on the repeat image set across
all slices in the imaging volume. The legend for categorization of segmentation components within
the segmentation is provided on the left.
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with BraTumIA 2.0 producing significantly smaller volumes on
average (P, .05 for all). In contrast, the gray and white matter
volumes reported by BraTumIA 2.0 were significantly larger than
those reported by BraTumIA 1.2 (P, .005 and P, .05, respec-
tively). A comparison of BraTumIA 1.2 and 2.0 segmentations
performed on identical imaging data is shown in Fig 3. For all tu-
mor segmentation components except for necrosis and for all
combined tumor segmentations, the average 95th percentile
Hausdorff distances were lower for BraTumIA 2.0 than for
BraTumIA 1.2. Otherwise, no differences in the repeatability or
overlap metrics were seen when comparing BraTumIA versions,
and 95% CIs overlapped when measuring CCC, ICC, RC, RC%,
Dice coefficients, and average Hausdorff distances for all segmen-
tation components and combinations.

DISCUSSION
The purpose of this study was to establish benchmarks for seg-
mentation software performance in terms of variability using
widely accessible software developed using a machine-learning
approach.2 These results may be useful for comparison with
results obtained from other automated software using machine-
learning or other approaches.

Although methods for measuring segmentation variability in
the absence of ground truth segmentations have been described,
none have been widely accepted. One approach to evaluating vari-
ability is to measure the repeatability of results when applied to
images obtained in close temporal succession, the so-called coffee
break experiment” paradigm. For measurement of enhancing brain
tumors using MR imaging, the choice of the interval between
repeat scans represents a compromise between minimizing time
during which the underlying tumor may change and maximizing
time for washout of contrast agent from the circulation and tumor.

In this study, in which contrast-enhanced MR imaging scans
were obtained between 23.2 to 54.6 hours apart, significantly larger
volumes of enhancing tumor were obtained on the later scan than
on the earlier scan using both BraTumIA 1.2 and 2.0, despite the
relatively short time interval between scans. This result points out
an important limitation in using repeat scans at short time inter-
vals to measure the repeatability for segmentation of enhancing tu-
mor. Although one cannot exclude this result possibly being, in
part, due to tumor growth in the interval, this seems unlikely to
entirely account for the magnitude of these changes. The median
increase in enhancement volume in this short time period was
approximately 3.0 mL (10.0% median volume increase) for
BraTumIA 1.2, and 2.0mL (10.3% median volume increase) for

Table 2: Measures of repeatability for automatically segmented volumes

BraTumIA Version
RC (95% CI), mL %RC (95% CI)

1.2 2.0 1.2 2.0
Enhancing 6.9 (4.9–10) 5.2 ( 3.7–7.5) 46% (33%–67%) 39% (28%–57%)
Edema 24 (17–35) 30 (21–43) 31% (22%–45%) 36% (26%–52%)
Non-enhancing 2.1 (1.5–3.1) 2.0 (1.4–2.8) 95%a (68%–140%) 116%a (84%–174%)
Necrotic 3.1 (2.2–4.5) 2.0 (1.4–2.9) 87% (62%–130%) 81% (58%–117%)
Total tumor-related abnormality 25 (18–36) 31 (22–44) 26% (18%–37%) 32% (22%–47%)
Total non-enhancing tumor-related abnormality 24 (17–34) 30 (21–43) 30% (21%–44%) 35% (25%–51%)
Non-enhancing non-necrotic tumor-related
abnormality

24 (17–35) 29 (21–42) 31% (22%–44%) 36% (25%–51%)

White matter 40 (28–58) 47 (33–67) 7.1% (5.1%–10%) 8.3% (5.9%–12%)
Gray matter 46 (33–67) 45 (32–65) 7.6% (5.3%–11%) 7.3% (5.1%–10%)

aN ¼ 19 because of average non-enhancing volume of 0 for 1 patient.

Table 3: Spatial measures of similarity across repeat image segmentations

BraTumIA Version
Dice Coefficient (95% CI) 95%ile HD, mm (95% CI)b Average HD, mm (95% CI)b

1.2 2.0 1.2 2.0 1.2 2.0
Enhancing 0.81 (0.75–0.86) 0.75 (0.70–0.81) 19 (17–21) 14 (12–16) 0.88 (0.72–1.1) 0.72 (0.60–0.84)
Edema 0.79 (0.75–0.84) 0.77 (0.73–0.81) 39 (34–45) 28 (24–31) 0.89 (0.72–1.1) 0.79 (0.66–0.94)
Nonenhancing 0.27 (0.19–0.36) 0.24 (0.16–0.31)a 22 (20–25) 17 (16–19)a 3.9 (3.2–4.8) 3.1 (2.7–3.6)a

Necrotic 0.51 (0.41–0.61) 0.45 (0.34–0.56) 18 (16–21) 16 (15–19) 2.3 (1.8–3.0) 2.3 (1.8–2.9)
Total tumor-related
abnormality

0.85 (0.81–0.88) 0.83 (0.80–0.87) 39 (33–46) 27 (24–31) 0.59 (0.47–0.73) 0.59 (0.48–0.73)

Total nonenhancing
tumor-related
abnormality

0.80 (0.75–0.84) 0.77 (0.74–0.81) 40 (34–47) 27 (24–31) 0.70 (0.58–0.85) 0.76 (0.63–0.90)

Nonenhancing non-
necrotic tumor-related
abnormality

0.80 (0.75–0.84) 0.77 (0.73–0.81) 39 (33–48) 28 (24–31) 0.71 (0.59–0.86) 0.78 (0.65–0.93)

White matter 0.84 (0.83–0.85) 0.80 (0.79–0.82) 19 (18–20) 17 (17–18) 0.28 (0.26–0.30) 0.36 (0.34–0.38)
Gray matter 0.76 (0.75–0.78) 0.72 (0.70–0.74) 13 (12–13) 14 (13–14) 0.37 (0.36–0.39) 0.48 (0.46–0.50)

Note:—HD indicates Hausdorff distance.
aN ¼ 19 because no nonenhancing tumor identified by BraTumIA 2.0 for 1 case.
b CIs were calculated by using logarithmic scale.

AJNR Am J Neuroradiol 42:1080–86 Jun 2021 www.ajnr.org 1083



BraTumIA 2.0. These findings would suggest median specific
growth rates of 2.1% and 2.3%/day, respectively, higher than the
1.2%/day rate reported for untreated glioblastoma.11 There were

no significant differences in segmentation volumes for nonenhanc-
ing tumor and tumor edema between these time points; it seems
unlikely that true tumor change of this magnitude would be

Table 4: Paired t test results for volumes reported by BraTumIA 1.2 and BraTumIA 2.0 (in mL)

Segmented Region

Average Volume
BraTumIA 1.2

Average Volume
BraTumIA 2.0

Average Difference in Volumes
(BraTumIA 2.0–BraTumIA 1.2)

Mean SD Mean SD Mean
Enhancing 25.2 17.6 23.9 17.1 –1.3a

Edema 95.6 36.4 92.2 35.1 –3.4b

Nonenhancing 3.02 3.04 2.69 2.43 –0.33
Necrotic 5.79 12.5 6.82 12.6 1.0b

Total tumor-related abnormality 130 53.4 126 50.0 –4b

Total nonenhancing tumor-related components 104 40.5 102 37.7 –2c

Nonenhancing non-necrotic tumor-related components 98.7 38.3 94.8 36.0 –3.9b

WM 544 50.5 547 53.5 3c

GM 596 54.8 610 56.1 14a

a P, .005 level.
b P, .01 level.
c P, .05 level.

FIG 2. Registered baseline and repeat MR images from a 62-year-old man with recurrent glioblastoma in the left temporal lobe, with corre-
sponding segmentations showing a relatively high Dice coefficient for segmentation of enhancing tumor. Registered axial slices from the base-
line image set, including T1-weighted images before (A) and after (B) administration of contrast agent, as well as FLAIR (C) and T2-weighted
images (D) produced segmentation (E) using BraTumIA 1.2. Corresponding registered slices from the repeat imaging set (F – I) produced segmen-
tation (K) using BraTumIA 1.2. The legend for categorization of segmentation components within the segmentation is provided on the left. The
overlap of enhancing tumor segmentations from baseline (white) and repeat (black outline) time points at this slice is shown (J). For this case,
the overall Dice coefficient is 0.94 and the 95% Hausdorff distance was 4.3 mm for the enhancing tumor segmentations. The legend for categori-
zation of segmentation components within the segmentation is provided on the left.
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unaccompanied by change in the volumes of these segmentation
components. Finally, segmentations of enhancement in patients
with glioblastoma using human raters have not shown volume
change during similarly short time intervals.12

Incomplete washout of gadolinium contrast agents for days to
weeks as previously documented by mass spectroscopy of brain
tumor specimens13 could contribute to this result. Retained gado-
linium contrast agent from the initial injection may result in
more voxels becoming detectable above the image noise after
contrast agent administration at the later scan, or it may indicate
that the software was unable to completely correct for retained
contrast agent on the noncontrast T1-weighted imaging on the
later scan.

As a result, measurements of repeatability for the enhancing
tumor reported in this study should be interpreted with caution.
Although some of our figures of merit such as RCs are primarily
related to measurement variability, the relationship of this vari-
ability to measurement magnitude is not known. In addition,
inclusion of larger areas of enhancement on the later images
would be expected to affect overlap metrics, leading to decreased
Dice coefficients and increased Hausdorff distances. Replicating
this study with longer intervals between scans may not yield
more valid repeatability measurements because of the length of
time gadolinium contrast agents may be retained in tumors,13 as
well as the possible confounding effect of tumor growth.

Our results show that RCs are variable and dependent on the
segmentation type; in terms of percentage change, the RC%s for

both BraTumIA versions are high enough (.85%) that applica-
tions designed to reliably measure small changes in nonenhanc-

ing and necrotic tumor components in single patients across time
are unlikely to be successful. In contrast, our results suggest that
large changes in underlying tumor (for example, $24 mL in tu-

mor edema, total tumor-related abnormality, total nonenhancing
tumor, or nonenhancing non-necrotic tumor) could be reliably

assessed, even in single patients.
Similarly, the performance of BraTumIA software segmentation

in terms of overlap metrics varied across segmentation types. Dice
coefficients were low, and average Hausdorff distance metrics were

high for the nonenhancing and necrotic tumor components. These
segmentations were the smallest tumor-related components, raising
the possibility that the known confounding relationship between
poorer overlap metrics and smaller objects compared with larger
ones, given a fixed resolution,14 could account for these findings. In
addition, the task of delineating these regions from adjacent areas
may be particularly challenging; this challenge could be due to a
poor definition of boundaries, particularly between nonenhancing
tumor and adjacent edema, and for tumor necrosis and normal
CSF-containing structures such as the sulci. It is interesting that
(except for necrotic tumor) the 95th percentile Hausdorff distances
were smaller for segmentations produced by BraTumIA 2.0 com-
pared with Version 1.2. This could be explained by more spatial
smoothing of segmentation surfaces in the newer version, which
would presumably lead to fewer outliers when comparing contours.

To place our results in context, we found that the mean Dice
score between raters as noted in the BRATS challenge was 0.85 for
whole tumor and 0.74 for active tumor;1 this finding corresponds
to 0.85 and 0.83 for whole tumor and 0.81 and 0.75 for enhancing
tumor for BraTumIA 1.2 and 2.0, respectively, in our study. Thus,
the performance of software in terms of the degree of overlap of
segmentations on repeat image sets is roughly similar to the per-
formance of different human raters on identical image sets.
Similarly, the performance of BraTumIA software as measured by
95th percentile Hausdorff distances on repeat image sets was 40
and 27mm for whole tumor and 19 and 14mm for BraTumIA 1.2
and 2.0, respectively. This level of performance is well within the
spectrum of performance of 20 software packages evaluated with
similar measurements comparing software segmentations with
consensus rater segmentations in the BRATS challenge.1

In comparing the 2 software versions, we noted significant
differences in the performance of the segmentations: BraTumIA
2.0 produces significantly smaller volumes of enhancing tumor
and edema tumor segmentations (on average 5% smaller for tu-
mor and 4% smaller for edema) compared with BraTumIA 1.2. If
segmentation performance compared with expert raters is
improved in the newer version, our finding that white and partic-
ularly gray matter volumes were higher in BraTumIA 2.0 raises

FIG 3. Contrast-enhanced T1-weighted image from an MR imaging study of a 47-year-old man with recurrent glioblastoma in the right parietal
lobe with corresponding segmentations obtained using BraTumIA 1.2 and BraTumIA 2.0. Registered axial contrast-enhanced T1-weighted image
from the baseline image set (B) is compared to segmentations obtained by BraTumIA 1.2 (A) and BraTumIA 2.0 (C). For this case, the overall vol-
ume of the enhancing tumor segmentations was 23.4 mL for BraTumIA 1.2 and 20.0 mL for BraTumIA 2.0. The legend for categorization of seg-
mentation components within the segmentation is the same as for Figs. 1 and 2.
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the possibility that the tumor segmentations may be more specific
in the newer version. This possibility may help address concerns
about overestimation of enhancing tumor volume when using
BraTumIA 1.2, previously noted in preoperative patients,15 which
was confirmed in a more recent study.16 Reliability measured by
ICC, concordance measured by CCC, and overlap measured by
Dice coefficients were similar between the 2 software versions.

This study has several limitations. Measurements of repeatabil-
ity and overlap metrics reported in our study may only apply to a
similar group of patients imaged under similar conditions. In this
case, all patients were postoperative and had recurrent enhancing
tumor, and volumes of enhancement were relatively large (mean
volume of enhancement using BraTumIA 1.2 was 25.2 mL).
Repeatability may be different if patients with smaller tumors are
included; for comparison, in a study of the use of BraTumIA for
estimating the extent of resection, preoperative and immediate
postoperative scans had a mean volume of enhancement of 23.0
and 0.8 mL, respectively, using BraTumIA 1.2.13 Of note, when we
studied the performance of the software version that produced
nondeterministic results (BraTumIA 2.0) across identical datasets,
the poorest performance in terms of variability in segmentation
volume and segmentation overlap was seen with the segmentation
components with the smallest volumes. Finally, factors related to
the imaging, including MR imaging equipment (all imaging was
performed on the same 1.5T scanner in our study) and the imaging
protocol used, could further limit generalizability.

CONCLUSIONS
Segmentation software performance metrics for segmentation
variability using BraTumIA, a widely accessible automated soft-

ware package developed using machine learning, were calcu-
lated in patients with recurrent glioblastoma who underwent

repeat MR imaging. These metrics can be used to inform evalua-
tions of the practicality of using this software for applications

for automated software volumetry, particularly for measuring
interval changes in segmentation volumes. The finding that

when MR images are obtained approximately 2 days apart, the
volumes of enhancing tumors measure larger on later scans sug-

gests that measuring reproducibility of this segmentation may
be challenging. These results may be useful as a benchmark for

comparison with results obtained from other automatic seg-
mentation programs.
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Flow-Diversion Treatment for Unruptured ICA Bifurcation
Aneurysms with Unfavorable Morphology for Coiling

F. Cagnazzo, I. Derraz, C. Dargazanli, P.-H. Lefevre, I. Coelho Ferreira, G. Gascou, C. Riquelme, A. Fanti,
R. Ahmed, J. Frandon, A. Bonafe, and V. Costalat

ABSTRACT

BACKGROUND AND PURPOSE: Few reports described flow diversion for ICA bifurcation aneurysms. Our aim was to provide further
insight into flow diversion for ICA bifurcation aneurysms difficult to treat with other strategies.

MATERIALS AND METHODS: Consecutive patients receiving flow diverters for unruptured ICA bifurcation aneurysms were col-
lected. Aneurysm occlusion (O’Kelly-Marotta grading scale) and clinical outcomes were evaluated.

RESULTS: Twenty saccular ICA bifurcation aneurysms were treated with the Pipeline Embolization Device deployed from the M1 to the
ICA, covering the aneurysm and the A1 segment. All patients presented with an angiographic visualized contralateral flow from the ante-
rior communicating artery. Mean aneurysm size was 6.5 (SD , 3.2) mm (range, 4.5–20 mm). All lesions had an unfavorable dome-to-neck ra-
tio (mean/median, 1.6/1.6; range, 0.8–2.8; interquartile range ¼ 0.5) or aspect ratio for coiling (mean/median¼ 1.5/1.55; range, 0.8–2.5;
interquartile range ¼ 0.6). One was a very large aneurysm (20mm). Nineteen medium-sized lesions were completely occluded during
the angiographic follow-up (13months). No cases of aneurysm rupture or retreatment were reported. No adverse events were described.
Aneurysm occlusion was associated with the asymptomatic flow modification of the covered A1 that was occluded and contralaterally
filled among 10 patients (50%), narrowed among 9 patients (45%), and unchanged in 1 subject (5%). There was no difference in the mean
initial diameter of the occluded (2.1 [SD 0.4] mm; range, 1.6–3 mm) and narrowed (2 [SD, 0.2] mm; range, 1.7–2.6mm) A1 segments.

CONCLUSIONS:Medium-sized unruptured ICA bifurcation aneurysms with unfavorable morphology for coiling can be treated with
M1 ICA flow diversion. Aneurysm occlusion is associated with flow modifications of the covered A1 that seems safe in the presence
of a favorable collateral anatomy through the anterior communicating artery complex.

ABBREVIATIONS: AcomA ¼ anterior communicating artery; ICAbifA ¼ ICA bifurcation aneurysm; OKM ¼ O’Kelly-Marotta grading scale; PED ¼ Pipeline
Embolization Device; WEB ¼ Woven EndoBridge

The rapid expansion of the use of flow diversion for the treat-
ment of intracranial aneurysms is quickly outpacing the avail-

ability of clinical evidence, and most current use of the flow-
diversion strategy is off-label. Given their capability to redirect the
flow, these devices can be used to treat bifurcation aneurysms such
as ICA bifurcation aneurysms (ICAbifAs). These lesions are rela-
tively uncommon, representing 2%–9% of all intracranial aneur-
ysms1 and are generally under-represented in the endovascular

series.2 In addition, treatment of ICAbifAs remains challenging:
Clipping carries potential morbidity due to the dissection of regional
perforators,3 and coiling has a higher recurrence rate.4 Advanced
endovascular techniques, such as stent-assisted coiling or Y-stent
placement, are suitable options for lesions with an unfavorable
dome-to-neck ratio or aspect ratio, but they can be technically
demanding.5-7 Intrasaccular flow disruptors such as the Woven
Endobridge (WEB; MicroVention)8,9 or other new devices such as
the pCONus aneurysm implant (phenox)10 and the PulseRider an-
eurysm neck reconstruction device (Pulsar Vascular)11 are also
promising strategies to treat lesions too complex for simple coiling.
Flow diversion on the ICA terminus region has rarely been
reported, and very few series focused on the treatment of ICAbifAs
with a flow-redirection technique.12-14 This technique can be an al-
ternative option to treat these lesions. The concept of the flowmodi-
fication for ICAbifAs was first reported by Nossek et al,13,14

describing the angiographic results among 4 patients treated with a
flow diverter deployed into the ICA M1 segment. We described the
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largest experience of flow diversion for unruptured ICAbifAs,
analyzing 20 cases treated with a single PED deployed from the
proximal M1 to the distal supraclinoid ICA, covering the A1,
for aneurysm treatment.

MATERIALS AND METHODS
Patient Selection
The Montpellier hospital institutional review board approved this
retrospective study. Our institutional prospectively maintained
data base of Endovascular Treatment of Intracranial Aneurysms
was reviewed by 2 and, in case of inconsistency, 3 investigators. All
cases of ICAbifAs treated with flow-diverter stents between
January 2014 and August 2020 were analyzed. Aneurysm and
patient characteristics, as well as treatment-related and clinical out-
comes, were collected. A multidisciplinary consensus was per-
formed to select the most appropriate treatment strategy.

Reasons for Flow-Diversion Strategy and Technical
Aspects
Technical aspects of flow diversion in the ICA bifurcation region
were described in our previously published experience.15 ICAbifAs
were treated with flow diversion mainly for the following reasons:
1) large-neck lesions difficult to treat with coiling; 2) the presence
of an unfavorable projection of the aneurysm dome for the micro-
catheterization and coiling; and 3) unfavorable dome-to-neck ratio
and/or aspect ratio (Online Supplemental Data). A dome-to-neck
ratio of ,2 and an aspect ratio of ,1.6 have been considered
unfavorable for simple coiling,16 and flow diversion was evaluated.

Flow diverters were deployed from the proximal M1 to the
supraclinoid ICA, covering the aneurysm and the A1 segment of
the anterior cerebral artery. Sizing of the device was accurately
performed, while choosing the shortest possible PED to avoid, as
much as possible, the coverage of the M1 perforators and the
ophthalmic artery, with the aim of reducing potential ischemic
complications.17-19 Because of the more distal origin at the level
of the supraclinoid ICA, the anterior choroidal artery, was, in
general, covered by the device.

During the diagnostic angiography performed before treat-
ment, the presence of a patent anterior communicating artery
(AcomA) was tested in all patients through a contralateral ICA
angiogram, while the ipsilateral common carotid artery was tem-
porarily occluded by manual compression. Accordingly, we visual-
ized 2 angiographic patterns: 1) patency of the AcomA: the A1 and
the MCA ipsilateral to the target aneurysm fully visualized during
the contralateral injection; and 2) absence (or stenosis) of the
AcomA: the A1 segment ipsilateral to the target lesion not visual-
ized. Flow diversion with the coverage of the A1 was performed
only in case of a patent AcomA.15

Antiplatelet Therapy
All cases of flow diversion were unruptured. Antiplatelet therapy
consisted of daily dual-antiplatelet drugs with aspirin, 75mg, and
clopidogrel, 75mg, starting 5 days before treatment and main-
tained for 6months (until the first follow-up). After 6months,
clopidogrel was normally stopped, and aspirin, 75mg, was con-
tinued for an additional 6months. Aspirin was continued for a
longer period in case of the following: 1) the presence of a

patient’s vascular risk factors; 2) in-stent stenosis of .50%; or 3)
ischemic events related to the stent.

The VerifyNow P2Y12 assay (Accumetrics) was used to test
the platelet inhibition (platelet reactivity unit). In case of platelet
inhibition of,30%, patients were treated with an additional dose
of clopidogrel, 150mg, or were switched to prasugrel, 10–20 mg.
Aspirin VerifyNow platelet reactivity was not tested. Intravenous
heparinization was performed for all patients (activated clotting
time maintained above 250 seconds).

Description of the Procedure
All patients were treated under general anesthesia via a transfe-
moral approach. A triaxial access was adopted in all patients. A 6F-
long femoral sheath introducer was used. The size of the implanted
flow diverter was chosen via biplane 3D rotational angiography of
the parent artery and target aneurysm. Preimplantation virtual de-
vice simulation was routinely performed with Sim&Size software
(Sim&Cure), and the size of the flow diverter was chosen on the
basis of the simulation.15,20

The stent was unsheathed under roadmap guidance through a
Phenom (Medtronic) 0.027-inch microcatheter navigated beyond
the aneurysm neck. The correct deployment and vessel wall
apposition were visualized with VasoCT (Philips Healthcare),
with a diluted iodinated contrast medium.

Clinical and Radiologic Assessment
Clinical evaluation was performed in the periprocedural period
(24–48hours) and during long-term follow-up (6, 12, and
24months after treatment). The safety of the treatment was eval-
uated on the basis of the presence of new symptoms or new neu-
rologic deficits related to the procedure. Treatment-related
complications were further classified as transient (no impact on
the neurologic status) or permanent (associated with an irreversi-
ble worsening of the neurologic condition).

Aneurysm occlusion was evaluated with MRA at 6months
and with DSA at 12 and 24 months. Angiographic occlusion was
assessed according to the O’Kelly-Marotta grading scale (OKM)21

(occlusion grade: A ¼ total, B ¼ subtotal, C ¼ entry remnant,
D ¼ no filling; degree of aneurysmal stasis: during the 1¼ arterial,
2¼ capillary, 3¼ venous phase).15,22 Imaging analysis was per-
formed by 2 readers (not directly involved in treatments) with 3
and 5 years’ experience in interventional neuroradiology.

Because flow diverters were deployed from the M1 segment to
the supraclinoid ICA, we studied the angiographic outcome of the
covered A1 artery. Findings about A1 flow modification were
reported in our previously published experience.15 When a collat-
eral circulation from the AcomA complex is present, the antero-
grade flow from the ipsilateral ICA decreases, allowing the
hemodynamic compensation from the contralateral ICA through
the AcomA. Accordingly, the status of the covered A1 was eval-
uated immediately after stent deployment and during angiographic
follow-up as the following: 1) patent (unchanged), 2) narrowed
(because of partial contralateral flow from the AcomA), and 3)
occluded (absence of anterograde flow due to complete flow rever-
sal from the AcomA). In addition, the radiologic and clinical events
related to the coverage of the branch were classified as 1) absence of
either radiologic or clinical events related to the coverage of the A1
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segment; and 2) symptomatic lesions on the territory of the covered
A1.

Statistical Analysis
The overall frequency (percentage) and 95% confidence interval
were calculated for all results. The Wald method was used to cal-
culate the CI for event rates. Statistical analysis was performed
with QuickCalcs software (GraphPad Software). A 2-tailed t test
was used for continuous data, and the x 2 test, for categoric varia-
bles. Statistical significance was set at P, .05.

RESULTS
Baseline Population Characteristics
Twenty consecutive patients (16 women, 4 men; mean age, 53 [SD,
12.6] years; range, 34–79 years) with 20 saccular unruptured
ICAbifAs were treated with flow-diverter stents deployed from the
ICA to the M1 (Online Supplemental Data). All patients presented
with an mRS of 0 before treatment, except 2 subjects with mRS 2
and mRS 3 in relation to a previous SAH. Six patients (30%) were
smokers, 4 patients (20%) had hypertension, and 1 (5%) was a
smoker with hypertension, whereas 9 (45%) did not present with
vascular risk factors (details in the Online Supplemental Data).

Aneurysm and Treatment Characteristics
All 20 ICAbifAs were saccular and unruptured lesions with a mean
size of 6.5 (SD, 3.2) mm (range, 4.5–20 mm). All lesions had an
unfavorable dome-to-neck ratio (mean/median¼ 1.6/1.6; range,
0.8–2.8; interquartile range ¼ 0.5) or aspect ratio for coiling
(mean/median¼ 1.5/1.55; range, 0.8–2.5; interquartile range ¼
0.6). Sixteen aneurysms had an aspect ratio of ,1.6, while 15
lesions had a dome-to-neck ratio of ,2 (Online Supplemental
Data). Nineteen aneurysms were medium-sized (5–9 mm), and 1
was very large (20mm).

Based on the relationship between the parent artery and the
origin of the aneurysm neck, there were 2 types of configurations:
1) Fifteen aneurysms presented with the neck at the midpoint of
the ICA terminus; and 2) five aneurysms had the neck deviated
to the origin of the A1 segment (ICA terminus to A1). Three
patients had an ipsilateral ICA aneurysm (2 posterior communi-
cating artery aneurysms and 1 ophthalmic artery aneurysm) that
was covered with the same flow diverter. Four aneurysms (20%)
were previously coiled and treated with flow diversion because of
recanalization. Among these, 3 (15%) were previously ruptured
and 1 had a 20-mm ICAbifA that was treated with flow-diver-
sion–assisted coiling (patient 13).

A single PED was used for all patients.

Angiographic Outcome
The PED was successfully deployed from the M1 to the ICA in all
patients.

The mean angiographic follow-up was 13months (range, 9–
24months). Complete occlusion (OKM D) was achieved among
19 medium-sized (95%) aneurysms (Figs 1 and 2). Incomplete
occlusion (OKM B) was found in 1 very large aneurysm (5%).
This incompletely occluded aneurysm was stable at the last angio-
graphic follow-up. No cases of aneurysm rupture were reported.
There were no cases of in-stent stenosis.

Clinical Outcome and Procedure-Related Complications
There were no transient or permanent events related to the treat-
ment. At the last angiographic follow-up (mean follow-up,
13months), covered A1 vessels were occluded (complete flow re-
versal from the contralateral side) among 10 patients (50%) (Fig 1),
narrowed among 9 patients (45%) (Fig 2), and patent (unchanged
in diameter) in 1 subject (5%). A1 occlusion or narrowing was not
associated with clinical adverse events or radiologic asymptomatic
lesions at MR imaging. The mean diameter of the covered A1 pre-
senting with occlusion at follow-up was 2.1 (SD, 0.4) mm (range,
1.6–3 mm), while those showing narrowing presented with a mean
diameter of 2 (SD, 0.2) mm (range, 1.7–2.6mm; P. .05). Only 1
patient (patient 13) with a 20-mm aneurysm showed patency of
the covered A1 segment associated with incomplete occlusion of
the aneurysm.

DISCUSSION
Our study showed that flow-diversion treatment for medium-
sized ICAbifAs was a feasible and safe alternative endovascular
strategy associated with quite a high rate of aneurysm occlusion.
Currently, only a few reports with a small number of patients
explored flow diversion in the ICA bifurcation region, and the
present series could add further data about this strategy.

The concept of this strategy is based on flow redirection and
flow remodeling in the ICA terminus region. This mechanism was
reported .10years ago by Kallmes et al,20 who reported in an ani-
mal study that the coverage of elastase-induced aneurysms and
adjacent arteries allowed occlusion of the aneurysms without com-
promising the branch arteries. This report was mainly related to the
absence of collateral circulation causing a continued flow in these
vessels, permitting ongoing patency. On the other hand, in the liter-
ature authors reported, in case of a well represented collateral circu-
lation, the pressure gradient across the stent being normally not
enough to maintain the patency of the covered artery, leading to
progressive and usually asymptomatic branch occlusion.21-24

The ICA terminus region provides unique challenges for
endovascular treatment. First, aneurysms of the bifurcation,
being the highest point of the circle of Willis, are often wide-neck
lesions subjected to constant high hemodynamic stress leading to
aneurysm growth, risk of rupture, and recanalization.25 In addi-
tion, aneurysms of this region are close to the medial perforators
(penetrating the medial portion of the anterior perforating sub-
stance).26 The flow-remodeling strategy, using a flow diverter
deployed from the M1 to the ICA, allowed a hemodynamic redi-
rection, decreasing the anterograde flow into the A1 and the ICA
terminus aneurysm. In our series, ICA M1 flow diverters were
associated with delayed reversal of the flow in the covered A1 seg-
ment that was retrogradely filled through the AcomA. This phe-
nomenon caused a slow flow in the adjacent aneurysm, leading to
aneurysm thrombosis, with a contralateral filling of the A1 and
the medial lenticulostriate arteries. Accordingly, this mechanism,
while resulting in .90% of the complete occlusion of the aneu-
rysm, was associated with no clinical and radiologic events related
to impairment of the perforators.

On the basis of our results and treatment strategy, 2 main
learning points should be stressed. First, the contralateral supply
of the A1 with manual compression of the carotid artery is crucial
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to determine the safety of the coverage and flow remodeling of
the ipsilateral A1. Second, accurate sizing of the device is essential
and was performed with the use of virtual simulation, choosing
the shortest flow diverter to avoid the coverage of the ophthalmic
artery (when possible) and to reduce potential ischemic compli-
cations related to the coverage of the M1 perforators. Nossek et
al14 reported complete occlusion without neurologic adverse
events among 4 ICAbifAs treated with flow redirection from the
supraclinoid ICA to the M1. On the other hand, a recent series of
flow diversion for 10 ICA terminus aneurysms showed fewer
promising results with this technique, reporting 50% adequate
occlusion and 2 transient complications.12 However, 50% of the
reported aneurysms were fusiform lesions, and 60% were large or
very large lesions. Conversely, our series explored medium-sized
saccular aneurysms difficult to treat with coiling due to their

morphologic characteristics. Indeed, all lesions had an unfavora-
ble dome-to-neck ratio (mean/median¼ 1.6/1.6) or aspect ratio
for coiling (mean/median¼ 1.5/1.55), and flow reversal was
effective among 19 of 20 lesions. Only 1 patient with a 20-mm an-
eurysm showed incomplete occlusion.

When we investigated the literature, the rate of long-term
complete/near-complete occlusion after coiling of ICAbifAs was
approximately 80%, with 6% procedure-related morbidity, a 3%
rate of intraprocedural perforation, and a 14% retreatment rate.4

One of the most important findings of our study was the consid-
erably high rate of stable occlusion. A series of coiling or balloon-
assisted coiling of ICA terminus aneurysms reported rates of re-
canalization between 7% and 40%.27 This outcome is likely in
relation to the direct arterial pulsation and hemodynamic stress
due to the T-bifurcation configuration of these lesions.

FIG 1. Patient 4. A, A right ICA angiogram (anterior-posterior view) shows a wide-neck medium-sized ICA terminus aneurysm. B, 3D reconstruc-
tion depicts a bilobate irregular shape of the aneurysm with the right A1 segment originating from the neck. C, Contralateral ICA angiogram
demonstrates the patency of the AcomA with retrograde flow into the left ICA terminus segment. D, A 4.5 � 14mm PED is deployed from the
M1 (before the temporal branch) to the supraclinoid ICA, avoiding, as much as possible, the ostium of the ophthalmic artery. E, After 12months,
the aneurysm is completely occluded, and the right A1 shows absence of anterograde flow. The lateral lenticulostriate arteries and the temporal
branch of the MCA are patent. F, The time-of-flight 3D reconstruction sequence shows absence of flow into the aneurysm (OKM D occlusion)
and retrograde filling of the right anterior cerebral artery from the contralateral side through the AcomA.
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It has been shown that large-neck aneurysms ($4 mm), with a
dome-to-neck ratio of,2 and an aspect ratio of,1.6, can predict
the need for adjunctive techniques in the endovascular treatment
of intracranial aneurysms.15 In our series, flow diversion was
adopted as an alternative strategy for lesions having unfavorable
aspect and dome-to-neck ratios. However, other techniques can be
used for the treatment of these lesions. Y-stent placement28 or T-
stent placement7 has been reported to be associated with a high
occlusion rate among large-neck bifurcation aneurysms. Recently,
Pierot et al,29 in a series of aneurysms treated with the WEB,
described 14 ICAbifAs showing 36% and 29% complete and near-
complete occlusion, respectively; the rate of occlusion after WEB
treatment for ICA terminus aneurysms was lower compared with
other locations, such as the AcomA and MCA.

Finally, all 19 occluded aneurysms were associated with occlu-
sion or narrowing of the covered A1 due to flow reversal through
the AcomA. Inversely, the only patient having incomplete aneu-
rysm occlusion showed an unchanged diameter of the A1. A recent
series reported outcomes of 42 A1 arteries covered with flow

diverters in the presence of a collateral supply30 and described 31%
and 52% asymptomatic occlusion and narrowing of the artery,
respectively. This finding emphasizes the concept that flow remod-
eling for ICAbifA treatment can be effective in case of good collat-
eral circulation from the AcomA, allowing flow reversal in the
covered A1 and causing aneurysm thrombosis without neurologic
sequalae.

Limitations of the Study
Our study has several limitations. This is a single-center, retro-
spective series with a relatively small number of patients. The
influence of the platelet inhibition rate on the aneurysm occlu-
sion or flow modifications on the covered A1 was not studied.
Results cannot be generalized because most of the included
aneurysms were medium-sized lesions.

CONCLUSIONS
In our experience, flow remodeling in the ICA terminus region
with M1 ICA flow diversion is associated with high rates of

FIG 2. Patient 8. A, The left ICA (frontal view) depicts a previously ruptured and recanalized medium-sized ICAbifA treated with coiling during
the acute phase. B, The presence of contralateral filling from the AcomA. C, A PED, 3.5� 12mm, is successfully deployed covering the aneurysm
and the left A1 segment. The PED was delivered before the origin of the M1 lenticulostriate arteries. D, Flat panel angiography confirms good ves-
sel wall apposition of the stent. E, A 14-month angiographic follow-up shows complete aneurysm occlusion as well as flow remodeling of the
covered A1 with narrowing but without any lesions on the FLAIR sequences (F).
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occlusion of medium-sized unruptured ICAbifAs. In the presence
of a favorable collateral anatomy through the AcomA complex,
flow diversion can be a safe and effective alternative strategy for
the treatment of these lesions.
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ORIGINAL RESEARCH
INTERVENTIONAL

Propensity Score Analysis of Flow Diverters Placed in
Scaffolding Stents

A. Poker, O. Öcal, E. Öztürk, and A. Arat

ABSTRACT

BACKGROUND AND PURPOSE: Flow-diverter deployment within a stent remains controversial, but flow-diverter deployment within
a scaffolding stent has been performed occasionally. To date, an analysis of this scaffolding technique has not been reported. We
aimed to evaluate whether the scaffolding technique adversely affects the outcomes of flow diversion.

MATERIALS AND METHODS: Patients who had undergone intracranial aneurysm treatment using a Silk flow diverter with (scaffold-
ing group) or without (bare flow-diverter group) a scaffolding stent were identified retrospectively and compared. Propensity score
matching was used to match the aneurysms in both groups for variables with a significant difference between groups. Aneurysm
occlusion rates and clinical outcomes were compared.

RESULTS: There were 84 patients (105 aneurysms) in the bare flow-diverter group and 21 patients (22 aneurysms) in the scaffolding
group (using 20 LEO stents and 1 Enterprise stent). The aneurysms in the scaffolding group were larger (mean, 13.1 [SD, 10.7] versus 7
[SD, 4.5] mm, P¼ .001) and more likely to be fusiform (40.9% versus 5.7%, P, .001) than in the bare flow-diverter group. After 2:1
propensity score matching, 24 aneurysms in the bare flow-diverter group and 15 in the scaffolding group were matched. Aneurysm
occlusion rates did not significantly differ between groups at 1–3months (41.2 versus 33.3%, P. .99), 3–6months (55.5 versus 75.0%,
P¼ .44), 7–12months (65.0 versus 90.0%, P¼ .21), or beyond 1 year (73.6 versus 91.6%, P¼ .36). There was no difference in complica-
tion rates between the groups (P. .99).

CONCLUSIONS: Placement of a scaffolding stent before flow diversion does not adversely affect aneurysm occlusion or complica-
tion rates.

ABBREVIATIONS: BG ¼ bare flow-diverter group; FD ¼ flow diverter; SG ¼ scaffolding group

The Silk Plus stent (Balt Extrusion) has been used in the
treatment of intracranial aneurysms with a favorable safety

and efficacy profile.1-3 However, the deployment of flow divert-
ers (FDs), including the Silk device, may be associated with
technical difficulties. Placement of a flow diverter for the treat-
ment of very large-neck or fusiform aneurysms can result in
technical adverse events such as migration or prolapse of the de-
vice.4 Due to these difficulties, a “scaffolding technique,” in
which a scaffold with a stent is created during the same proce-
dure and just before the placement of a Silk device, has been

reported.1,3,5 However, as a rule of thumb, placement of a flow
diverter within an indwelling stent has been contraindicated.6

Most interesting, this suggestion has neither been validated nor
challenged to date because no study has compared the results of
placement of bare (classic) flow diverters with those of scaf-
folded flow diverters. We conducted this study to compare the
clinical and angiographic results of aneurysms treated by pri-
mary stent placement with the Silk device with those treated by
Silk device placement in a freshly deployed scaffolding stent.

MATERIALS AND METHODS
Study Population
This retrospective study was approved by the Ethics Committee
of our hospital. All intracranial aneurysms treated by a single op-
erator using a Silk Plus flow diverter between April 2010 and
March 2019 were identified. Patients were excluded if an appos-
ing stent was deployed inside the Silk device and if a stent or flow
diverter had been deployed in a previous session for the same
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aneurysm. Only those patients who were treated with the Silk de-
vice, directly or together with a scaffolding stent placed during
the same procedure were included. Patients with concurrent
endosaccular treatment were not excluded. In the case of tandem
aneurysms treated with a single Silk device, both aneurysms were
included in the analysis.

The age and sex of the patients and aneurysm location, maxi-
mum size, morphology, and history of rupture were recorded.
Procedural details and clinically relevant adverse events, that is,
any event resulting in a change in mRS, were recorded. Follow-
up imaging results were evaluated on the basis of the Raymond-
Roy scale. Aneurysms beyond the dural ring in the anterior circu-
lation and above the superior cerebellar arteries in the posterior
circulation were defined as distal circulation aneurysms, and the
remaining aneurysms were denoted as proximal. The patients
treated with a single flow diverter (bare FD group [BG]) and
those treated with placement of a scaffolding stent and then a
flow diverter in the same session (scaffolding group [SG]) were
matched and compared.

General Description of the Interventional Procedure
The specifications, technical properties, and procedural details
related to the Silk device have been described previously by different
authors in the literature.2,6,7 Patients were administered 75mg of
clopidogrel and 300mg of acetylsalicylic acid at least 5 days before
the procedure and tested with a point-of-care test (VerifyNow
P2Y12 assay; Accumetrics). We proceeded with treatment if the in-
hibition level, in percentages, was .40%. When it was available,
patients were also tested simultaneously with the Multiplate test
(Multiplate Analyzer; Roche; platelet inhibition calculated as 1-
ADP/TRAP (thrombin receptor-activating peptide) ratio � 100),
and in these cases, concordance of the results was sought. If there
was high on-treatment platelet reactivity in either test or both tests,
these patients were switched from clopidogrel to 10mg/day prasu-
grel. Patients treated in the acute-subacute period of subarachnoid
hemorrhage were given a loading dose of 600mg of clopidogrel.

All procedures were performed with the patient under general
anesthesia via a transfemoral route in biplane angiography suites.
After we catheterized the parent artery with a 6F guiding sheath
and a distal-access catheter, the aneurysm was bypassed with a
microcatheter (Vasco121 or 25 [Balt] for the Silk Plus flow di-
verter and Excelsior SL 10 [Stryker] for the Silk Vista baby device)
over a microguidewire, and the flow diverter was navigated
through this catheter and deployed. The patients treated by this
standard method were grouped as the BG.

If we encountered problems associated with device shorten-
ing, device prolapse into the aneurysm, excessive device expan-
sion, or size discrepancy between the diameters of the distal-
versus-proximal landing zones during the deployment of the Silk
device, we navigated the deployment catheter over the partially
deployed FD, resheathed the device, and proceeded with catheter
navigation until the normal segment of the parent artery was
reached distally. We then withdrew the device totally and
deployed a stent through the indwelling microcatheter (mainly
the LEO stent family [Balt] or an Enterprise self-expanding stent
[Codman & Shurtleff]). The use of the Enterprise stent was pre-
ferred only when the parent artery was straight and the distal

parent artery was not tortuous. Its use was advantageous while
deploying the FD because it did not impede the visualization of
the FD. On the other hand, the use of this stent required an addi-
tional microcatheter exchange maneuver.

Less commonly, in the case of a fusiform aneurysm with a
long segment of a diseased parent artery or in wide-neck aneur-
ysms over arterial curves in which we anticipated a risk of device
prolapse into the aneurysm, we directly proceeded with stent
deployment without a preceding trial of flow-diverter deploy-
ment. The scaffolding stent was deployed across the aneurysm
neck with at least a 5-mm landing zone on both ends. When this
stent was used, the flow diverter was undersized so that the fully
expanded diameter matched the maximum diameter of the
deployed stent in situ. We undersized the flow diverter so that at
its unconstrained, maximum expansion (beyond the nominal di-
ameter), it would match the nominal size of the stent. In general,
the nominal diameter of the flow diverter would be 0.5mm lower
than that of the stent. When possible, we preferred to deploy the
flow diverter so that it would cover the whole length of the scaf-
folding stent. This deployment was frequently not possible due to
the foreshortening of the Silk device. In these cases, we preferred
to cover as much of the stent as possible proximally. The group
treated with these procedures was noted as the SG.

After the procedure, the patients were imaged at 1–3months
by CT or MR angiography, at 3–6months by DSA, and then at
9–12months by noninvasive angiography. Further follow-up was
scheduled on a patient-by-patient basis by noninvasive imaging.
Patients were kept on dual-antiplatelet therapy for 6months, and
clopidogrel (or prasugrel) was discontinued after the 6-month
DSA.

Statistical Analysis
Continuous variables are reported as mean [SD]. Categoric variables
were compared using the x 2 test or Fisher exact test, as appropriate.
The Student t test and theMann-WhitneyU test were used for com-
parisons of continuous variables as appropriate. Significance was set
as P, .05. Propensity score matching was performed to compare
the bare group and the scaffolding group. SPSS Statistics,
Version 22.0 (IBM) was used for calculations. Matching was
performed using the MatchIt package in R statistical and com-
puting software, Version 3.5.0 (http://www.r-project.org/).
Variables with significant difference between groups were
used as matching covariates. Groups were matched in a 1:2 ra-
tio, with the nearest calculated propensity logit, with a caliper
width of #0.20 of the SD of the propensity score logit.
Subsequently, aneurysm occlusion rates were compared using
the x 2 test or Fisher exact test as appropriate.

RESULTS
A total of 105 patients with 127 aneurysms treated using the Silk
device were included. Thirty-four patients were male, and 71
were female; the mean age of the cohort was 51.2 [SD, 11.2] years
(range, 14–78 years). Eighty-four patients with 105 aneurysms
were treated with a Silk device only (BG group), and 21 patients
with 22 aneurysms were in the SG. The mean age was similar
between BG (50.8 [SD, 10.9] years) and SG (54.5 [SD, 12.4] years)
(P¼ .8). There was also no difference between the 2 groups with
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respect to the proportion of female patients (P= .95), aneurysm
location (anterior-versus-posterior circulation, P. .99, or
proximal versus distal to the circle of Willis, P = .21), and the
proportion of treatments performed for recurrent aneurysms
(P = .43). However, the aneurysms in the scaffolding group
were significantly larger than those in the bare FD group
(13.1 [SD, 10.7] mm versus 7 [SD, 4.5] mm, P, .001), and
the proportion of fusiform/dissecting aneurysms was higher
in the scaffolding group (40.9% versus 5.7%, P, .001). The
level of platelet inhibition as per the VerifyNow test was sim-
ilar between groups (mean, 83.0% [SD, 16.8%] in the BG ver-
sus 86.1% [SD, 17.3%] in the SG, P = .66). Eleven aneurysms
in the bare FD group and 2 aneurysms in the scaffolding
group had intrasaccular embolization in addition to flow
diversion, and both groups were similar with regard to the
rate of adjunctive coiling (P = .84).

Baseline characteristics of the patients are summarized in Table
1. In the scaffolding group, a LEO stent and a Silk device were
combined in 19 patients; in 1 patient with a straight parent artery,
an Enterprise stent and a Silk device were used; and in 1 patient, a
LEO baby stent and a Silk Vista baby device were used. There was
no significant difference in aneurysm occlusion rates at any follow-
up period between treatment arms (Table 2). No imaging follow-
up was available for 12 (9.4%) aneurysms. Considering patients
with at least 1 follow-up, 99 (86.0%) aneurysms were occluded at

last available imaging (80 of 94 [85.1%] in the BG and 19 of 21
[90.4%] in the SG, P= .732).

Due to differences in aneurysm characteristics between the 2
groups, we performed propensity score matching to eliminate an
inherent selection bias. After performing a 2:1 match based on
aneurysm size, and morphology, 24 and 15 patients remained in
the bare FD and scaffolding groups, respectively (Table 1). As
expected, there was no difference between groups with respect to
age; proportion of female patients; or aneurysm size, location,
morphology, or history of recurrence (Table 1). Also, there were
no significant differences between groups in terms of platelet in-
hibition levels (77.6% [SD, 19.6%] in the BG versus 86.4% [SD,
18.5%] in the SG, P= .207). There was no significant difference in
the aneurysm occlusion rates between the groups in any of the 4
follow-up periods. More specifically, aneurysm occlusion rates
were 41.2% versus 33.3% (P. .99) at 1–3months, 55.5% versus
75.0% (P= .44) at 3–6months, 65.0% versus 90.0% (P= .210) at
7–12months, and 73.6% versus 91.6% (P= .363) beyond 1 year
for the bare FD and scaffolding groups, respectively (Table 2).

There was no difference in the rate of adverse events between
groups (2/24 [8.3%] versus 1/15 [6.6%], P. .99). There were no
technical events that resulted in an alteration of the treatment
plan in any of the matched patients. In the bare FD group, 1
patient had a delayed stent occlusion leading to a major stroke;
on follow-up, the patient had died due to the consequences of the

Table 1: Characteristics of the patients and aneurysms before and after propensity score matching

Before Propensity Score Matching After Propensity Score Matching
Bare FD Group

(n= 105)
Scaffolding Group

(n= 22)
P

Value
Bare FD Group

(n= 24)
Scaffolding Group

(n= 15)
P

Value
Sexa (female) 77 (73.3) 12 (54.5) .08 18 (75.0) 7 (46.6) .072
Age (yr)b 51 (14–78) 54.5 (31–74) .54 50 (32–76) 53 (35.0–74.0) .777
Locationa (anterior) 96 (91.4) 20 (90.9) ..99 19 (79.1) 13 (86.6) .685
Locationa (proximal) 16 (15.2) 6 (27.3) .21 6 (25) 4 (26.7) ..99
Morphologya (saccular) 99 (94.3) 13 (59.1) ,.001c 20 (83.3) 11 (73.3) .685
Sizeb 7 (4.5) 13.1 (10.7) ,.001c 9.8 (5.9) 9.9 (5.1) .939
Recurrencea (yes) 9 (8.4) 3 (13.6) .43 1 (4.1) 2 (13.3) .547

Note:—Values are mean (range) for quantitative variables or numbers and percentages for qualitative variables.
a Count (percentage).
bMean (SD).
c Statistically significance.

Table 2: Follow-up imaging results before and after propensity score matchinga

All Cohorts
P Value

After PSM
P ValueSilk Alone (n= 105) SG (n= 22) Silk Alone (n= 24) SG (n= 15)

0- to 3-month follow-up
Occlusionb 36 (60.0) 5 (33.3) .063 7 (41.2) 3 (33.3) ..99
Residual fillingb 24 (40.0) 10 (66.6) 10 (58.8) 6 (66.6)

3- to 6-month follow-up
Occlusionb 50 (67.5) 13 (72.2) .703 10 (55.5) 9 (75.0) .440
Residual fillingb 24 (32.4) 5 (27.7) 8 (44.5) 3 (25.0)
7- to 12-month follow-up
Occlusionb 61 (75.3) 14 (93.3) .178 13 (65.0) 9 (90.0) .210
Residual fillingb 20 (24.6) 1 (6.6) 7 (35.0) 1 (10.0)

.12-month follow-up
Occlusionb 75 (88.2) 15 (93.7) ..99 14 (73.6) 11 (91.6) .363
Residual fillingb 10 (11.7) 1 (6.2) 5 (26.4) 1 (8.4)

Note:—PSM indicates propensity score matching.
a Data are presented as numbers and percentages.
b Count (percentage).
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stroke. Another patient was noted to have asymptomatic stent
occlusion on the 6-month angiogram. In 1 patient in the scaffold-
ing group, a small intraparenchymal hematoma was observed
during the follow-up period, and the patient recovered without
any permanent sequelae. No adverse events with neurologic
implications developed in the remaining patients. Examples of
aneurysms in both the bare FD and scaffolding groups are pro-
vided as Online Supplemental Data.

In the subgroup of patients with scaffolding stents who were
not matched with propensity score matching, there were 7 patients.
The average size of the aneurysms in this group was 20mm, and 2
were saccular. They were located at the supraclinoid internal ca-
rotid artery (2 patients), cavernous internal carotid artery (2
patients), middle cerebral artery (2 patients), and anterior commu-
nicating artery (1 patient). All were treated by a combination of
LEO stents and Silk Plus flow diverters. There was no perioperative
permanent morbidity or mortality in this group. One patient in
this group died secondary to a contralateral cerebral parenchymal
hematoma. The total occlusion rate was 33.3% at 1–3months. This
had increased to 60% as of 6months. At 12months and beyond, it
was 100%.

DISCUSSION
Flow diversion has become a standard endovascular treatment
method, especially for large or wide-neck aneurysms, which are dif-
ficult to treat with conventional treatment methods. Among the
numerous flow-diverting devices, the Silk Plus flow diverter stands
out with its navigability and smaller delivery catheter size. It has
been used in the treatment of intracranial aneurysms with a high
technical success rate,2,3,5 that is, complete aneurysm occlusion rates
of approximately 70%–87% at 6months to 1 year.2,5,7 However, the
Silk Plus flow diverter is also associated with some technical diffi-
culties regarding the treatment of complex aneurysms.8 To over-
come these issues, the LEO stent has been used as a scaffolding
device, compensating for the low radial force of the Silk Plus flow
diverter,3 to prevent the prolapse of the device into the aneurysm8

or to prevent delayed-configurational device changes due to device
oversizing.9 However, to date, a comparison of the safety and effi-
cacy of this scaffolding technique over bare flow diversion has not
been performed. In fact, placement of a flow diverter within a stent
has been regarded as controversial or even contraindicated by
many authors.6,10

On the other hand, our results indicate that scaffolding is not
necessarily associated with a higher procedural risk nor is it
related to a worse clinical or angiographic result during follow-
up. We did not use the technique routinely, only when actual or
possible problems related to device deployment or sizing existed.
Consequently, it was used to treat large/giant aneurysms more of-
ten. However, once we performed propensity matching to elimi-
nate confounding variables including aneurysm size, we observed
again that neither the angiographic nor the clinical results were
adversely affected by scaffolding. Because this technique was used
as a bailout for bare FD placement, we can conclude that scaffold-
ing increases technical success without significantly altering clini-
cal or angiographic results. An analogy of our approach can be
made with bailout stent placement used for balloon-assisted coil-
ing in this regard.

Some possible explanations can account for the safety and ef-
ficacy of scaffolding stents in cases in which this technique needs
to be used. They prevent foreshortening and prolapse of the flow-
diverter stent into the aneurysm, which can be seen in up to 9.3%
of large and giant aneurysms.11 In addition to the procedural has-
sles these 2 phenomena may create, they may also lead to fish
mouthing or delayed endothelization in the longer term.9,12,13

Deployment of a device with a length of at least 3 times the length
of the aneurysm neck is advised to reduce prolapse risk,7 which
may be practically impossible in cases of long-segment fusiform
aneurysms or may be associated with a higher rate of parent ar-
tery occlusion after flow diversion with the Silk device.14 In our
cohort, we did not observe any of these adverse events.

Another advantage brought about by scaffolding is to avoid
telescoping flow-diverter placement. In large/giant aneurysms,
placement of up to 19 devices in a single aneurysm in up to 5
treatment sessions has been described.15 Scaffolding obviates the
need for telescoping FDs and hence lowers the risk of perforator
compromise associated with telescoping flow diverters.16 It also
decreases the cost compared with telescoping FDs.

There is a strong preconception in the literature about pre-
existing stents being associated with failure of the flow diversion.
This blanket statement was initially suggested by Nelson et al17 in
the Pipeline Embolization Device for Uncoilable or Failed
Aneurysms (PUFS) trial12 but has not been proved. It was cited
and suggested by other authors as well.10,18-20 One critical point
about this concept is that it relates exclusively to FDs deployed
inside laser-cut stents.17-20 Incomplete opening or ovalization with
laser-cut stents is well-known.8 Placement of a flow diverter inside
a stent with pre-existing malapposition may be the reason for an
endoleak at the landing zone and subsequent flow-diverter fail-
ure.10 Scaffolding performed by a properly deployed braided stent
is unlikely to have malapposition. Indeed, the Flow-Redirection
Endoluminal Device (FRED flow diverter; MicroVention) is a type
of scaffolding stent/flow-diverter combination. With the exception
of a single Enterprise stent deployed in a straight arterial segment,
all of the stents in our scaffolding group were LEO stents, which
have been shown, in vitro, to have good conformability to the ves-
sel wall due to a reduced tendency to buckle or kink as opposed to
laser-cut stents.21 We suggest that stents that are well-apposed to
the arterial wall do not inevitably lead to failure of further endovas-
cular treatment with FDs. Braided stents may be better suited for
this application.

There are alternatives to the scaffolding method as well. Some
authors advocate partial coiling of an aneurysm in cases prone to
intra-aneurysmal device prolapse to “hold” the flow diverter in
the parent artery,22 but this bailout technique may also be associ-
ated with complications.23 Dense coiling may lead to occlusion of
the flow diverter due to increased thrombogenicity.24 In addition,
the presence of coils within the sac makes noninvasive follow-up
with CTA (and to some extent, with MRA) less reliable.

We chose the Silk device for the comparative analysis of scaf-
folding. This device is a nitinol-based device that, as its name
implies, is very soft, navigable, and pliable. However, these bene-
fits come at the expense of a propensity to foreshorten and, at
times, a delay in configurational change.9,12 Hence, scaffold-
ing stent placement has been used in a certain proportion of
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patients treated by authors who prefer to use this de-
vice.1,3,5,25 The availability of matching sizes of the braided
LEO stents for each Silk device size that can be deployed
through the same delivery microcatheter also renders this
technique attractive and relatively easy to perform. In our
practice, most scaffolding stent placements accompanied the
placement of the Silk device for these reasons. To eliminate
the flow-diverter architecture and mechanics as confounding
variables, we included in our study only aneurysms treated
with the Silk device.

When placement of a scaffolding stent was planned, we fol-
lowed several technical principles. To achieve a good wall apposi-
tion of the stent, we used only braided stents at the carotid
siphon because closed-cell stents do not appose well in the
siphon. We made sure that the stent was long enough to cover
about 10mm of the parent artery on both sides of the aneurysm
to minimize the risk of stent migration into the aneurysm as we
navigated the microcatheter through the deployed stent. We kept
the tip of the delivery wire distal to the aneurysm to avoid re-
crossing of a freshly deployed stent with a guidewire, which may
result in an inadvertent exit of the guidewire/delivery catheter
from the stent lumen through the stent struts and then re-entry
into the stent lumen at a distal point. Then, flow-diverter expan-
sion will not be possible at the re-entry point, and if the scaffold-
ing stent is an open-cell stent, the partially opened flow diverter
may get entangled with it. Thus, we avoided open-cell stents and
also stents without a distal delivery wire.

For stent delivery, we preferred microcatheters with angled
tips (such as a multipurpose curve or 90° angle) because the
tip of the delivery microcatheter frequently got caught by a
stent strut during the crossing of the deployed stent. If this
situation occurred, we refrained from pushing the microcath-
eter further but, instead, pulled the microcatheter back
slightly, torqued it gently, pulled or pushed the wire slightly,
and then advanced the microcatheter, trying to avoid hitting
the spot on the stent at which the microcatheter got caught.
Finally, as long as optimal expansion and wall apposition of
the scaffolding stent was clearly documented and the flow di-
verter was deployed only at the aneurysmal segment, we did
not intentionally try to cover the entire length of the stent by
the flow diverter.

The main limitations of this study include its retrospective na-
ture and the relatively small sample size that remained after
matching of the heterogeneous groups by propensity score analy-
sis. Due to the retrospective nature, the imaging follow-up at 1–
3months, 3–6months, 7–12months, and beyond 1 year was not
consistent for every case. In addition, success rates may be lower
with other stent types because matching stent/flow-diverter pairs
that are deliverable through the same microcatheter are not avail-
able for all devices on the market. This issue may mandate the
use of an exchange maneuver once the stent is deployed,26

increasing the risk and complexity of flow diversion with some
devices. However, as the first study on the comparative efficacy
and safety of scaffolding stents, our study highlights the critical
points in scaffolding stent placement. It also justifies the need for
larger-scale prospective studies or verification of these results in
larger cohorts.

CONCLUSIONS
Scaffolding stent placement to help flow diversion of intracranial
aneurysms has been criticised by many authors. This may be the
result of earlier publications that disparaged previously placed
stents as a cause of flow-diversion failure. We propose that when
flow diversion with a single FD is risky or impossible, scaffolding
can be used with a good rate of success and without a significant
increase in complications.
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ORIGINAL RESEARCH
INTERVENTIONAL

Predictors of the Effects of Flow Diversion in Very Large
and Giant Aneurysms

H.J. Bae, Y.K. Park, D.Y. Cho, J.H. Choi, B.S. Kim, and Y.S. Shin

ABSTRACT

BACKGROUND AND PURPOSE: The treatment paradigm for very large and giant aneurysms has recently changed to flow diversion,
in light of the results of the Pipeline for Uncoilable or Failed Aneurysms trial. However, the effects of flow diversion were defi-
nitely unknown. We explored this topic and identified the predictors of such effects.

MATERIALS AND METHODS: We retrospectively reviewed 51 patients with unruptured aneurysms admitted to our institution for flow
diversion between February 2014 and August 2019. Patients were categorized into an effect group (no filling or remnant entry) and a no-
effect group (subtotal or total filling). We evaluated the aneurysm size and shape, incorporation vessel, parent artery stenosis and curva-
ture, stagnation of contrast medium within the aneurysm, use of balloon angioplasty, and intra-aneurysm thrombus as potential predic-
tors of the effects of flow diversion.

RESULTS: The effect group comprised 34 patients (66.7%, 34/51; no filling, 35.3%, 18/51; and remnant entry, 31.4%, 16/51). The no-
effect group comprised 17 patients (33.3%, 17/51; subtotal filling, 29.4%, 15/51; and total filling, 3.9%, 2/51). An incorporation vessel
and balloon angioplasty were independent risk factors for the no-effect group in multivariate logistic regression analyses (OR ¼
0.13 and 0.05; 95% confidence intervals, 0.02–0.62 and 0.00–0.32; P values, .021 and .004, respectively).

CONCLUSIONS: Flow diversion is effective for very large and giant aneurysms, but the outcomes require further improvement.
The results of this study show that an incorporated vessel and excessive balloon angioplasty might compromise flow diversion.
This finding can help improve the outcomes of flow diversion.

ABBREVIATIONS: FD ¼ flow diversion; FDs ¼ flow-diverter stent

Very large (15–25mm) and giant (.25mm) cerebral aneur-
ysms are at high risk for fatal rupture.1,2 Conventional surgi-

cal treatment is associated with a low rate of complete ligation and
a high incidence of surgical complications.3,4 Given the develop-
ment of new endovascular techniques and devices and the results
of the International Subarachnoid Aneurysm Trial (ISAT),5 coil
embolization is now the preferred treatment for many kinds of cer-
ebral aneurysms. However, many studies reported that coil

embolization for very large and giant aneurysms has a high recur-
rence rate.6-8 Thus, considering the results of the Pipeline for
Uncoilable or Failed Aneurysms (PUFS) trial,9 the preferred treat-
ment has recently been changed to flow diversion (FD). However,
the effects of FD remain definitely unknown. We explored this
topic and identified the predictors of the effects of FD.

MATERIALS AND METHODS
Patient Selection
We retrospectively reviewed the records of patients with unrup-
tured aneurysms consecutively admitted to our institution for FD
by a single surgeon (Y.S. Shin) from February 2014 to August 2019.
According to the approval criteria of the Korean government
(Health Insurance Review and Assessment Service) for flow-di-
verter stents, these were placed in patients with unruptured intra-
cranial aneurysms of $15mm in maximum diameter without coil
embolization. A total of 64 patients underwent FD; catheter-based
angiographic follow-up data were available for 51 patients. We ret-
rospectively analyzed their outcomes and sought their predictors.
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The study was approved by the institutional review board of Seoul
St. Mary’s Hospital.

Baseline and Follow-up Assessments
The records included patient sex and age; the presence of diabetes
mellitus, hypertension, and hyperlipidemia; current smoking sta-
tus; aneurysm size, location, neck diameter, and shape (saccular
or fusiform); intra-aneurysm thrombus and incorporated vessel
status; stenosis status and curvature of the parent artery in the an-
eurysm neck region; contrast medium stagnation during angiog-
raphy; balloon angioplasty in the procedure; and angiographic
and clinical outcomes. All angiographic outcomes were blindly
evaluated by 1 neurointerventionalist and 1 neuroradiologist
using the O’Kelly-Marotta scale based on the degree of filling in
catheter-based angiographic follow-up (no filling, remnant entry,
subtotal filling, and total filling).10 MR angiography and catheter-
based angiography were performed 6months after treatment. If
incomplete occlusion was evident in the first catheter-based angi-
ography, follow-up was performed at 12 and 24months. Patients
were categorized into an effect group (no filling or remnant entry)
and a no-effect group (subtotal or total filling) based on the cathe-
ter-based angiographic data. The 5-year results of the PUFS trial11

indicated that aneurysms evidencing remnant entry were likely to
completely occlude across time without further treatment.

Predictors of the Effects of FD
The parameters evaluated were aneurysm shape (saccular or fusi-
form), size, and neck diameter; intra-aneurysmal thrombus and
incorporated vessel status; stenosis and curvature of the parent artery
in the region of the aneurysm neck; balloon angioplasty status; and
contrast medium stagnation during angiography as potential predic-
tors of the effects of FD.9,12 The curvature of the parent artery involv-
ing the aneurysm neck region was classified as outer or non-outer,
depending on the location of the aneurysm neck (Fig 1). Because the
pore density of flow-diverter stents is greatly affected by curvature,
metal coverage is relatively higher over the inner curve than over the
outer curve.13 If the aneurysm neck lies on the outer curve, any
effects of flow-diverter stents are likely to be reduced. The stagnation
grade of contrast medium was categorized as arterial, capillary, or ve-
nous on pre- and post-FD cerebral angiography. Immediately after

flow-diverter stent (FDs) deployment, it was determined whether the
stagnation grade increased. In addition, prolonged stagnation
(for .1minute) was recorded after FDs deployment. We assume
that balloon angioplasty changes the stent pore density because the
flow-diverter stents are braided and the aneurysm neck lies in the
unconstrained zone.

Procedure
All procedures were performed with the patient under general anes-
thesia following systemic intravenous heparinization and premedi-
cation with antiplatelet drugs (aspirin, 100mg, and clopidogrel,
75mg, daily for at least 7days). After the dual-antiplatelet therapy
for 6months, only aspirin, 100mg, was maintained continuously.
The platelet function test was routinely performed on the day of the
procedure. The antiplatelet medication was not modified in patients
with resistance because our other study showed that antiplatelet
drug resistance did not increase the thromboembolic events af-
ter stent-assisted coiling.14 Because we encountered delayed
rupture of aneurysms treated via FD, dexamethasone was pre-
scribed for 3weeks after FDs deployment as prophylaxis for
intradural aneurysms. The Pipeline Embolization Device (PED;
Medtronic) and the Flow-Redirection Endoluminal Device
(FRED; MicroVention) were used for flow-diverter stents.
When parent artery stenosis or poor stent apposition to the ves-
sel wall was evident in conebeam CT performed immediately af-
ter FDs deployment, balloon angioplasty was performed using
the Scepter device (MicroVention) along with the FDs.

Statistical Analyses
Categoric and continuous variables are reported as means (SD)

and ranges and as frequencies with percentages, respectively.

Demographic, clinical, and radiologic variables were compared

between the 2 groups using the Student t test, the Mann-

Whitney U test, the Fisher exact test, or the x 2 test, as appropri-

ate. Predictors with P, .20 in univariate analyses were included

in the multivariate logistic regression model in a backward step-

wise method to identify the effects of FD.12 All data were ana-

lyzed using R statistical and computing software, Version 3.3.2

(https://www.r-project.org/).

RESULTS
The clinical characteristics of the 51
patients who underwent follow-up an-
giography after FD are summarized in
the Online Supplemental Data. There
were 34 patients in the effect group
(66.7%, 34/51; no filling, 35.3%, 18/51;
remnant entry, 31.4%, 16/5). The no-
effect group comprised 17 patients
(33.3%, 17/51; subtotal filling, 29.4%,
15/51; total filling, 3.9% 2/51). The
mean age of the effect group was lower
than that of the no-effect group (51.2
[SD, 14.9] years versus 57.8 [SD, 12.8]
years; P¼ .126). The mean aneurysm
size and neck diameter were 21.9 (SD,

FIG 1. This image shows the curvature type of the parent artery involving the neck region of the
aneurysm. A, Non-outer type. B, Outer type.
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4.3) mm and 10.1 (SD, 4.8)mm, respectively (effect group: 21.4
[SD, 4.1] mm, 9.8 [SD, 4.4]mm; no-effect group: 25.4 [SD, 12.7]
mm, 13.2 [SD, 15.4]mm; P¼ .231, P¼ .385, respectively). The
mean aneurysm size and neck diameters were larger in the no-
effect group, but these differences did not reach statistical signifi-
cance. The effect group was observed in 11/19 (57.8%) aneurysms
involving the infraclinoid internal carotid artery, 14/20 (70.0%)
aneurysms involving the supraclinoid internal carotid artery, 3/4
(75.0%) aneurysms involving the anterior and middle cerebral
arteries, and 6/8 (75.0%) aneurysms involving the vertebrobasilar
artery. The factors such as aneurysm size, vessel incorporation into
the aneurysm, aneurysm neck located on an outer curve of the par-
ent artery, and intraprocedural balloon angioplasty yielded P
values,.200 in univariate analyses; thus, these were included as
predictors of the effect in multivariate analyses (Table 1). Vessel
incorporation into the aneurysm and intraprocedural balloon
angioplasty (OR ¼ 0.13 and 0.05; 95% CI, 0.02–0.62 and 0.00–
0.32; P value, .021 and .004, respectively) were significant risk fac-
tors for the no-effect group in multivariate logistic regression anal-
yses (Table 2). Among all 51 patients, complications occurred in 7,
including 4 deaths (3 delayed ruptures and 1 thromboembolic
event) and 3 major complications (1 each of rupture, thromboem-
bolic event, and aneurysm mass effect). The overall morbidity and
mortality rates were 3.9% (2/51) and 7.8% (4/51), respectively.

DISCUSSION
Despite recent improvement in endovascular devices, the treat-
ment outcomes of very large and giant aneurysms remain unsat-
isfactory.6,7,15,16 Sluzewski et al16 reported a 41% (12/29)
incomplete occlusion rate after initial and repeat coiling for very
large and giant aneurysms. In addition, recurrence after coil
embolization for very large and giant aneurysms was more com-
mon than after coil embolization for simple aneurysms. Chalouhi
et al15 reported recurrence and retreatment rates of 46.8% (29/62)
and 37.1% (23/62) for very large aneurysms and 52% (11/21) and

47.6% (10/21) for giant aneurysms, respectively, after coil em-
bolization. After the PUFS trial, the introduction of FD indu-
ced a paradigm shift in endovascular treatment of such aneur-
ysms.11,17-19 For large and giant aneurysms after FD, Peschillo et
al17 and Oishi et al19 reported 61.5% (16/26) and 63% (63/100) no-
filling rates, respectively. In our study, the no-filling and remnant
entry rates were 35.3% (18/51) and 31.4% (16/51), respectively.
When we considered remnant entry to be equivalent to no filling,
our occlusion rate was similar to those reported in other studies.17,19

However, the actual no-filling rate in this study was lower
than those reported in other studies9,12 for several reasons: First,
the size of the aneurysms in our study was at least 15mm, and
the mean aneurysm size was 21.9 (SD, 4.3)mm, which is larger
than the 18.2mm reported in the PUFS trial. To the best of our
knowledge, this is the largest average aneurysm size reported in
any study to date. The aneurysm size is known to affect
FD.12,18,20-22 Second, only a single FDs was placed in all but 5
patients (in whom a single FDs could not cover the aneurysm
neck or it was foreshortened) because the Korean National
Insurance scheme does not usually permit using multiple
flow-diverter stents or combined with coil embolization.23 Other
studies that used multiple flow-diverter stents or coiling com-
bined with FD have reported that these approaches are better
than the placement of a single FDs.17,24-26 In addition, other stud-
ies with the same treatment inclusion criteria as ours showed sim-
ilar results. The authors reported an approximately 77% complete
or near-complete occlusion rate in a multicenter study.27 Third,
the patient inclusion criteria in the PUFS trial were aneurysms
involving the internal carotid artery from the petrous segment to
the supraclinoid segment. In our study, there were 14/51 (27.4%)
aneurysm cases (posterior circulation, 8 cases; internal carotid ar-
tery bifurcation, 2; middle cerebral artery, 3; anterior communi-
cating artery, 1) that did not correspond to the PUFS trial. These
14 cases may have more incorporated vessels that were or were not
angiographically visible. However, there is a lack of studies analyz-
ing FD outcomes based on the location of aneurysm. Fourth, our
study reported short-term results (follow-up duration, 83.0 [SD,
60.5]weeks). The results of the 5-year PUFS trial suggest that the
aneurysm healing process following FD occurs progressively. The
trial reported that 7 of the 9 remnants identified were occluded on
subsequent angiographic studies without retreatment.11 Therefore,
we considered remnant entry as the effect group.

In this study, it was confirmed that the presence of incorporated
vessels (OR = 0.13, P= .021) was a significant factor in predicting
the effects of FD. Among cases with no incorporated vessel, 22/29
(75.8%) showed the effect of FD, whereas in cases with incorpora-
tion, only 12/22 (54.6%) cases showed the effect of FD. In patients
exhibiting remnant entry or subtotal filling on follow-up angiogra-
phy, a significant proportion of aneurysms developed thromboses
and occlusion, but sometimes remnant aneurysms were apparent
close to the incorporated vessels (Fig 2). Bender et al12 studied a sin-
gle-institution series of 445 cases and reported that vessel incorpo-
ration was a risk factor for incomplete occlusion after FD (OR ¼
2.206, P¼ .035).

In-stent balloon angioplasty is performed when the stent-to-wall
apposition is poor or stenosis is evident in the parent artery because
either condition greatly increases the risk of thromboembolic events

Table 1: Results of univariate analysis for predictors of effect
group

Variables OR (95% CI) P Value
Aneurysm shape (saccular) 2.23 (0.5–11.14) .27
Intra-aneurysmal thrombus 1.44 (0.35–7.35) .63
Vessel incorporation 0.38 (0.11–1.24) .11
Aneurysm size (mm) 0.93 (0.82–1.01) .19
Aneurysm neck diameter (mm) 0.96 (0.87–1.03) .30
Stenosis of parent artery 0.51 (0.13–2.09) .34
Outer curve type 2.62 (0.80–9.22) .12
Balloon angioplasty 0.18 (0.03–0.79) .029
Stagnation before FD 0.86 (0.39–1.85) .70
Stagnation after FD 0.26 (0.01–1.38) .20
Increased stagnation after FD 0.82 (0.26–2.47) .71
Prolonged stagnation (.1 min) 0.39 (0.08–1.51) .20

Table 2: Results of multivariate logistic regression analysis for
predictors of effect group

Variables OR (95% CI) P Value
Vessel incorporation 0.13 (0.02–0.62) .0205
Aneurysm size (mm) 0.90 (0.75–1.01) .1874
Balloon angioplasty 0.05 (0.00-0.32) .0040
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and subsequent parent artery occlu-
sion.18,28,29 In addition, high-velocity
blood flow into the aneurysm caused by
stenosis of the proximal parent artery
compromises the effect of FD and
might induce delayed aneurysm rupture
(Fig 3).20,30,31 However, we found that
patients who underwent in-stent bal-
loon angioplasty are more likely to be
in the no-effect group (OR ¼ 0.05,
P¼ .004). Of the no-effect group, 6/17
(35.3%) patients underwent in-stent bal-
loon angioplasty, while 3/34 (8.8%) in
the effect group underwent angioplasty.
To the best of our knowledge, no other
study has shown that balloon angio-
plasty compromises the effect of FD.
Because FD efficacy is greatly affected
by pore density, interventionists sought
to maximize this density using the
push-and-pull technique at the uncon-
strained area of the parent artery during
FDs deployment. This balloon angio-
plasty might increase the pore density
in the non-neck area and decrease it in
the neck area. However, stenosis of the
parent artery confounds the effects of
balloon angioplasty on the FDs. As
mentioned above, angioplasty was per-
formed when stenosis was apparent.
Such stenosis of the parent artery is
more likely to occur owing to the mass
effect than the size of the aneurysm.
However, there was no significant trend
toward increased aneurysm size in par-
ent artery stenosis in our study (effect
group, 21.9 mm [SD, 8.6 mm] and no-
effect group, 25.9 mm [5.4 mm],
P¼ .151). In addition, this information
should be interpreted with caution, given
the low incidence of balloon angioplasty.
Many studies have found that balloon
angioplasty is required during FD. Our
findings imply that excessive balloon
angioplasty, which is performed along
the whole stent or when there is a slight
suspicion of poor stent-to-wall apposi-
tion, should be avoided.

Limitations
The present study has several limita-
tions. First, this is a retrospective study
of a relatively small number of cases in
a single center. Follow-up angiography
was not completed in all cases, and
the follow-up duration was not long
enough. Therefore, the inability to

FIG 3. High-velocity blood flow into the aneurysm was caused by proximal parent artery stenosis
after flow diversion. Early artery phase (A) and late artery phase (B). The high-velocity blood flow
disappears immediately (D) after balloon angioplasty in the stent (C).

FIG 2. Remnant aneurysms are apparent close to the incorporated ophthalmic artery on 6-
month follow-up angiography.
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obtain statistically significant results for all data analyzed is a limita-
tion of this study. Second, the self-adjudication of aneurysm occlu-
sion is known to be considerably overestimated according to
another study.32 However, we treated only large and giant aneur-
ysms, so there was relatively little difference in distinguishing the
effect group from the no-effect group according to the O’Kelly-
Marotta grading scale criteria.

CONCLUSIONS
FD is effective for treating very large and giant aneurysms, but
the outcomes require further improvement. The results of this
study show that an incorporated vessel and excessive balloon
angioplasty might compromise the effect of FD. Considering this
finding can help improve the outcomes of FD.
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ORIGINAL RESEARCH
INTERVENTIONAL

Differential Contribution of ASPECTS Regions to Clinical
Outcome after Thrombectomy for Acute Ischemic Stroke
S.M. Seyedsaadat, A.A. Neuhaus, P.J. Nicholson, E.C. Polley, C.A. Hilditch, D.C. Mihal, T. Krings, J. Benson,

I. Mark, D.F. Kallmes, W. Brinjikji, and J.D. Schaafsma

ABSTRACT

BACKGROUND AND PURPOSE: Ischemic stroke is the leading cause of long-term disability in adults, but our ability to prognosti-
cate from baseline imaging data is limited. The ASPECTS measures ischemic change in the middle cerebral artery territory on non-
contrast CT based on 10 anatomic regions. Here, we investigated whether infarction in particular regions was associated with worse
long-term outcome.

MATERIALS AND METHODS: We identified consecutive patients receiving mechanical thrombectomy for ICA/MCA occlusion at 2
comprehensive stroke centers. Pretreatment ASPECTS was assessed by 2 blinded reviewers. Clinical data including demographics,
baseline NIHSS score, and 90-day mRS were collected. The relationship between individual ASPECTS regions and the mRS score (0–
2 versus 3–6) was assessed using multivariable logistic regression.

RESULTS: Three hundred fifty-three patients were included (mean age, 70 years; 46% men), of whom 214 had poor outcome
(mRS ¼ 3–6). Caudate (OR ¼ 3.26; 95% CI, 1.33–8.82), M4 region (OR ¼ 2.94; 95% CI, 1.09–9.46), and insula (OR ¼ 1.75; 95% CI, 1.08–
2.85) infarcts were associated with significantly greater odds of poor outcome, whereas M1 region infarction reduced the odds of
poor outcome (OR ¼ 0.38; 95% CI, 0.14–0.99). This finding remained unchanged when restricted to only patients with good recana-
lization. No significant associations were found by laterality. Similarly, no region was predictive of neurologic improvement during
the first 24 hours or of symptomatic intracerebral hemorrhage.

CONCLUSIONS: Our results indicate that ASPECTS regions are not equal in their contribution to functional outcome. This finding
suggests that patient selection based on total ASPECTS alone might be insufficient, and infarct topography should be considered
when deciding eligibility for thrombectomy.

ABBREVIATION: sICH ¼ symptomatic intracranial hemorrhage

Recent advances in the field of endovascular thrombectomy
have led to a sea change in the management of large-vessel-

occlusion acute ischemic stroke, with several initial trials showing
benefit with new-generation endovascular approaches.1-6 The
time window for thrombectomy has subsequently expanded to
up to 24hours from onset.7,8 In all these trials, imaging was cru-
cial to identify patients likely to benefit. Most trials in 2015 used
lesion size on CT as part of their selection criteria, quantified as

the ASPECTS. ASPECTS was first described in 2000 and sepa-
rates the middle cerebral artery territory into 10 regions (6 super-
ficial, 4 deep; Figure). These are then assigned a value of 0 if there
are early ischemic changes—parenchymal hypoattenuation, loss
of gray-white differentiation, and focal swelling—and a value of 2
if the region is normal in appearance.9 Correspondingly, lower
scores imply more extensive ischemia and intuitively suggest that
the outcome is more likely to be poor; indeed, the ASPECTS is
known to have value in long-term prognostication after stroke,10
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independence in intra-arterial thrombolysis.11 Thus, low
ASPECTS values continue to be used as an exclusion criterion for
thrombectomy because these patients are assumed to have a low
likelihood of meaningful improvement.

However, there are a number of disadvantages in using
ASPECTS. First, although it significantly correlates with long-
term function on a group level, individual outcomes are discri-
minated less accurately, particularly when the ASPECTS is
moderate to high (eg, 6–10, implying limited ischemic
change).12 Second, it is known that involvement of specific
regions leads to particular functional deficits, eg, the angular
gyrus in language13 and multiple cortical and subcortical areas
in motor function.14 The ASPECTS treats all 10 areas equally;
therefore, a composite ASPECTS of 7 may reflect very different
lesion patterns, and there is no a priori reason to think these
would be equivalent in terms of functional consequences.
Third, the volumes of ASPECTS regions are not equal, and the
loss of a single point can reflect a wide range of ischemic vol-
umes, depending on which areas are affected. Indeed, it has
been previously reported that some regions confer a greater
risk of poor long-term outcome.15 Variation in outcome based
on the affected area has also been described with ASPECTS
regions from baseline CT,15-18 though with inconsistent
findings.

The implication of this finding is that a significant number
of patients with a poor composite ASPECTS might, in fact, have
a greater likelihood of good outcome than the total score would
suggest, which may influence treatment decisions. In this study,
we sought to estimate regional contributions to long-term func-
tion using pretreatment ASPECTS data in a thrombectomy
cohort.

MATERIALS AND METHODS
Study Subjects
We conducted a retrospective analysis of 353 consecutively treated
patients with a diagnosis of acute ischemic stroke related to an
emergent large-vessel occlusion from January 2015 to December
2018. One hundred seventy-eight patients were treated at the first
participating center, and 175 patients, at the second (Mayo Clinic
and Toronto Western Hospital). ASPECTS $6 was a prerequisite
for proceeding with thrombectomy at our institutions.

The inclusion criteria were as follows:

1. Clinical diagnosis of acute stroke in the anterior circulation
2. Eighteen years of age or older
3. Availability of NCCT images acquired within 24 hours of
onset of symptoms

4. Patients with intracranial ICA, M1, or M2 occlusion identified
on CTA who were treated by endovascular thrombectomy.

Among the exclusion criteria were nonischemic pathology
found on baseline imaging (eg, intracerebral hemorrhage), poor
quality of baseline scans (eg, excessive artifacts preventing re-
gional ASPECTS estimation), and denial of consent following
checking for research authorization.

Baseline clinical characteristics collected from subjects
included age, sex, NIHSS score, and time of last known well; post-
treatment characteristics included the mRS score at 90 days and
recanalization status after thrombectomy. The study was
approved by the institutional review boards at both institutions;
because this was a retrospective study, informed consent was
waived. However, per Minnesota state law, after checking the sta-
tus of all patients residing in the state of Minnesota, 21 patients
who denied access to their medical records for research use were
not included in this study.

CT Acquisition and Analysis
Noncontrast CT scans with 5-mm section thickness were
obtained at admission, with a maximal delay of ,24hours from
stroke onset. ASPECTS was independently determined by 2 neu-
roradiologists at each site, for a total of 4 raters who were blinded
to clinical outcome. In case of any disagreement, a third neurora-
diologist in each center reviewed and adjudicated the score. 9,19

In contrast to the original methodology of using 1 supragan-
glionic and 1 ganglionic section for ASPECTS, assessors had
access to the entire NCCT scan. Evidence of early ischemic
change was defined as the presence of hypoattenuation and/or
loss of gray matter–white matter differentiation, with or without
cortical swelling. Assessors were aware of the presumed laterality
of the stroke but blinded to other clinical details.

Statistical Analysis
A summary of clinical and imaging characteristics is presented in
the Online Supplemental Data as mean (SD) (age, NIHSS) or me-
dian with interquartile range (ASPECTS). The relationship
between individual ASPECTS regions and the ordinal functional
outcome score (mRS) was assessed using multivariable logistic
regression. mRS was dichotomized as good (0–2) or poor (3–6).
Ten-fold cross-validation was then used to estimate the predictive
value of each region, and a multivariable logistic regression with

FIGURE. Illustration of ASPECTS, showing 10 regions in 1 hemisphere.
C indicates caudate; IC, internal capsule; L, lentiform; I, insula.
Reproduced from Neuhaus et al25 with permission from BMJ Publishing
Group Ltd.
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the 10 regions in a single model was fitted. This was also used for
subgroup analyses based on laterality (left and right hemispheres
separately) and recanalization status based on angiographic find-
ings (dichotomized as TICI 2b/3 for successful recanalization and
also examining TICI 3 separately). We also explored the predic-
tive value of regional ASPECTS for symptomatic intracranial
hemorrhage following thrombectomy and for NIHSS change
within the first day following stroke onset (calculated simply as
NIHSS24 hours – NIHSSbaseline) as an indicator of acute neurologic
deterioration or improvement. Data were collected in Excel
(Microsoft) and analyzed using R statistical and computing soft-
ware (http://www.r-project.org/).

RESULTS
Baseline Characteristics
The baseline characteristics of the patient population are presented
in the Online Supplemental Data. The mean age of patients was
70 years, and 46% were men. Baseline imaging showed a median
total ASPECTS of 9; early ischemic changes were most commonly
seen in the insula (172 patients, 48.7%) and lentiform nucleus (96
patients, 27.2%) and least frequently in M6 (16 patients, 4.5%).

Primary Outcome
Logistic regression for regional ASPECTS irrespective of laterality
(Table 1) showed that the regions significantly associated with
poor outcome were the caudate nucleus (ORcaudate ¼ 3.26; 95%
CI, 1.33–8.82), M4 (ORM4 ¼ 2.94; 95% CI, 1.09–9.46), and insula
(ORinsula ¼ 1.75; 95% CI, 1.08–2.85). Conversely, M1 was associ-
ated with reduced odds of poor outcome (ORM1 ¼ 0.38; 95% CI,
0.14–0.99). The remaining 6 areas (M2, M3, M5, M6, lentiform
nucleus, and internal capsule) did not reach statistical signifi-
cance. When we separated them by the side of the stroke, no
regions reached statistical significance, though similar trends
were observed; on the right, there was an additional trend for M6
in particular (ORM6 ¼ 3.71; 95% CI, 0.72–29.4) and on the left
for M5 (ORM5 ¼ 2.80; 95% CI, 0.81–13.2).

Subgroup Analyses
The average total ASPECTS for patients without insular or cau-
date infarcts was higher than for those with insula or caudate
involvement (P value, .0001) (Table 2).

Of the studied population, 302 (85.6%) had successful recana-
lization, defined as TICI 2b/3. When this cohort was analyzed as
a subgroup, the results were effectively unchanged from the total
population (Table 3), with the caudate nucleus (ORcaudate ¼ 4.02;
95% CI, 1.51–12.2), M4 (ORM4 ¼ 3.54; 95% CI, 1.26–11.9), and
insula (ORinsula ¼ 1.69; 95% CI, 1.01–2.85) being associated with
poor outcome; again, M1 infarction was associated with lower
odds of poor outcome (ORM1 ¼ 0.28; 95% CI, 0.09–0.83). When
this cohort was restricted to only TICI 3 (n¼ 154), suggesting
complete reperfusion, only the caudate nucleus (ORcaudate ¼
14.86; 95% CI, 3.22–114.94) reached statistical significance. The
group of patients with unsuccessful recanalization (TICI 0/1/2a,
n¼ 51) was too small to reliably estimate ORs.

ASPECTS Regions and Short-Term Outcomes
We then repeated the analyses using symptomatic intracranial
hemorrhage (sICH) as an outcome. In our sample, 27 patients
(7.6%) developed sICH within the first 24 hours following
thrombectomy. Due to the small sample size, there was no sig-
nificant association with any ASPECTS region; because the low-
est P value was .299, it was not possible to characterize any
trends in the data (Table 4). We also used changes in the NIHSS
score during the first 24 hours as the outcome metric to explore
the impact of individual regions on short-term neurologic
improvement. No individual ASPECTS region showed signifi-
cant correlation with NIHSS change (Online Supplemental
Data), with a slight trend toward the lentiform nucleus
(ORlentiform ¼ 6.89; 95% CI, 0.57–83.10).

Table 1: Predictive value of ASPECTS regions for mRS at
90 days

Region OR of Poor Outcome 95% CI P Value
Overall
M1 0.38 0.14–0.99 .047
M2 1.55 0.77–3.26 .234
M3 0.69 0.24–2.00 .487
M4 2.94 1.09–9.46 .046
M5 1.87 0.84–4.51 .141
M6 1.66 0.52–6.01 .407
Lentiform 0.93 0.52–1.66 .803
Insula 1.75 1.08–2.85 .023
Caudate 3.26 1.33–8.82 .013
Internal capsule 0.76 0.29–2.03 .575
Right hemisphere
M1 0.24 0.05–0.94 .048
M2 1.98 0.73–5.71 .189
M3 0.48 0.11–1.99 .309
M4 3.70 0.87–21.8 .100
M5 1.36 0.42–4.68 .615
M6 3.71 0.72–29.4 .148
Lentiform 0.87 0.39–1.93 .734
Insula 1.67 0.82–3.46 .162
Caudate 2.74 0.81–10.5 .117
Internal capsule 1.39 0.33–6.63 .659

Left hemisphere
M1 0.57 0.14–2.51 .438
M2 1.70 0.56–5.94 .372
M3 1.19 0.21–8.27 .843
M4 2.88 0.69–19.6 .193
M5 2.80 0.81–13.2 .135
M6 0.70 0.10–5.04 .717
Lentiform 1.25 0.53–3.10 .613
Insula 1.74 0.88–3.49 .112
Caudate 3.20 0.83–16.6 .118
Internal capsule 0.50 0.13–1.98 .312

Table 2: Comparison of total ASPECTS between patients with
caudate or insular infarct with the rest of cohort

Total ASPECTS
(Mean) (SD)

P
Value

In the presence of insular
infarction (n ¼ 96)

7.29 (1.34) ,.0001

In the absence of insular
infarction (n ¼ 257)

8.97 (1.2)

In the presence of caudate
infarction (n ¼ 172 )

7.65 (1.34) ,.0001

In the absence of caudate
infarction (n ¼ 181)

9.34 (0.99)
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DISCUSSION
In this study, we have characterized the long-term functional
impact of ischemia in specific regions of the ASPECTS system in
patients who underwent thrombectomy after baseline imaging.
Our main finding is that infarction in the caudate, M4, and insula
areas is significantly associated with poor outcome (mRS = 3–6)
following thrombectomy, whereas patients with M1 infarctions
have reduced odds of poor outcome. The same observation was
made when analyses were restricted to only those patients in
whom good recanalization was achieved. Analyses by laterality or
looking at neurologic improvement and sICH as outcomes did
not reach statistical significance. The implication of these results
may be that the use of a composite ASPECTS should be re-eval-
uated because the total score may be less informative than indi-
vidual territories, as discussed below.

Previous studies have examined the contribution of individual
ASPECTS regions to outcome. However, the results reported in
the literature show significant disagreement. For example, Khan
et al18 reported that M3 and M6 infarction on either side, M2 on
the right, and M5 on the left were associated with poor outcome.
Beare et al17 also reported M2 and M5 infarction as a poor prog-
nostic factor, without specifying side. In the largest study looking

at admission NCCT, Payabvash et al20 found M5, caudate, lenti-
form, and insula infarction to be associated with poor outcome in
patients treated with intravenous thrombolysis. Phan et al16 only
found significant results from interaction terms between age and
lentiform, and age and M6. There have also been studies using
the ASPECTS template with modalities other than NCCT.
Haranhalli et al21 found that insula, M2, and M5 infarcts on CT
perfusion were associated with poor outcome. Payabvash et al15

also reported that insula infarction predicted poor outcome,
using DWI at admission.

One important difference with the results reported here is the
clinical care provided to the patient population. Most patients in
the aforementioned studies were either managed conservatively
or treated with intravenous thrombolysis. Payabvash et al15,20

and Haranhalli et al21 did include patients with subsequent intra-
arterial therapy, but given that data collection occurred before
2015, these likely represented intra-arterial thrombolysis and
thrombectomy with first-generation devices, which were notably
less effective. In contrast, our study included only patients who
underwent stent retriever or aspiration thrombectomy and is,
therefore, more reflective of the current criterion standard
approach to management of large-vessel-occlusion stroke.

We can only speculate on why the regions identified by our
study were associated with worse outcomes. M4 represents the
frontal cortex on the supraganglionic section, whereas M1 is
more the caudal frontal cortex. In terms of function, infarcts
involving M1 might lead to deficits in behavioral planning due to
involvement of the operculum and may also lead to nonfluent
aphasia if the dominant hemisphere (ie, left in most individuals)
is affected. Hemiplegia, in particular, might be expected to have a
substantial effect on mRS because the scale is largely based on
mobility. M4 might similarly be associated with aphasia and
apraxia on the dominant side, though limb weakness is less likely.
Similarly, the caudate nucleus is part of the basal ganglia and cru-
cial for motor control, as well as being associated with cognitive
changes. The insula is primarily associated with autonomic func-
tion, but also with motor control, cognition, and emotion.22,23

Limitations
There are limitations to this study. First, although our total cohort
was relatively large, subgroup analyses for sICH, stroke laterality,
and outcome in poorly recanalized patients were limited by small
sample sizes. In addition, we had relatively few cases with stroke in
some of the cortical areas (most notably M6) and the internal cap-
sule. This spectrum bias is probably the consequence of selection
bias for endovascular thrombectomy. Second, the median
ASPECTS in this study was 9, suggesting only limited ischemic
changes. Although this was also the median ASPECTS value in the
meta-analysis of the 2015 trials1 and is therefore representative of
patients receiving endovascular thrombectomy, it, nonetheless,
complicates applying these findings to patients with more extensive
ischemic changes and lower total ASPECTS. Third, our analyses
currently assume that regional ischemic changes were independent
of each other, and we have not adjusted for collinearity; however,
preliminary analyses did not show significant collinearity in our
dataset. Although in our cohort, patients with infarcts in the insula
or caudate nucleus had poorer total ASPECTS, this still warrants

Table 3: Predictive value of ASPECTS regions for mRS at
90 days, stratified by recanalization status

Region OR of Poor Outcome 95% CI P Value
TICI 2b/3
M1 0.28 0.09–0.83 .025
M2 1.87 0.84–4.41 .137
M3 0.56 0.17–1.75 .318
M4 3.54 1.26–11.9 .024
M5 1.89 0.79–4.92 .167
M6 1.59 0.47–5.87 .463
Lentiform 0.98 0.53–1.81 .935
Insula 1.69 1.01–2.85 .048
Caudate 4.02 1.51–12.2 .008
Internal capsule 1.00 0.35–3.05 .994
TICI 3
M1 0.093 0.00–1.23 .064
M2 2.18 0.56–10.00 .279
M3 0.50 0.06–4.07 .511
M4 3.08 0.88–12.74 .091
M5 3.66 0.88–19.49 .089
M6 8.55 0.95–209.20 .092
Lentiform 0.83 0.33–2.02 .679
Insula 1.87 0.86–4.12 .116
Caudate 14.86 3.22–114.94 .002
Internal capsule 0.52 0.10–2.38 .404

Table 4: Predictive value of ASPECTS regions for sICH
Region OR of sICH 95% CI P Value

M1 0.82 0.20–5.57 .805
M2 1.49 0.47–5.93 .531
M3 1.00 0.19–8.26 .999
M4 1.07 0.27–7.25 .935
M5 1.04 0.31–4.88 .950
M6 0.56 0.11–4.46 .524
Lentiform 1.37 0.49–4.44 .572
Insula 0.80 0.34–1.89 .612
Caudate 0.51 0.15–1.97 .299
Internal capsule 0.50 0.14–2.08 .301
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further follow-up studies. Fourth, there is potential interobserver
variability, as was reported by Nicholson et al24 in their study of 375
patients with acute ischemic stroke, which showed substantial inter-
observer variability among readers in scoring different ASPECTS
regions. They found that readers had the highest agreement in scor-
ing the insula (k ¼ 0.56; range, 0.48–0.64) and the lowest agree-
ment in scoring M3 (k ¼ 0.34; range, 0.12–0.56).

CONCLUSIONS
We have characterized outcome based on regional infarction as
determined by the ASPECTS template on baseline NCCT. This
work is hypothesis-generating and may be of potential use in the
development of scoring systems that take infarct topography into
account and allow improved patient-selection algorithms for
thrombectomy. Therefore, larger datasets are required to validate
our findings and provide more definitive quantification of the
impact of ischemia in different ASPECTS areas on outcome.
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Teleproctoring for Neurovascular Procedures:
Demonstration of Concept Using Optical See-Through
Head-Mounted Display, Interactive Mixed Reality, and

Virtual Space Sharing—A Critical Need Highlighted by the
COVID-19 Pandemic

A.T. Rai, G. Deib, D. Smith, and S. Boo

ABSTRACT

BACKGROUND AND PURPOSE: Physician training and onsite proctoring are critical for safely introducing new biomedical devices, a
process that has been disrupted by the pandemic. A teleproctoring concept using optical see-through head-mounted displays with
a proctor’s ability to see and, more important, virtually interact in the operator’s visual field is presented.

MATERIALS AND METHODS: Test conditions were created for simulated proctoring using a bifurcation aneurysm flow model for
WEB device deployment. The operator in the angiography suite wore a Magic Leap-1 optical see-through head-mounted display to
livestream his or her FOV to a proctor’s computer in an adjacent building. A Web-based application (Spatial) was used for the proc-
tor to virtually interact in the operator’s visual space. Tested elements included the quality of the livestream, communication, and
the proctor’s ability to interact in the operator’s environment using mixed reality. A hotspot and a Wi-Fi-based network were tested.

RESULTS: The operator successfully livestreamed the angiography room environment and his FOV of the monitor to the remotely located
proctor. The proctor communicated and guided the operator through the procedure over the optical see-through head-mounted displays,
a process that was repeated several times. The proctor used mixed reality and virtual space sharing to successfully project images, annota-
tions, and data in the operator’s FOV for highlighting any device or procedural aspects. The livestream latency was 0.71 (SD, 0.03) seconds
for Wi-Fi and 0.86 (SD, 0.3) seconds for the hotspot (P¼ .02). The livestream quality was subjectively better over the Wi-Fi.

CONCLUSIONS: New technologies using head-mounted displays and virtual space sharing could offer solutions applicable to remote
proctoring in the neurointerventional space.

ABBREVIATIONS: COVID-19 ¼ coronavirus disease 2019; OST-HMD ¼ optical see-through head-mounted display

Proctoring is a key component for safe introduction of new

devices in not only the neuroendovascular space but all

procedural/surgical fields dependent on comprehensive phy-

sician training for device familiarity and use. For neuroendo-

vascular devices, typical training programs have included

didactic elements, hands-on training on flow models, and on-

site proctoring of the initial cases. Interest in developing

remote capabilities for physician training and procedural over-

sight is not new, and the concept of teleproctoring for surgical

procedures has been explored for almost 2 decades.1-3 As technol-

ogy evolves, specifically in the field of near-eye optics, miniaturi-

zation, wearable tech with virtual spaces, and high-speed

networking, the ability to remotely project expertise may become

more mainstream.
The travel restrictions and social isolation imposed by the

coronavirus disease 2019 (COVID-19) pandemic have ham-

pered onsite training, bringing the need for reliable remote

proctoring solutions to the forefront. There has been a

renewed interest and surge in telehealth solutions and online

collaboration. Many platforms, services, and companies have

emerged focusing on virtual alternatives for in-person inter-

actions, leading to a digital transformation of practice-

related clinical medicine, education, and research. A
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remotely proctored cardiovascular procedure was recently

demonstrated using video conferencing and an intraopera-

tive telemonitoring robot.4 Other proprietary outfits offering

similar capabilities have emerged on the market as well, but

none are portable. These generally require hardware capital

investment and a continued subscription model.
Previous studies have tested the potential of wearable

technology for remote mentoring to project expertise and

training across the world.5 A recent review covered the role
of augmented reality in surgical education6 to supplement
traditional training before proceeding to real cases. The nat-

ural evolution could be to disseminate this training remotely.
Studies have evaluated optical see-through head-mounted
displays (OST-HMDs) such as GLASS by Google (https://

www.google.com/glass/start/) and HoloLens 2 by Microsoft
(https://www.microsoft.com/en-us/hololens) for medical and
surgical applications, including intraoperative use.7-11 Augmented

and mixed-reality integration within Smartglasses (https://uploadvr.
com/waveguides-smartglasses/) connected through networks

and cloud-based servers has opened the possibility of using
these wearable devices to project training across geographic
boundaries.12-17 The portability of these devices makes them

an attractive tool for teleproctoring applications; however, there
are important challenges such as image stabilization that need to
be addressed before these can be used for mainstream remote

proctoring. The pandemic has highlighted the need for easy-to-

use tools and is spawning research and
development to make these user-
friendly. The goal of this investigation
was to demonstrate a proof of concept
that uses an optical headset for remote
proctoring.

The objectives were to use a cur-
rently available device and network to
test the concept of teleproctoring. The
key requirement was the ability of the
proctor to see the operator’s FOV and
virtually interact in that visual field by
either pointing out key elements or
displaying images, without disrupting
it and with seamless bidirectional
communication.

MATERIALS AND METHODS
There was no institutional review board
approval required for the project, and it
does not involve any human subjects.

Test Environment
A test environment was created using a
flow model (Vascular Simulations) to
mimic proctoring of a neurovasc-
ular bifurcation aneurysm case using a
Woven EndoBridge intrasaccular de-
vice (WEB; MicroVention). The same
biplane angiography suite used for

actual cases was the setting of virtual proctoring. The “operator” is
defined as the person doing the procedure, and the “proctor” as the
one guiding the procedure. The proctor had extensive experience in
WEB proctoring, and the operator had never used the device
before. The operator was in sterile garb in the angiography suite,
and the proctor was remotely located in an adjacent building just
over 400 feet away in direct line (Fig 1). The ceiling- and wall-
mounted cameras of the angiography suite captured the room envi-
ronment (Fig 2). The fluoroscopy video feed from the C-arm cap-
tured the procedure.

Hardware
The primary hardware used for this experiment was Magic Leap-1
(Magic Leap; https://www.magicleap.com/en-us). The device has a
small wearable computer and an optical headset worn by the opera-
tor (Figs 1 and 2). For mixed-reality applications, the eyewear pro-
vides a 50-degree-wide FOV from 14.6 inches in front of the face to
infinity, with 1.3 megapixels per eye at a refresh rate of 120hertz
and supporting almost 17 million colors. The eyewear is a fixed
multifocal headset with 2 focal planes, and the near clipping
plane for the device is 37.084 cm. Due to this dual focal plane
design, the 2 optimal distances for viewing objects in the wear-
er’s FOV are 50 cm and 1.5 m (https://developer.magicleap.
com/en-us/learn/guides/design-comfort). Magic Leap-1 is pro-
duced in 2 different sizes based on the user’s interpupillary dis-
tance. Size 1, which was used for this procedure, is designed for
wearers with an interpupillary distance of ,65. Size 2 is

FIG 1. The setup. The left panel is an aerial view of the location of the experiment. The angiogra-
phy suite (labeled) is in the hospital, which is separate from the proctor’s location in the adjacent
building (labeled). The right panel shows the operator’s environment in the angiography suite
(lower panel) with the operator wearing the OST-HMD and the spatial computer. The hotspot
connection is demonstrated by the orange link between the OST-HMD and the laptop in the an-
giography suite and between the laptop and the computer in the proctor’s office via the Zoom
link. The direct Wi-Fi connection is demonstrated by the blue link between the OST-HMD worn
by the operator with direct streaming to the computer in the proctor’s office.
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designed for wearers with an interpupillary distance of .65.
(https://www.magicleap.care/hc/en-us/articles/360008834511-
Sizing). The device is also equipped with surround audio for
communication. The headset allows the wearer to clearly see
through the lenses and projects any augmented reality images
directly on to the user’s eyes using waveguide18 technology, a tool
used in near-eye optics (Smartglasses). The third component of the
system is a hand controller with haptic feedback, which could be
used to move or zoom into mixed-reality images.

The operator livestreamed his FOV to a standard laptop
(MacBook Pro; Apple) using the Magic Leap “device stream”

function, which is a beta application available to developers only.
A Zoom bridge (https://zoom.us) was established so that the live-
stream could be viewed from anywhere. For the purpose of this
experiment, this was viewed by 2 other people, the proctor and a
moderator. The moderator had expertise in media and information
technology and acted as an observer and recorder of the experiment.
The proctor used a standard desktop (Apple iMac) to view the live-
stream of the operator’s FOV and communicate with the operator.

Networks
The experiment was tested with 2 networks. For the first (Fig 1),
a hotspot was created in the angiography suite for the operator’s
OST-HMD livestreaming to the laptop in the angiography con-
trol room. The hotspot used Wi-Fi-protected access (WPA2) to
establish a connection between the OST-HMD and the laptop.

The remote Zoom connection was established over a standard
Wi-Fi network at the 2 locations, ie, the operator’s angiography
environment and the proctor’s office in a separate-but-adjacent
building. The Zoom connection supports Health Insurance
Portability and Accountability Act compliance with end-to-end
encryption (https://zoom.us/docs/doc/Zoom-hipaa.pdf).

For the second (Fig 1), a secure Wi-Fi network operating in
both locations (operator and proctor) was used. A requirement
for operating over a Wi-Fi is that both the OST-HMD streaming
the operator’s FOV and the proctor’s computer to which it is
streaming are on the same network. The Wi-Fi network assigned
static Internet Protocol addresses to the OST-HMD and the proc-
tor’s computer. The difference from the hotspot was that the op-
erator could directly livestream to the proctor’s computer
without using a Zoom bridge.

Virtual Space Sharing and Mixed Reality
Both the operator and the proctor securely logged into a virtual
space-sharing platform app, Spatial (https://spatial.io). This
third-party, free application enables multiple users to join a
room from any device, including a mixed-reality head-mounted
display such as HoloLens or Magic Leap, a virtual reality head-
mounted display such as Quest (Oculus), or through a Web
browser on a desktop. The operator logged into Spatial through
the app installed on the OST-HMD (Fig 3), and the proctor did
this through the office desktop. The Spatial software is not

FIG 2. Operator’s environment: The upper panel shows the operator in the angiography suite as viewed from the ceiling- (A1) and the wall-
mounted (A2) cameras. The flow model can be observed on the angiography table. The operator is wearing the Magic Leap-1 and performing
the procedure while listening to any instructions from the proctor. The angiography monitor (A3) shows a roadmap image of the basilar apex an-
eurysm with the WEB device ready for deployment. Proctor’s environment: The lower panel shows the proctor’s perspective. The same image
as on the angiography monitor (A3) is livestreamed through the Magic Leap-1 and displayed on the proctor’s computer (B1). The proctor’s desk-
top also shows the participants on the Zoom bridge; from top to bottom, these include the media engineer, the backup neurointerventionalist
in the angiography suite, and the proctor (B2). The proctor can also see the operator’s hands (B3) when he looks down and can advise on hand
positioning for device deployment. The operator’s avatar in the virtual room on the Spatial app is also displayed on the proctor’s screen (B4)
and follows the head movements of the operator, as in this case, when the operator is looking down at his hands.
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Health Insurance Portability and Accountability Act–compli-
ant. A virtual “room” was created that both the operator and the
proctor could access. The purpose of space sharing was for the
proctor to “drop” images in the operator’s FOV. For example,
These images could be screenshots of the angiography monitor
annotating procedural aspects, a 3D model of the aneurysm
highlighting a specific aspect or data regarding the neurovascu-
lar device such as measurements (Fig 3). The images could be
placed anywhere in the operator’s FOV so as not to hinder the
primary view of the angiography monitor. Typically, if the angi-
ography monitor is in the operator’s 12 o’clock view (directly
ahead when the operator is performing and facing the monitor),
the virtual images were placed at 10 o’clock or 2 o’clock (Fig 3)
and the operator could review with slight head turning. The app
created an avatar of the operator and displayed it in the virtual
room. The avatar followed the head position of the operator

and displayed it in the virtual room on the proctor’s computer.
The avatar was used to evaluate the full scope of possibilities for
virtual space sharing; however, the avatar was not critical for
conducting the remote proctoring. The proctor could thus fol-
low the operator’s head movements via the avatar displayed in
the virtual room (Fig 3).

Communication
The OST-HMD contains a speaker and a microphone through
which the operator could communicate with the proctor. The proc-
tor used his desktop microphone. The communication was con-
ducted via the virtual room using the space-sharing app (Spatial).

Latency
The latency between the operator visualizing an object through the
OST-HMD and its livestream to the proctor’s computer was tested

FIG 3. Virtual space sharing and mixed reality. The images in this figure are screenshots from the proctor’s computer livestreamed from the op-
erator in the angiography suite. The upper panel shows a view through the operator’s headset as displayed on the proctor’s computer. It shows
the operator logging into the Spatial app (A1). The proctor has displayed an image regarding aneurysm size and morphology in the operator’s vis-
ual field at about 10 o’clock (A2) using the Spatial app and the same image with the operator’s avatar looking at it in the virtual room created on
the app. The middle panel shows a WEB-sizing chart (B1), 3D image of the aneurysm flow model (B2), and an angiography image annotated by
the proctor defining the WEB device (B3). The lower panel shows a 3D model of another aneurysm showing that the operator can manipulate
and anchor in his FOV as a reference to be used when necessary.
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using a digital stopwatch displayed on the computer. The operator
observed the stopwatch using the OST-HMD, which streamed it
back to the computer that was displaying the running stopwatch.
The live and streamed stopwatches were displayed side by side, and
the computer screen was recorded for 20 seconds. The recording
could then be viewed and paused to observe the duration displayed
on the live and streamed stopwatches, allowing calculation of the
time difference. Five measurements were made at 1, 5, 10, 15, and
20 seconds, and this was repeated 3 times each for both the hotspot
andWi-Fi networks, yielding 15 latency calculations each (Fig 4).

RESULTS
A flow model of a basilar apex aneurysm was used for the experi-
ment. On the basis of the aneurysm measurements, an appropri-
ately sized WEB device was selected. A Via-21 microcatheter
(MicroVention) was placed in the aneurysm. The operator who
had never used the WEB device before wore the OST-HMD.
Although the eyewear device-calibration process includes a user-
specific procedure to improve comfort and eye-tracking perform-
ance, this procedure was not deemed necessary because the appli-
cations used do not enable eye-tracking. The “spatial computer”
was strapped over the shoulder (Fig 1). Apart from the operator,
a vendor representative to manage the flow model and another
neurointerventional physician were present in the angiography
suite to monitor the progress and act as a backup. A secure con-
nection was established between the OST-HMD and the laptop
in the angiography suite for device-streaming. Calibration of the
OST-HMD using the angiography screen was performed to cen-
ter the image in its FOV while the operator was wearing it and
stream it to the laptop. Once the image was centered, the operator
secured the OST-HMD in place using the adjustments on the
headset. The Zoom link was successfully activated using the hot-
spot to stream the operator’s FOV to the proctor’s computer in

the adjacent building and also to a media engineer in another
city. The operator logged into the virtual space-sharing applica-
tion (Spatial) through the OST-HMD, and the proctor and the
media engineer did the same on their respective computers. The
proctor could view the operator’s avatar in the virtual room (Fig
3). The proctor communicated with the operator via the headset
and proceeded to instruct theWEB deployment. The proctor could
view the operator’s FOV whether looking at the angiography mon-
itor or the table (Fig 3). The proctor could ask the operator to look
at his hands and advise on appropriate hand positioning and tech-
nique for device insertion and advancement. During the proce-
dure, the proctor also displayed a WEB-sizing chart, aneurysm
morphology, and annotated angiography images in the operator’s
FOV in predesignated spaces (Fig 3). If required, the operator
could manipulate the dropped images, ie, move or magnify using
the hand controller. The operator deployed the WEB device suc-
cessfully without detaching. The device was resheathed and rede-
ployed several times with the proctor observing and advising.

This experiment was then repeated using the Wi-Fi network
with the operator livestreaming directly from the headset to the proc-
tor’s computer. For this experiment, the virtual space-sharing appli-
cation was not used, and the proctor instructed the operator on the
basis of livestream communication through the OST-HMD.

The latency between visualizing an image through the headset
and its display on the computer was 0.71 (SD, .03) seconds over
the Wi-Fi and 0.86 (SD, 0.3) seconds over the hotspot (P¼ .02).
Subjectively, the quality of the livestream was also smoother over
the Wi-Fi compared with the hotspot, which had infrequent-but-
noticeable pixilation of the images.

DISCUSSION
The overarching goal of the experiment was to create a teleproc-
toring environment that mimicked reality. A proctor typically

FIG 4. Latency test. Screenshots from the latency test recordings for the Wi-Fi and hotspot networks at 1, 5, 10, 15, and 20 seconds are displayed.
Three recordings were made for each network, yielding 15 measurements each. The left panel demonstrates livestreaming directly over the Wi-
Fi network. These show a side-by-side display of the stopwatch running on the computer and a livestreamed image of the stopwatch through
the OST-HMD (Magic Leap-1) next to it. The right panel shows the same display when using the hotspot. The difference in time between the
computer stopwatch and its livestreamed image constitutes the latency in milliseconds. The graphic scheme next to the screenshots shows the
different components in the stream that can impact the latency.
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stands behind or next to the operator in the angiography suite.
Guidance is in the form of verbal cues and occasionally pointing
out elements on the monitor or the operating table. The opera-
tor’s hands are occupied manipulating the catheters and devices
while the eyes are focused on the screen and the ears tuned to the
proctor. We wanted to maintain these relationships and define
these concepts before choosing the setup. An OST-HMD seemed
to satisfy these requirements by allowing the proctor to see what
the operator was seeing, by allowing clear communications, and,
most important, using mixed reality to display images or annota-
tions in the operator’s FOV without obstructing it, while the op-
erator maintained his posture, ie, hands on the device and eyes
on the screen. The system as tested using currently available off-
the-shelf components met these objectives. The only tool not
commercially available was the livestreaming functionality of
Magic Leap, which is currently only accessible as a developer beta
application. Livestreaming an environment or even a first-person
view by itself is not novel, but the ability to interact in that visual
space is the differentiating feature for this study. Even though we
used Magic Leap for this experiment, the capability of virtually
interacting in the wearer’s visual field is not limited to Magic
Leap, and other optical platforms allow similar interactions.

We identified several aspects that are suboptimal in the cur-
rent configuration and constitute substantial areas for improve-
ment. The first is image stabilization of the livestream. If the
operator moves his or her head suddenly, it will cause a jerky
imaging stream. This is because the cameras and sensors on the
head-mounted display track not just the wearer’s eyes but are
also affected by head movement. Some of this issue can be offset
by practice and awareness of head movements, but the more reli-
able way is through technology. A discourse on the technical
methodologies to improve stability of the livestream is beyond
the scope of the current study, and the reader is directed to the
US patent office Web site where considerable interest in this
direction is evident (https://www.usa.gov/federal-agencies/u-s-
patent-and-trademark-office).

The headset has to be light and comfortable to avoid strain
and operator fatigue. The Magic Leap-1 solves this requirement
by separating the computing platform from the OST-HMD to
make the headset lighter. Because it is snug on the face, it cannot
be worn by an operator wearing glasses and requires prescription
inserts that click into the headset. There is extensive ongoing
research and development into making these devices more porta-
ble and realistic. All of the leading tech companies have programs
focused on mixed-reality, wearable, visual devices with iterations
geared toward ease of use, seamless blending of augmented real-
ity, smooth eye-tracking, and superfast image-processing.

The second key requirement for this concept to work is a
smooth, continuous, jitter-free livestream from the operator to
the proctor and an equally swift and seamless display of the proc-
tor’s mixed-reality interactions in the operator’s visual field. We
used a commercial hotspot and a standard internal Wi-Fi net-
work for the experiment because our goal was to test the most
easily available and least complex methods. This use also sets the
lowest bar for a network, and anything over it would be an
improvement. The latency was lower over the Wi-Fi, which could
be expected, but it needs to be much lower for mainstream

applications. Different hospital systems have different networks,
and generally, it is cumbersome to interface with these. A me-
dium that resides outside these networks may have better accept-
ability and standardization than one that has to interface with an
institution’s informatics outfit. Our latency over the Wi-Fi from
OST-HMD to the computer was 700 ms; interactive games have
latencies that vary between 100 and 1000 ms.19 While we eval-
uated total latency times, ie, from object visualization via OST-
HMD to its display on the remote computer, there are several ele-
ments within the latency pipeline (Fig 4), including the capacity
of the hardware to process and transmit images that affect this
performance that were not tested, thus a limitation of the experi-
ment. Another limitation is that we did not use network packet
measurements to test latency, which would be important to
incorporate in future testing. Lowering latency has been an area
of active research and development. Latencies up to 500ms were
considered adequate in 1 article evaluating the impact of latency
on completing surgical tasks using remote robotic-assisted sur-
gery.20 Our latency was around 700ms over the Wi-Fi network,
which can certainly be improved, but we were testing only the
latency for streaming and not remote robotic operations. For tele-
proctoring applications, ultra-reliable and low-latency communi-
cations–specific21 content delivery networks22 and many other
technical innovations can improve performance and reliability.

We did not test security and used devices with end-to-end
encryption, but with all the advances in telehealth,23,24 we do not
consider this is a major limiting step. Widespread adoption, how-
ever, will require assessing and addressing data and privacy con-
cerns for the regulatory authorities. The current interest in robotic
neurovascular interventions25,26 offers the tantalizing possibility of
merging remote proctoring with robotics to project expertise
across distances. Other advances in hologram technologies27,28 can
even put the proctor virtually in the operating room with an oper-
ator. Similarly, wearable skin-stretch hand or finger devices incor-
porating haptic feedback,29-31 with the ability to stream that feel to
a proctor, add another dimension to what is possible by bringing
technology together to build the concept of remote proctoring.

CONCLUSIONS
The investigation in this article explores and demonstrates the
concept of remote proctoring using commercially available tools.
The proctor could visualize the operator’s visual field and, more
critically, could virtually interact in that field by annotating
images and dropping content without disrupting the workflow.
Portability of equipment was a key requirement of the experi-
ment, highlighted using an optical see-through display. We iden-
tified certain areas that require improvement and reviewed the
literature showing that there is active work in key technologic
areas that can enhance this concept. In the future, further incor-
poration of technologies aimed at distance-immersive interac-
tions will make these experiences very realistic. Necessity is the
mother of invention, and the current pandemic has exposed the
need to conduct all aspects of our lives remotely, spawning indus-
tries and ventures geared toward solving that need.
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ORIGINAL RESEARCH
EXTRACRANIAL VASCULAR

Delayed Contrast-Enhanced MR Angiography for the
Assessment of Internal Carotid Bulb Patency in the Context

of Acute Ischemic Stroke: An Accuracy, Interrater, and
Intrarater Agreement Study

W. Boisseau, A. Benaissa, R. Fahed, J.-L. Amegnizin, S. Smajda, S. Benadjaoud, A.M. Benadjaoud, L. Saint-Val,
Q. Alias, P. Iorio, S. Yang, K. Zuber, E. Kalsoum, and J. Hodel

ABSTRACT

BACKGROUND AND PURPOSE: CTA has shown limited accuracy and reliability in distinguishing tandem occlusions and pseudo-
occlusions on initial acute stroke imaging. The utility of early and delayed contrast-enhanced MRA in this setting is unknown. We
aimed to assess the accuracy and reliability of early and delayed contrast-enhanced MRA for carotid bulb patency in patients with
acute ischemic stroke.

MATERIALS ANDMETHODS:We retrospectively reviewed patients who had ICA occlusion and underwent thrombectomy with pre-
procedural early and delayed contrast-enhanced MRA in a single comprehensive stroke center. During 2 sessions, 10 raters inde-
pendently assessed 32 cases with early contrast-enhanced MRA (with an additional delayed contrast-enhanced MRA sequence
during the second reading session). Their judgments were compared with DSA as a reference standard. Accuracy and interrater
agreement were measured. Five raters undertook a third reading session to assess intrarater agreement.

RESULTS: Accuracy for the assessment of carotid bulb patency with early contrast-enhanced MRA was limited (69%; 95% CI, 59%–79%),
with moderate interrater agreement (k ¼ 0.42; 95% CI, 0.27–0.55). The second reading with an additional delayed contrast-enhanced
MRA sequence improved both accuracy (82%; 95% CI, 73%–91%; P, .001) (raters corrected 43%–77% of incorrect diagnoses with early
contrast-enhanced MRA alone; mean ¼ 59%) and interrater agreement (k ¼ 0.56; 95% CI, 0.41–0.73; P ¼ .07). Intrarater agreement was
almost perfect, substantial, and moderate for 3, 1, and 1 raters.

CONCLUSIONS: Early contrast-enhanced MRA has limited accuracy and repeatability for the evaluation of carotid bulb patency in
acute ischemic stroke. The additional delayed contrast-enhanced MRA sequence may improve accuracy and reliability.

ABBREVIATIONS: AIS ¼ acute ischemic stroke; CE ¼ contrast-enhanced; PO ¼ pseudo-occlusion

Several trials have demonstrated the benefit of mechanical
thrombectomy in acute ischemic stroke (AIS) with anterior cir-

culation large-vessel occlusion1 depicted by noninvasive intracranial
vascular imaging (CTA or MRA). However, in case of tandem
occlusion (ie, an ICA occlusion with an intracranial large-vessel

occlusion), there remains uncertainty regarding the optimal man-

agement of the carotid bulb lesion,2 and the benefits of acute angio-

plasty/stent placement are controversial.3,4 Randomized controlled

trials are needed to determine the best strategy and will thus require

an accurate and repeatable noninvasive imaging method to select

patients with an intracranial large-vessel occlusion and an additional

carotid bulb occlusion,5 which will typically appear as an absence of

visualization of the whole symptomatic carotid artery from the bulb.
However, in AIS, a single, large clot located above the ICA

bulb can impede contrast ascension from the common carotid ar-

tery, leading to a false image of bulbar occlusion, an entity called

ICA pseudo-occlusion (PO).6-9 It can, thus, be challenging to dis-

tinguish tandem occlusions and POs on initial acute stroke imag-

ing. A previous study has shown limited accuracy and reliability

of CTA for this task.10 CTA might thus be limited for the detec-

tion of tandem occlusions, whether in clinical routine (for

Received May 21, 2020; accepted after revision December 21.

From the Department of Neuroradiology (W.B., A.B., J.-L.A., S.B., L.S.-V., Q.A.,
P.I., S.Y., E.K.), Centre-Hospitalier-Universitaire Henri Mondor, Créteil, France;
Department of Interventional Neuroradiology (R.F., S.S.) and Clinical Research Unit
(K.Z.), Fondation Ophtalmologique Adolphe de Rothschild, Paris, France;
Department of Radiology, (J.H.), Groupe-Hospitalier-Paris-Saint-Joseph, Paris,
France; and Department of Radiobiology and Epidemiology (A.M.B.), Institute for
Radiological Protection and Nuclear Safety, Fontenay-Aux-Roses, France.

Please address correspondence to William Boisseau, MD, Henri Mondor Hospital,
Department of Neuroradiology, 51, Ave du Maréchal de Lattre de Tassigny, 94010
Créteil, France; e-mail: boisseau.william@gmail.com

Indicates article with online supplemental data.

http://dx.doi.org/10.3174/ajnr.A7054

1116 Boisseau Jun 2021 www.ajnr.org

https://orcid.org/0000-0001-8120-5128
https://orcid.org/0000-0002-2721-5023
https://orcid.org/0000-0002-1887-5097
https://orcid.org/0000-0002-1890-2905
https://orcid.org/0000-0002-6486-1710
https://orcid.org/0000-0001-9260-5514
https://orcid.org/0000-0002-9895-6654
https://orcid.org/0000-0002-4366-7708
https://orcid.org/0000-0002-0958-7552
https://orcid.org/0000-0002-1586-5563
https://orcid.org/0000-0003-3498-9091
https://orcid.org/0000-0002-1601-5093
https://orcid.org/0000-0002-8575-0606
https://orcid.org/0000-0002-9029-6890
mailto:boisseau.william@gmail.com


endovascular management planning) or in research settings (for

patient selection in a randomized controlled trial).
MR imaging offers several interesting features for acute

stroke imaging and decision-making, including a high sensitiv-
ity for the detection of early ischemic lesions11 and the ability to
detect stroke mimics12 and identify patients who will benefit
from reperfusion therapy in case of unknown onset stroke.13

Noninvasive vascular imaging can then be performed with
MRA: The TOF sequence is usually performed for the depiction
of intracranial large-vessel occlusion, and early contrast-
enhanced MRA (CE-MRA), for the assessment of the complete
supra-aortic vasculature. As with CTA, cases with an intralumi-
nal filling defect of the bulb on ICA on the stroke side might
correspond to either a tandem occlusion or a PO. Delayed ac-
quisition after gadolinium injection (delayed CE-MRA) might
overcome this issue, but CE-MRA performance has not been
thoroughly studied in this setting.

In this study, we aimed to assess the accuracy and reliability of
early and delayed CE-MRA for the assessment of carotid bulb
patency in patients with AIS.

MATERIALS AND METHODS
The local ethics committee (Centre Hospitalo-Univertaire
Henri Mondor, Créteil) approved the study protocol and
waived written informed consent. This study was prepared in
accordance with the Standards for Reporting of Diagnostic
Accuracy studies14 and the Guidelines for Reporting Reliability
and Agreement Studies.15

Patients
We reviewed a prospectively collected endovascular data base in
a single comprehensive stroke center between September 2016
and April 2018. We identified patients who underwent endovas-
cular thrombectomy for AIS of the anterior circulation and in
whom DSA showed occlusion of the ICA (at any level) on the
symptomatic side. We excluded patients with other occlusion
sites (such as isolated middle cerebral artery or posterior circula-
tion occlusions) and patients who did not undergo MR imaging
with early and additional delayed CE-MRA. The number of cases
in the present study (n ¼ 32) was superior to the recommenda-
tions of Donner and Rotondi16 for agreement studies.

Reference Standard
DSA was the reference standard for this study, similar to that in a
previous study.10 Two interventional neuroradiologists (with 7
and 10 years of experience in neuroradiology, respectively)
reviewed, in consensus, the DSA images obtained during throm-
bectomy, along with the patient’s follow-up imaging and the
report from the interventional neuroradiologist who performed
the procedure, to determine the location of the occlusion.

DSA was performed with a biplane angiographic system
(Axiom Artis dBA; Siemens). Carotid bulb occlusion on DSA was
defined as an angiographically viewed obstacle that hindered the
passage of contrast agent and/or the guidewire or catheter and
the lack of backfilling of the carotid bulb during microcatheter
angiography.9

In case of suprabulbar occlusion, 2 interventional neuroradi-
ologists indicated the exact occlusion site based on the classifica-
tion of Gibo et al,17 dividing the ICA into 4 parts: the cervical,
petrous, cavernous, and intracranial portions.

Pseudo-Occlusion
ICA PO was defined as a unilateral intraluminal filling defect
from the carotid bulb on the symptomatic side shown on early
CE-MRA and in which DSA showed a suprabulbar occlusion.

MR Imaging
For all patients, MR imaging was performed at the same care cen-
ter as thrombectomy. MRA examinations were performed at 3T
(Magnetom Skyra; Siemens), including DWI, T2 FLAIR, SWI,
and TOF-MRA.

When required, intravenous thrombolysis was directly initiated
in the MR imaging scanner after these 4 sequences and before the
acquisition of CE-MRA. Early CE-MRA was acquired after an in-
travenous injection of gadolinium-based contrast agent. A delayed
CE-MRA acquisition was initiated immediately after the early CE-
MRA sequence (without further contrast agent administration).
This acquisition protocol resulted in fixed amount of time between
gadolinium injection and CE-MRA acquisitions. Acquisition pa-
rameters of early and delayed CE-MRA are detailed in the Online
Supplemental Data.

Raters
All raters were radiologists experienced in neurovascular imag-
ing. Ten raters from 2 institutions, including 5 neuroradiologists
and 5 interventional neuroradiologists with various levels of ex-
perience (detailed in the Online Supplemental Data) participated
in the present study.

Readings
The MR imaging studies were first anonymized and uploaded in
the PACS. Raters had no access to other imaging studies or clini-
cal information other than sex, age, symptoms (ie, left or right
motor deficit, aphasia), the initial NIHSS score, the time of symp-
tom onset (when available), and the time of the brain MR imag-
ing examination. Each rater performed 2 independent readings as
follows: During the first reading, DWI, FLAIR, SWI, TOF-MRA
and early CE-MRA were provided; during the second reading
(performed 1 month later in a different order), an additional
delayed CE-MRA sequence was provided for each patient.

For each case, raters indicated whether there was an occlusion
of the ICA at the bulb level. The raters were blinded to the final
diagnosis on DSA. Five raters (including 2 neuroradiologists and
3 interventional neuroradiologists) performed a third reading ses-
sion (similar to the second one), at least 1month later, to evaluate
intrarater agreement.

Statistical Analysis
Mean [SD] was calculated for continuous variables, and fre-
quency was reported for categoric variables. Sensitivity, specific-
ity, and accuracy rates were calculated for each rater using 2 � 2
contingency tables. Group and subgroup validation parameters
were calculated using mean sensitivity, specificity, and accuracy.
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Interrater and intrarater agreement for the diagnosis of an
ICA bulb occlusion was measured using Fleiss k statistics with
95% bias-corrected and accelerated confidence intervals obtained
by 10,000 bootstrap resampling.18 The k comparison inference
was conducted according to the method described by Vanbelle
and Albert.19

All analyses were performed with R statistical and computing
software, Version 3.3.2 (http://www.r-project.org/) and a signifi-
cance level of 5%. Slight, fair, moderate, and substantial agree-
ment categories were reported according to Landis and Koch.20

RESULTS
Patients
A total of 176 consecutive patients with AIS were treated by me-
chanical thrombectomy at our institution between September 2016
and April 2018. Among them, 102 patients with an isolated middle
cerebral artery occlusion, 21 with vertebrobasilar artery occlusion,
and 2 patients who did not receive endovascular treatment
(because of catheterization failure) were excluded. Among the 51
remaining patients, 9 patients underwent CTA and 10 patients a
early without delayed-phase CE-MRA were also excluded. The
remaining 32 patients were thus included in the present study.

Patients’ clinical, radiologic, and
treatment characteristics are presented
in the Online Supplemental Data. On
the basis of DSA (reference standard),
among the 32 patients, 6 patients had
an isolated carotid bulb occlusion and
26 had a suprabulbar occlusion (5
with cervical, 2 with petrous, 3 with
cavernous, and 16 with terminus
occlusions). Among these same 26
patients, 8 patients had a radiologic
pattern of PO (defined as a unilateral
intraluminal filling defect from the ca-
rotid bulb on the symptomatic side
shown with early CE-MRA, while
DSA showed a patent bulb with a
suprabulbar occlusion).

Illustrative cases of PO on CE-
MRA and DSA are shown in Figs 1
and 2. Additional cases are shown in
the Online Supplemental Data.

Accuracy Study Results for the
Assessment of Internal Carotid
Bulb Patency
The assessment of internal carotid
bulb patency using early CE-MRA
alone (first reading) or with ad-
ditional delayed CE-MRA (second
reading) for all 10 raters is graphically
displayed in the Online Suppleme-
ntal Data. Accuracy parameters (sen-
sitivity, specificity, and accuracy) are
detailed in the Table. Graphic repre-
sentations of the accuracy of each

rater for the first, second, and third reading sessions are shown
in Fig 3.

During the first reading session, raters’ accuracy for the diag-
nosis of carotid bulb occlusion ranged between 59% and 79%
(mean accuracy, 69%; 95% CI, 59%–79%). Sensitivity rates ranged
between 33% and 83% (mean sensitivity, 70%; 95% CI, 33%–
83%), whereas specificity rates ranged between 50% and 92%
(mean specificity, 68%; 95% CI, 50%–92%). No rater achieved
100% sensitivity, ie, no rater correctly identified all patients with
a carotid bulb occlusion. The number of erroneous diagnoses
(compared with DSA as the reference standard) ranged between
12.5% and 47% among raters (mean, 31%).

The second reading session (with access to an additional
delayed CE-MRA sequence) improved accuracy for 9/10 raters
(90%), now ranging between 73% and 91% (mean accuracy, 82%;
95% CI, 73%–91%; P, .001). For the last rater (rater 5), accuracy
was identical during the first and second readings. Sensitivity was
improved for 6/10 raters (including 5 raters with 100% sensitiv-
ity) and ranged between 67% and 100% (mean sensitivity, 87%;
95% CI, 67%–100%). Specificity was improved for 7/10 raters and
ranged between 65% and 88% (mean specificity, 80%; 95% CI,
65%–88%). During this second reading session with access to

FIG 1. Case 10. The patient presented 2hours after acute onset of right-sided hemiparesis and aphasia
(NIHSS score of 24). Early CE-MRA (A) shows an intraluminal filling defect of the left proximal bulb ICA.
Delayed CE-MRA (B) shows opacification of the left carotid artery up to the terminal ICA. DSA with
selective catheterization of the left ICA confirms distal occlusion of the ICA (C, frontal DSA) with slow
progression of iodine contrast (PO) (D–F, lateral DSA).White arrows indicates the occlusion site.
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delayed CE-MRA, raters corrected 43%–77% of incorrect diagno-
ses from the previous reading session (mean, 59%), while they
erroneously modified 0%–20% of previously correct diagnoses
(mean , 8%). Despite the use of additional delayed CE-MRA,
most raters (.5/10) continued to provide incorrect diagnoses in
6/32 cases (18.7%) exclusively, by misdiagnosing ICA PO as a
bulb occlusion: In 3/6 cases, DSA revealed a preocclusive stenosis
of the carotid bulb associated with an intracranial ICA occlusion.

In the 3 remaining cases, the quality of delayed CE-MRA was
poor due to movement artifacts.

Interrater Agreement
Interrater agreement regarding the diagnosis of carotid bulb pat-
ency on early CE-MRA is shown in the Table and Fig 4A.
Interrater agreement was moderate for all raters (k ¼ 0.41; 95%
CI, 0.27–0.55), without significant differences between junior and
senior raters. In 7/32 cases (22%), all raters agreed on the pres-
ence/absence of a carotid bulb occlusion. Interrater agreement
during the second reading session (with access to delayed CE-
MRA) was improved (k ¼ 0.56; 95% CI, 0.41–0.73) (Fig 4A)
(P ¼ .07): In 17/32 cases (47%), all raters agreed on the presence/
absence of a carotid bulb occlusion.

Intrarater Agreement
Intrarater agreement study results are shown in the Online
Supplemental Data and Fig 4B. Intrarater agreement was at least
substantial for 4/5 raters, including 2 raters with a perfect intra-
rater agreement (k ¼ 1.0). Compared with the second reading
session, accuracy performance during the third reading session
was unchanged for 3/5 raters, improved for 1 rater, and decreased
for 1 rater (but still improved compared with the first reading
session).

DISCUSSION
This is, to our knowledge, the first study addressing the diagnos-
tic accuracy and reliability of CE-MRA for the assessment of ca-
rotid bulb patency in patients with acute ischemic stroke. Our
study demonstrates a limited accuracy and agreement for the di-
agnosis of internal carotid bulb occlusion with early CE-MRA
compared with the reference DSA. The addition of delayed CE-
MRA to our comprehensive MR imaging protocol improved
both accuracy and interrater agreement.

ICA PO is a relatively common entity in case of acute terminal
ICA occlusion, occurring in about 11%–46% of cases.6-9 The
prevalence of ICA PO in our cohort (according to the reference
standard DSA) was 8/32 cases (25%), which is in line with results
from previous studies.6-9 The lack of differentiation between a
“true” bulb carotid occlusion and ICA PO could lead to several
issues. First, it may alter the inclusion of patients in future trials
focusing on the management of tandem occlusions (for exa-
mple, the ongoing French multicenter prospective randomized
Thrombectomy In TANdem Occlusion [TITAN] trial21), by
falsely enrolling patients with an aspect of tandem occlusion on

Diagnostic accuracy parameters and interrater agreement for the presence of carotid bulb occlusiona

Accuracy (%) Sensitivity (%) Specificity (%) Interrater Agreement
All raters (n = 10)
1st Session, CE-MRA alone 69% (59%–79%) 70% (33%–83%) 68% (50%–92%) 0.41 (0.27–0.55)
2nd Session, additional delayed CE-MRA 82% (73%–91%) 87% (67%–100%) 80% (65%–88%) 0.56 (0.41–0.73)

Senior raters (n = 5)
1st Session, CE-MRA alone 74% (69%–78%) 67% (33%–83%) 76% (65%–85%) 0.47 (0.27–0.68)
2nd Session, additional delayed CE-MRA 84% (78%–87%) 83% (67%–100%) 84% (81%–88%) 0.57 (0.40–0.76)

Junior raters (n = 5)
1st Session, CE-MRA alone 63% (53%–87%) 77% (67%–83%) 60% (50%–92%) 0.42 (0.27–0.60)
2nd Session, additional delayed CE-MRA 79% (72%–87%) 90% (67%–100%) 77% (65%–92%) 0.51 (0.33–0.70)

a Values are presented as percentage or k value (95% confidence interval).

FIG 2. Case 19. This patient with unknown stroke onset presented
with left-side hemiplegia and aphasia (NIHSS score of 20). Early CE-
MRA (A) shows an intraluminal filling defect of the right proximal bulb
ICA. Delayed CE-MRA (B) shows opacification of the right carotid ar-
tery up to the terminal ICA. DSA confirms distal occlusion of the right
ICA (C, lateral DSA) and the absence of critical stenosis at the proxi-
mal ICA (D, lateral DSA).White arrows indicates the occlusion site.
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initial noninvasive imaging while
showing only an ICA PO on DSA.

Conversely, trials excluding patients
with a tandem occlusion might errone-
ously exclude patients with an isolated
intracranial occlusion. This exclus-
ion might have happened in previ-
ous mechanical thrombectomy trials:
In the Solitaire with the Intent-
ion for Thrombectomy as PRIMary
Endovascular Treatment (SWIFT
PRIME) study,22 for example, patients
with a suspicion of extracranial ICA
occlusion on initial imaging were
excluded. Some of these patients possi-
bly having an ICA PO could explain
why the proportion of intracranial ICA
occlusions was low in this study
(15%)22 compared with other mechani-
cal thrombectomy trials with no such
exclusion criterion (for example, 31%
in the Endovascular Treatment for
Small Core and Proximal Occlusion
Ischemic Stroke [ESCAPE] trial23).

Second, the misdiagnosis of a ca-
rotid bulb occlusion instead of an
isolated intracranial ICA terminus
occlusion might alter the preprocedural
management of the patient. According
to recent studies, carotid stent place-
ment with antiplatelet therapy seems to
be the most effective therapeutic
approach for tandem occlusion.3,24,25

Moreover, the efficacy of tPA in case of
tandem occlusion has been reported to
be weak,26 and the association of anti-
platelet and tPA in the early phase of
AIS is known to increase the risk of
hemorrhagic transformation with no
additional benefit.27

Given these results, physicians could
be tempted to give antithrombotic
agents and withhold intravenous throm-
bolysis because of a suspicion of tandem
occlusion while the patients might have
a PO. Finally, it may also misguide
the operator for procedural planning:
Carotid bulb occlusion necessitates spe-
cific tools that are not necessary in case
of intracranial ICA occlusion such as
noncompliant balloons and stents. The
optimal management of tandem occlu-
sions for both drugs and devices is still
currently unknown, but an accurate and
repeatable diagnosis on noninvasive
imaging will be necessary in the future
to tailor the treatment strategy.

FIG 3. Graphic representation of the accuracy parameters of each rater for the assessment of in-
ternal carotid bulb patency for the first, second, and third reading sessions.

FIG 4. A, Graphic representation of interrater agreement among all raters for the assessment of
internal carotid bulb patency with early CE-MRA (first reading session) and with additional
delayed CE-MRA (second reading session) (Fleiss k ). B, Graphic representation of intrarater agree-
ment for 5 raters between the second and third reading session (both with access to delayed CE-
MRA) (Cohen k ). k values.0.6 (dotted line) define a “substantial” agreement.
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A previous study has shown limited reliability of CTA for the
distinction between a tandem occlusion and a PO.10 To overcome
this issue, several studies have tested the utility of delayed-phase
CTA.7,28-30 Similar to delayed CE-MRA, delayed-phase CTA
(with multiphase CTA28,29 or 4D-CTA30) improved the accuracy
over arterial phase–only acquisitions. However, regarding 4D-
CTA, given the limited coverage length acquisition (about 20mm
in thin-thickness reconstruction modes30), only ICA PO with distal
intracranial occlusion might be detected. Moreover, the time nec-
essary for image reconstruction may also restrict its use.30 Finally,
these techniques also increase overall patient x-ray exposure.31

Early CE-MRA could be an alternative imaging technique.
However, in our study, it showed a limited accuracy and repeat-
ability for the assessment of carotid bulb patency in patients with
acute ischemic stroke. Additional delayed CE-MRA improved
both the accuracy and interrater agreement and showed strong
intrarater agreement. Moreover, delayed CE-MRA does not need
further contrast agent administration and requires little extra
time: In our protocol, imaging-acquisition delay for delayed CE-
MRA was 43 seconds. Otherwise, a range of techniques, such as
compressed sensing and/or denoising techniques, could further
reduce this delay.32 Other advanced MR imaging sequences such
as high-resolution vessel wall imaging have been reported to
accurately differentiate true tandem occlusion and ICA PO.33

However, given the acquisition time (7minutes 43 seconds in the
study mentioned above33), this type of sequence does not seem
appropriate in the context of acute ischemic stroke. The time
spent to perform a brain MR imaging, including postcontrast
MRA, is a critical factor for the implementation of this technique
in the setting of acute ischemic stroke, which is an absolute emer-
gency. As an example, 8minutes were necessary for DWI, FLAIR,
SWI, and 3D-TOF acquisitions in our protocol. Additional early
and delayed CE-MRA requires only 2–3minutes (including local-
ize sequence acquisitions, bolus-tracking, and the acquisition of
the 2 aforementioned sequences). Although this scan duration is
slightly longer than CT, a previous study has shown that MR
imaging does not significantly change decision-making or impact
functional outcome.34

We recognize certain limitations to our study. Our study pop-
ulation included patients scanned with MR imaging, which is not
the main imaging technique for the diagnosis of acute ischemic
stroke in most centers. Therefore, our findings cannot be extrap-
olated to centers using CT as first-line imaging. The large number
of raters with varying degrees of experience could impact the ac-
curacy of results. However, all raters except one (with identical
accuracy during the first and second readings) improved their ac-
curacy with the access to delayed CE-MRA. Greater agreement
might have been reached if the readers received standardized
training before the reading sessions.

We also cannot exclude the probability that the improved ac-
curacy and interrater agreement during the second reading could
be due to a “training effect” from the first reading session; how-
ever, the results of each reading session were not disclosed to the
readers, so they did not have any feedback to adjust their judg-
ments. Moreover, the second reading session was performed in a
different order and at least 1month later. We also cannot exclude
the possibility of cervical clot migration between MRA and DSA

in patients treated with intravenous tPA infusion. However, given
the low efficacy of tPA in case of tandem occlusion26 and the
short time between MRA and DSA (all patients were managed in
a mothership paradigm), we can speculate that this phenomenon
is very unlikely to occur. We did not assess the accuracy and reli-
ability of the identification of the underlying cause of each tan-
dem occlusion (dissection, atheroma, other). The etiology might
modify the endovascular management,35 and the ability of nonin-
vasive imaging to differentiate each cause necessitates further
studies.

CONCLUSIONS
Our study demonstrated a limited accuracy and repeatability for
the assessment of carotid bulb patency with early CE-MRA com-
pared with the reference DSA in the context of AIS. The addition
of delayed CE-MRA to our comprehensive MR imaging protocol
improved both accuracy and reliability in this setting.
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ORIGINAL RESEARCH
HEAD & NECK

MRI Posttreatment Surveillance for Head and Neck
Squamous Cell Carcinoma: Proposed MR NI-RADS Criteria

M.M. Ashour, E.A.F. Darwish, R.M. Fahiem, and T.T. Abdelaziz

ABSTRACT

BACKGROUND AND PURPOSE: The current Neck Imaging Reporting and Data System (NI-RADS) criteria were designed for contrast-
enhanced CT with or without PET. Prior studies have revealed the capability of DWI and T2 signal intensity in distinguishing locoregional
tumor residual and recurrence from posttreatment benign findings in head and neck cancers. We aimed to propose MR imaging NI-
RADS criteria by adding diffusion criteria and T2 signal intensity to the American College of Radiology NI-RADS template.

MATERIALS AND METHODS: This retrospective study included 69 patients with head and neck squamous cell carcinoma (HNSCC)
who underwent posttreatment contrast-enhanced MRI imaging surveillance using a 1.5T scanner. The scans were interpreted by 2
neuroradiologists. Image analysis assessed the primary tumor site using the current American College of Radiology NI-RADS mor-
phologic lexicon (mainly designed for contrast-enhanced CT with or without PET). NI-RADS rescoring was then performed based
on our proposed criteria using T2 signal and diffusion features. The reference standard was a defined set of criteria, including clini-
cal and imaging follow-up and pathologic assessment.

RESULTS: Imaging assessment of treated HNSCC at the primary tumor site using T2 signal intensity and diffusion features as modifying rules
to NI-RADS showed higher sensitivity, specificity, positive predictive value, negative predictive value, and accuracy (92.3%, 90.7%, 85.7%,
95.1%, and 91.3%, respectively) compared with the current NI-RADS lexicon alone (84.6%, 81.4%, 73.3%, 89.8%, and 82.6%, respectively).

CONCLUSIONS: The addition of diffusion features and T2 signal to the American College of Radiology NI-RADS criteria for the pri-
mary tumor site enhances the specificity, sensitivity, positive predictive value, negative predictive value, and NI-RADS accuracy.

ABBREVIATIONS: ACR ¼ American College of Radiology; LTR ¼ locoregional tumor residual or recurrence; NI-RADS ¼ Neck Imaging Reporting and Data
System; NPV ¼ negative predictive value; PPV ¼ positive predictive value; SI ¼ signal intensity; CECT ¼ contrast-enhanced CT; CEMRI ¼ contrast-enhanced
MRI; HNSCC ¼ head and neck squamous cell carcinoma; RTH ¼ radiation therapy; CRTH ¼ chemoradiation therapy; FP ¼ false-positive; FN ¼ false-negative

The Neck Imaging Reporting and Data System (NI-RADS) was
recently introduced by the American College of Radiology

(ACR) to precisely convey the level of radiologic suspicion regard-
ing the existence of a recurrent or residual disease.1,2 Initial studies
showed high performance of the NI-RADS system.3,4 NI-RADS
criteria and risk categories were developed for contrast-enhanced
CT (CECT) imaging with or without PET for posttreatment neck
imaging. Later, these risk categories were applied to contrast-
enhanced MRI (CEMRI).1,2,5 However, there is still no published
ACR NI-RADS lexicon for MR imaging surveillance.

Although not included in the NI-RADS scoring system, sev-
eral studies have revealed the usefulness of DWI and signal inten-
sity on T2WI in identifying residual and recurrent tumors in
patients with treated head and neck cancer.6-9 Based on previous
studies, tissues with diffusion facilitation and either low T2 signal
intensity (SI) (less than or equal to muscles) that usually repre-
sents fibrotic tissue or high T2 SI (approaching the CSF signal),
which usually represents edema and granulation, have no to low-
level suspicion for malignancy.6,8 Studies examining the effective-
ness of DWI in detecting locoregional tumor residual or recur-
rence (LTR) in the posttreatment neck consider that the
histopathologic features of malignant tissues, such as increased
cellularity and nuclear hyperchromatism, result in a diminution
of intra- and extracellular spaces available for the diffusion of
water protons with a consequent decrease in ADC values. This
contrasts with the low cellularity with an increase in interstitial
water associated with edema and inflammation, causing subse-
quent elevation of ADC values.7,10,11
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We hypothesized that tailoring NI-RADS criteria for MR
imaging with DWI features and T2 SI may improve the diagnos-
tic performance of the existing NI-RADS system for MR imaging
surveillance.

This study aimed to recommend new NI-RADS criteria for
MR imaging surveillance based on the current system using DWI
and T2 signals and to evaluate the diagnostic performance of
integrating these criteria into the existing NI-RADS algorithm.

MATERIALS AND METHODS
Study Design and Patient Selection
Our institution’s ethics committee approved this single-center, ret-
rospective study and waived the requirement for informed consent.
Data were retrieved from the medical records and PACS. This study
included 69 patients with head and neck squamous cell carcinoma
(HNSCC) who were referred for posttreatment MR imaging sur-
veillance between June 2018 and September 2020. Patients with
histopathologically diagnosed primary HNSCC who underwent
CEMRI surveillance within the first year after treatment, starting
from 8–10 weeks after completing their treatment course, were
included in this study. We considered the first posttreatment MR
imaging scan, irrespective of whether it was the baseline scan or
preceded by CECT with or without PET. We excluded patients
with inadequate clinical or imaging follow-up or who had missing
data, NI-RADS 4 with confirmed recurrence before scanning, non-
contrast-enhanced scans, and scans with low-quality images that
showed remarkable artifacts.

An initial search in the PACS revealed that 335 CEMRI neck
scans were performed for 221 patients between June 2018 and
September 2020, of whom 87 patients had HNSCC. We excluded
15 patients because of inadequate histopathologic data or follow-up,
2 patients because of lack of postcontrast sequences, and 1 patient
because of profound artifacts from an inserted maxillary prosthesis.

Image Acquisition
Images were acquired with a 1.5T scanner (Ingenia, Philips
Healthcare) using a 16-channel neurovascular coil. Imaging
started from the skull base to the thoracic inlet, with FOV ante-
rior to posterior 230 mm, and 4-mm section thickness with no
gap. Axial single-shot SE EPI DWI was acquired (b¼ 0 and 800
seconds/mm2, TR/TE 2920/67ms, section thickness 4mm, and
voxel size 3.2� 2.6� 4.0mm). ADC was automatically generated
by the implemented software, including precontrast axial SE
T1WI (TE/TR: 21/633ms), coronal SE T1 (TE/TR: 14/555ms),
axial SE T2WI (TE/TR: 10/7039ms), sagittal SE T2WI (TE/TR:
100/3196.7ms), and coronal T2 STIR (TR/TI¼3500/150,
TE¼80ms). A gadolinium-based contrast agent (dimeglumine
gadopentetate) (0.1mmol/kg) was administered using an injector
with a flow rate of 2–3mL/s followed by postcontrast T1WI
with fat saturation, in the axial (TR/TE: 611/21ms), sagittal
(TR/TE:570/14ms), and coronal (TR/TE:570/14ms) planes.

Image Analysis and Applied Diagnostic Criteria
Data were transferred to an IntelliSpace Portal 9.0 workstation
(Philips Healthcare). Scans were interpreted by 2 neuroradiologists
with different levels of experience (5 and 15 years) in head and
neck imaging, both of whom have been trained on NI-RADS

reporting at our institution. NI-RADS has been the reporting tem-
plate in use for posttreatment of HNSCC cases since early 2018
according to the ACR NI-RADS lexicon and the directions pub-
lished in the Aiken and Hudgins5 guide article and the white paper
of the ACR NI-RADS committee.1 Readers had access to patients’
demographic data (names and identification numbers had been
anonymized), the therapeutic history, the pretreatment scans, and
any other preceding posttreatment CECT with or without PET
scan and were blinded to the clinical or pathologic outcome.
Discrepant interpretations were resolved by consensus.

Three polygonal ROIs were inserted manually by the neurora-
diologist with 5 years’ experience on b¼ 800 images either on the
same or consecutive axial sections, according to the size and
extent of the primary targets and copied automatically on the cor-
responding ADC maps. ROIs were placed on the most enhancing
parts in the presence of enhancement, excluding necrotic areas
guided by contrast-enhanced-T1WI and T2WI in the same axial
sections. The average ADCmean value for the 3 measurements was
estimated for all targets.

Two reporting template forms were used to evaluate primary
targets, including the primary tumor site and any regional non-
nodal target as associated perineural tumor spread; 1 was template
confined to the existing NI-RADS lexicon and scoring system,1,5

and the final score was provided according to the higher numeric
scoring lesion in case of more than 1 primary target. The other
template included the diffusion criteria in qualitative and quantita-
tive forms and T2 SI of primary targets, and scoring was performed
according to our modified rules to the current NI-RADS lexicon.

Based on the available literature6,8 and the authors’ experi-
ence, a defined scale for T2 SI evaluation was set: 1) isointense SI
to the normal-appearing surrounding tissues, 2) very dark T2 SI
(much lower than original tumor and muscle) (Figs 1A and 2A),
3) intermediate T2 SI (similar to the initial tumor signal), (Fig
1A), and 4) high T2 SI for tissues displaying SI between muscle SI
and fluid, or much higher than the original tumor. Correlation
with the pretreatment tumor signal was performed for 56 cases
with available pretreatment CEMRI.

For diffusion criteria, the scale used for visual interpretation
of the signal to determine whether it was high or low was com-
pared with the brain stem signal in ADC maps as follows: 1) dif-
fusion restriction for low signal in the ADC map compared with
the brain stem signal with high signal in DWI corresponding to
abnormal enhancement (Fig 1C) and/or similar to the original tu-
mor signal; and 2) facilitated diffusion for high signal in the ADC
map compared with the brain stem with high or low signal on
DWI (Figs 1D and 2C) or higher than the original tumor signal.

Image Analysis Using T2 SI and DWI as Modified Rules for
NI-RADS Categories
We incorporated diffusion features and T2 SI into NI-RADS as
modified rules. The presence of both diffusion restriction and in-
termediate T2 SI would upgrade the NI-RADS categories by 1
grade (from categories 1 to 2 and 2 to 3). Conversely, the absence
of both would downgrade NI-RADS categories by 1 grade (Fig 2)
(from categories 3 to 2 and 2 to 1). The presence of only 1 feature
without the other feature would not alter the original NI-RADS
risk category.
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Standard of Reference
Criteria for negative disease included negative clinical and MR
imaging follow-up performed after 12months or negative biopsy
results. Criteria for LTR included positive biopsy results, evident
tumor on clinical examination, or evidence of disease progression
on subsequent follow-up scans as determined by the Response
Evaluation Criteria in Solid Tumors.12

Ethics Approval
All procedures performed in the study were in accordance with
the ethical standards of the institutional research committee and
with the 1964 Helsinki Declaration and its later amendments. For
this type of study informed consent was not required and waived
by the ethical committee.

Statistical Analysis
The collected data were revised, coded, and tabulated using
SPSS 20 (IBM). For descriptive statistics, the mean, SD, and

range were used for numerical data; frequency and percentage

were used for non-numeric data. For analytical statistics, the

Student t test was used to assess the statistical significance of

the difference in ADCmean values between LTR and benign

lesions. ROC curve analysis of ADCmean values was performed

according to the standard of reference. The diagnostic per-

formance of ACR NI-RADS, DWI in its qualitative and quanti-

tative forms, T2 SI, and NI-RADS combined with T2 SI and

DWI were assessed in terms of sensitivity, specificity, positive pre-

dictive value (PPV), negative predictive value (NPV), and accuracy.

Kappa statistics were used to compute the measure of agreement

FIG 1. Concordance between NI-RADS category, T2 SI, and DWIs is demonstrated in this posttreatment MR imaging surveillance scan done after
surgery and RTH for sinonasal squamous cell carcinoma. Coronal T2WI (A) and coronal contrast-enhanced T1WI (B) show a surgical bed discrete
nodule (black arrow) that displays intermediate T2 SI (A) and postcontrast enhancement (B), fulfilling NI-RADS 3 and confirmed to be squamous
cell carcinoma by histopathology. C. Axial ADC map of the surgical bed shows a corresponding low-ADC signal (black arrow). White arrows
point to circumferential soft tissue thickening with sheetlike enhancement (B), which shows low T2 SI (A), absent diffusion restriction (D), and
was confirmed to be posttreatment fibrous tissue.

FIG 2. The first post-CRTH MR imaging follow-up for a known case of nasopharyngeal carcinoma with perineural tumor spread
(PNTS) showing discordant findings between NI-RADS category, T2 SI, and DWI. There is a clear primary tumor site at the nasophar-
ynx (not demonstrated here), yet a regional non-nodal target was noted. A, Axial T2WI shows orbital apex dark T2 SI tissue keeping
with fibrotic scarring (arrow). B, This lesion show discrete postcontrast enhancement (arrow) (secondary to PNTS along the ophthal-
mic nerve) categorized as NI-RADS 3. C, Axial ADC map of the surgical bed shows a corresponding facilitated diffusion (arrow).
According to our proposed modifying rules, downgrading to category 2 was done. Follow-up by PET/CT showed no FDG uptake (not
demonstrated here) that was confirmed to be post-RTH fibrotic scarring by further follow-up. Note the right temporal lobe after
RTH injury.
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between 2 investigational methods, with values of 0.2–0.4 indicating

fair agreement; 0.41–0.6, moderate agreement; 0.61–0.8, substantial

agreement; and 0.8–1.0, almost perfect agreement. P, . 05 was con-

sidered significant.

RESULTS
Patients and Tumor Characteristics
The study population consisted of 69 patients: 41 males (59.4%)
and 28 females (40.6%), with the mean age of 50.556 16.82 (range,
18–85 years). Twenty-two (31.9%) patients underwent surgical exci-
sion and received radiation therapy (RTH), 19 (27.5%) received

chemoradiation therapy (CRTH), 12
(17.4%) underwent surgery only, 9
(13.0%) underwent surgery combined
with CRTH, and 7 (10.1%) received
RTH. Table 1 demonstrates the tumor
demographics and scan order.

Descriptive Statistics for LTR and
Benign Posttreatment Lesions
Pathology or follow-up confirmed di-
agnosis in 26/69 (37.7%) patients, and
imaging follow-up confirmed diagno-
sis in 43/69 (62.3%) patients. LTR
occurred in 26/69 (37.7%) patients.

Results of Image Interpretation and
Applied Diagnostic Criteria Relative
to the Standard of Reference
The results of the imaging analysis
of the primary targets and the results of
the diagnostic performance of T2 SI,
DWI (qualitative and quantitative), NI-
RADS, and NI-RADS rescoring, for the
detection of LTR for the primary tar-
gets, are listed in Table 2 and 3.

For diffusion criteria, there was
no statistically significant difference
between the qualitative and quantita-
tive assessment of DWI, with 28/69
lesions (40.6%) showing diffusion
restriction with a low ADC signal; 24/
28 were LTR, and 4/28 were post-
treatment changes. A total of 41/69
lesions (59.4%) demonstrated no dif-
fusion restriction, 39/41 showed no
recurrence, and 2/41 had LTR.

The mean ADC value for LTR was
0.94 6 0.38, and the mean ADC value

Table 2: Results of image analysis by T2 SI, DWI (qualitative and quantitative), NI-RADS,
and NI-RADS rescoring for the primary targets

Standard of
Reference

Negative
n (%)

Positive
n (%)

NI-RADS NI-RADS 1 20 (46.51) 1 (3.85)
NI-RADS 2 15 (34.88) 3 (11.54)
NI-RADS 3 8 (18.6) 22 (84.62)

T2 SI Isointense to surrounding
tissue

4 (9.3) 1 (3.85)

Dark 15 (34.88) 1 (3.85)
Intermediate 5 (11.63) 24 (92.31)
High 19 (44.19) 0 (0)

DWI Facilitated 39 (90.7) 2 (7.69)
Restricted 4 (9.3) 24 (92.31)

NI-RADS combined with T2 and
DWI

NI-RADS 1 30 (69.77) 1 (3.85)
NI-RADS 2 10 (23.26) 2 (7.69)
NI-RADS 3 3 (6.98) 23 (88.46)

Table 3: Diagnostic performance of T2 SI, DWI (qualitative and quantitative), NI-RADS, and NI-RADS rescoring for the detection of
LTR for the primary targets

T2 SI DWI with ADC £1.3 NI-RADS NI-RADS-DWI-T2 SI
TP (n) 24 24 22 23
TN (n) 38 39 35 40
FP (n) 5 4 8 3
FN (n) 2 2 4 3
Sensitivity (%) (95% CI) 92.31 (74.87–99.05) 92.3 (74.87–99.05) 84.62 (65.13–95.64) 88.46 (69.85–97.55)
Specificity (%) (95% CI) 88.37 (74.92–96.11) 90.7 (77.86–97.41) 81.4 (66.60–91.61) 93.02 (80.94–98.54)
PPV (%) (95% CI) 82.76 (67.64–91.68) 85.71 (70.10–93.89) 73.33 (59.03–84.00) 88.46 (71.84–95.84)
NPV (%) (95% CI) 95.00 (83.32–98.64) 95.12 (83.69–98.67) 89.74 (77.84–95.61) 93.02 (82.10–97.49)
Accuracy (%) (95% CI) 89.86 (80.21–95.82) 91.30 (82.03–96.74) 82.61 (71.59–90.68) 91.30 (82.03–96.74)

Note:—TP indicates true-positive; TN, true-negative.

Table 1: Tumor characteristics and scan order of the included population

Patients (n) Patients (%)
Subsite Larynx 12 17.4

Oral cavity and oropharynx 25 36.2
Hypopharynx 2 2.9
Sinonasal 10 14.5
Skull base 1 1.4
Nasopharynx 13 18.8
Salivary 6 8.7

Pathologic grade Low 14 20.3
Moderate 37 53.6
High 18 26.1

Tumor stagea Tis 1 1.4
T1 7 10.14
T2 24 34.8
T3 22 31.9
T4 15 21.7

Scan order First follow-up 54 78.3
Second follow-up 8 10.1
Third follow-up 8 11.6

Note:—Tis indicates carcinoma in situ.
a American Joint Committee on Cancer.20
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for benign posttreatment changes was 1.986 0.55 (P, .001).
ROC curve analysis showed an AUC of 0.945 (0.875–0.990 CI),

with cutoff ADCmean #1.3� 10� 3 mm2/s, which showed the
highest sensitivity, specificity, PPV, and NPV (92.31%, 90.7%,
85.7%, and 95.1%, respectively).

For T2 SI, 29/69 lesions showed intermediate T2 SI, 24/29
were LTR, and 5/29 lesions were posttreatment benign changes.
A total of 40 lesions demonstrated no abnormality, low or high SI
in T2WI, 38/40 showed no recurrence, and 2/40 showed LTR.

Regarding NI-RADS, 39/69 targets were categorized as NI-
RADS 1 (n ¼ 21) or 2 (n ¼ 18), 35/39 were found to be negative,
and 4 lesions were LTR; 30 lesions were categorized as NI-RADS
3, 22/30 lesions proved to be LTR, and 8 lesions were negative
according to the criterion standard.

After inclusion of T2 SI and DWI as modifying rules to NI-
RADS categories, 7 NI-RADS category 3 targets were down-
graded to category 2, 3 NI-RADS 2 targets were upgraded to
category 3, and 10 NI-RADS 2 targets were downgraded to NI-
RADS 1.

Agreement between DWI, T2 SI, NI-RADS, and NI-RADS
combined with DWI and T2 SI of the primary targets, and the
standard of reference is shown in Table 4.

DISCUSSION
In the current study, incorporation of T2 SI and diffusion features
into NI-RADS as modifying rules showed high diagnostic per-
formance, with higher sensitivity, specificity, PPV, and NPV of
88.46%, 93.02%, 88.46%, and 93.02%, respectively, compared
with the current ACR NI-RADS template, which showed a sensi-
tivity, specificity, PPV, and NPV of 84.62%, 81.40%, 73.33%, and
89.74%, respectively, with the difference being more notable in
specificity than in sensitivity.

Several previous studies evaluated the utility of DWI in differen-
tiating posttreatment changes from recurrence and concluded that
DWI showed high diagnostic performance.7,11,13-16 Morphologic
imaging features for LTR described in previous literature included
infiltrative mass appearance, with intermediate to high SI in T2
WIs and postcontrast enhancement. However, these features could
overlap with those of benign posttreatment findings such as post-
therapy inflammation and fibrosis.13,16 Therefore, dependence on
only morphologic features could result in increased false-positive
(FP) cases. The current ACR NI-RADS lexicon was developed for
CECT with or without PET; thus, it does not include MR imaging–
specific sequences. We suggest the addition of T2 SI and diffusion

features to the current lexicon to adapt it to posttreatment surveil-
lance with CEMRI, taking advantage of its routine use in daily
practice.

In the available literature, the performance of NI-RADS was

assessed for CECT with or without PET at different time points in

terms of discrimination between categories.4 Two other studies

investigated the predictive value of the first posttreatment PET/CT

using NI-RADS.3,17 Wangaryattawanich et al18 investigated the

PPV of NI-RADS categories 3 and 4 for PET/CT and concluded

that NI-RADS 3 and 4 have a PPV of 56% and 100%, respectively.

Our results showed a higher PPV and lower NPV for NI-RADS

compared with the previous studies. This could be attributable to

the inherent difference between the performance of CEMRI and

contrast-enhanced PET/CT in posttreatment imaging surveillance,

as also supported by the results of Kreiger et al,4 which showed a

much higher rate of true-positive disease with the use of CECT

(91.7%) compared with PET/CT (40%).
In this study, we assessed the T2 SI and diffusion features of

the primary targets; both showed high diagnostic performance
relative to patient outcome. Comparing the diagnostic perform-

ance of T2 SI and DWI and combining both with NI-RADS

showed that DWI had a higher specificity and accuracy of 90.70%

and 91.30%, respectively, compared with 88.37% and 89.86%,
respectively, for T2 SI; both showed similar sensitivities of

92.31%. Incorporating T2 SI and DWI within the NI-RADS

yielded higher specificity (93.02%) and higher PPV compared

with either T2 SI or DWI alone, and accuracy (91.30%) similar to
the diffusion criteria. The kappa coefficient for the concordance

between NI-RADS scoring of the primary tumor site and the out-

come was 0.641, and higher agreement (0.815) was obtained by
combining DWI and T2 SI with NI-RADS scoring.

Ailianou et al6 concluded that morphologic MR imaging with
defined criteria had a similar diagnostic performance to DWI, with
the combination of both yielding higher results. Precise analysis of
signal intensities on morphologic MR imaging increased the speci-
ficity of DWI, whereas the overall effect on sensitivity was less pro-
nounced. The results of the current study are concordant with
those of Ailianou et al6 regarding the higher sensitivity and speci-
ficity obtained after incorporation of DWI into NI-RADSmorpho-
logic features, with a more pronounced effect on specificity than
sensitivity.

The current study showed an optimal ADCmean threshold of
1.3� 10� 3 mm2/s to discriminate between benign changes and

Table 4: Agreement between DWI (qualitative and quantitative), T2 SI, NI-RADS, and NI-RADS combined with DWI and T2 SI for the
primary targets and the standard of reference

Standard of Reference Agreement
Negative n (%) Positive n (%) Kappa 95% CI P Value

DWI Restricted 4 (9.3) 24 (92.31) 0.818 0.68–0.96 ,.001
Facilitated 39 (90.7) 2 (7.69)

T2 SI Intermediate 5 (11.63) 24 (92.3) 0.789 0.64–0.94 ,.001
No abnormality; low or high SI 38 (88.37) 2 (7.69)

NI-RADS combined with T2 and DWI Category 3 3 (6.98) 23 (88.46) 0.815 0.67–0.96 ,.001
Categories 1 and 2 40 (93.02) 3 (11.54)

NI-RADS Category 3 8 (18.6) 22 (84.62) 0.641 9.46–0.82 ,.001
Categories 1 and 2 35 (81.4) 4 (15.38)
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LTR with a sensitivity, specificity, and accuracy of 92.31%, 90.70%,
and 91.30%, respectively. This agrees with Jajodia et al,10 who
showed the same ADC threshold with a sensitivity, specificity, and
accuracy of 94%, 83.3%, and 93.6%, respectively. Minor differences
in diagnostic parameters could be due to the different characteristics
of the included population; for example, they included patients with
lesions.5mm, presenting between 3months and 2 years, whereas
we included scans performed within the first year after treatment
with no specific size criteria for lesions for inclusion.

In our study, analysis of T2 SI performance individually
revealed 2 false-negative (FN) and 5 FP cases; 1 of the FN cases
was a pathologically proved residual tongue squamous cell carci-
noma. The residual tumor was not detected during the first post-
treatment MR imaging scan, including DWI, T2, and the
NI-RADS system. This could be explained by the presence of mi-
croscopic residual tumor cells in the initial study beyondMR imag-
ing resolution because the discrete enhancing lesion became
apparent on the follow-up scans. The second FN case was a case
with a primary target lesion with low T2 SI that resembled fibrotic
tissue; it was proved pathologically to contain a small 6-mm resid-
ual tumor, suggesting that tiny residual tumors may exist within a
sizable fibrotic tissue, for which follow-up would be useful.

Five FP cases by T2 SI corresponded to posttreatment fibrotic
scarring, suggesting that fibrotic tissue may present with interme-
diate SI in the early posttreatment phase.

Two FN and 4 FP cases were identified by DWI; the FN
results in DWI are explained by either microscopic tumor tissue
or the presence of posttreatment edema or inflammation in the
early posttreatment scans. The FP results with DWI were attrib-
uted to lymphoid hyperplasia and early stages of fibrosis that may
show diffusion restriction, which requires further follow-up.

Adding DWI and T2 signal features helped in reducing the
number of FP findings caused by NI-RADS 3 criteria because of
the enhancement associated with posttreatment benign findings
that can present as masslike lesions.16 Although our results sho-
wed a very comparable diagnostic performance between DWI
(quantitative and qualitative forms) alone and the combined cri-
teria, further studies on a larger scale are required to confirm
these results. Taking into consideration the limitations of de-
pendence on diffusion and ADC values with related motion and
susceptibility artifacts, variations in ADC values using different
MR imaging scanners and different b-values, and the lack of a
definite cutoff value for ADC,7,13,19 we recommend incorporating
diffusion criteria and T2 SI into the NI-RADS system to benefit
from combined functional, morphologic, and enhancement fea-
tures and to overcome the intrinsic limitations of each of them
when used individually.

Limitations of the Study
One limitation of our study is that it is a retrospective, single-center
study. Hence, minor variations in scan timing occurred. Further
multicenter studies with larger sample volumes are required to
support these results.

CONCLUSIONS
Incorporation of diffusion criteria and T2 SI into the current NI-
RADS criteria for primary tumor site assessment as modifying

rules enhanced the diagnostic validity and accuracy of the ACR
NI-RADS template.
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ORIGINAL RESEARCH
HEAD & NECK

Detection of Optic Neuritis on Routine Brain MRI without
and with the Assistance of an Image Postprocessing

Algorithm
A. Schroeder, G. Van Stavern, H.L.P. Orlowski, L. Stunkel, M.S. Parsons, L. Rhea, and A. Sharma

ABSTRACT

BACKGROUND AND PURPOSE: At times, there is a clinical need for using routine brain MR imaging performed close to the time of
onset of patients’ visual symptoms to firmly establish the diagnosis of optic neuritis. Our aim was to assess the diagnostic perform-
ance of radiologists in detecting optic neuritis on routine brain MR images and whether this performance could be enhanced using
a postprocessing algorithm.

MATERIALS AND METHODS: In this retrospective case-control study of 60 patients (37 women, 23 men; mean age, 47.2 [SD, 17.9]
years), 2 blinded neuroradiologists evaluated T2-weighted FLAIR and contrast-enhanced T1WI from brain MR imaging for the pres-
ence of imaging evidence of optic neuritis. Images were processed using an image-processing algorithm that aimed to selectively
accentuate the signal intensity of diseased optic nerves. We assessed the effect of image processing on the contrast-to-noise ratio
between the optic nerves and normal-appearing white matter and on the diagnostic performance of the neuroradiologists, includ-
ing the interobserver reliability.

RESULTS: The average sensitivity of readers was 55%, 56.5%, and 30.0% on FLAIR, coronal contrast-enhanced T1WI, and axial con-
trast-enhanced T1WI, respectively. Sensitivities were lower in the absence of fat saturation on FLAIR (P ¼ .001) and coronal con-
trast-enhanced T1WI (P ¼ .04). Processing increased the contrast-to-noise ratio of diseased (P value range ¼ .03 to ,.001) but not
of control optic nerves. Processing did not improve the sensitivity but improved the specificity and positive predictive value.
Interobserver agreement improved from slight to good.

CONCLUSIONS: Detection of optic neuritis on routine brain MR imaging is challenging. Specificity, positive predictive value, and
interobserver agreement can be improved by postprocessing of MR images.

ABBREVIATIONS: CE ¼ contrast-enhanced; CNR ¼ contrast-to-noise ratio; ON ¼ optic nerve; PPV ¼ positive predictive value

Optic neuritis typically presents as a unilateral optic neuropa-
thy characterized by decreased visual acuity, orbital pain

exacerbated by extra-ocular movement, a relative afferent pupil-
lary defect, and, occasionally, optic disc swelling.1-8 Symptoms
generally improve, and about 60% of patients regain full visual
acuity within 2 months.9 MR imaging, often used to confirm the
diagnosis, is especially useful in atypical cases.5 Dedicated MR
imaging of the orbits obtained with and without intravenous

contrast has a reported sensitivity of 76.1%–100% when per-
formed within 30 days of symptom onset.10-13 This sensitivity
decreases with time since the onset of vision loss, and the mean
duration of optic nerve (ON) enhancement, even with triple-dose
gadolinium administration, is only 63days.13

While the clinical diagnosis of typical optic neuritis may be
straightforward for neuro-ophthalmologists, misdiagnosis by
other providers who often encounter the patients at the time of
initial presentation reportedly occurs in up to 60% of referrals.14

The combination of the self-limiting nature of the disease, fre-
quent misdiagnosis at the initial encounter, long referral wait
times, and decreased sensitivity of imaging in a delayed setting
presents a diagnostic challenge: Neuro-ophthalmologists often
have to rely on the imaging ordered by other providers to confirm
the diagnosis. Often, this initial imaging is a routine brain MR
imaging rather than a dedicated orbital MR imaging.

Most studies documenting the role of imaging in the detection
of optic neuritis have focused on dedicated orbital MR imaging.

Received April 30, 2020; accepted after revision December 20.

From the Washington University in Saint Louis School of Medicine, (A. Schroeder),
Departments of Ophthalmology and Visual Sciences (G.V.S., L.S.), Neurology
(G.V.S., L.S.), Mallinckrodt Institute of Radiology (H.L.P.O., M.S.P., A. Sharma), and
Department of Biostatistics (L.R.), Washington University in Saint Louis School of
Medicine, St. Louis, Missouri.

Paper previously presented at: Annual Meeting of the North American Neuro-
Ophthalmology Society, March 7–12, 2020; Amelia Island, Florida.

Please address correspondence to Aseem Sharma, MD, Mallinckrodt Institute of
Radiology, Washington University in Saint Louis, Campus Box 8131, 510 S.
Kingshighway Blvd, St. Louis, MO 63110; e-mail: aseemsharma@wustl.edu
http://dx.doi.org/10.3174/ajnr.A7068

1130 Schroeder Jun 2021 www.ajnr.org

https://orcid.org/0000-0002-1903-3115
https://orcid.org/0000-0003-0289-9956
https://orcid.org/0000-0002-3141-0892
https://orcid.org/0000-0002-0709-8747
https://orcid.org/0000-0002-1619-9697
https://orcid.org/0000-0001-7468-9056
https://orcid.org/0000-0001-5274-7999
mailto:aseemsharma@wustl.edu


The objective of this study was 2-fold. First, we aimed to assess
the diagnostic performance of radiologists in detecting optic neu-
ritis on routine brain MR imaging. Second, we sought to evaluate
whether the diagnosis of optic neuritis on routine brain MR
imaging could be facilitated using an image-postprocessing algo-
rithm that has previously been shown to be helpful in the detec-
tion of optic neuritis on dedicated orbital MR imaging.15 We
hypothesized that the diagnostic accuracies of radiologists in
detecting optic neuritis on routine brain MR imaging would be
lower than the previously reported rates and that these could be
improved by increasing the contrast-to-noise ratio (CNR) of the
diseased ON by image postprocessing.

MATERIALS AND METHODS
The institutional review board at Washington University in Saint
Louis approved this retrospective study and waived the need for
consent for the use of pre-existing data.

Cases and Controls
This was a retrospective case-control study of 60 patients (37
women, 23 men; mean age 47.2 [SD, 17.9] years) who had under-
gone brain MR imaging, including T2-weighted FLAIR and CE-
T1WI sequences. Patients were selected from the clinical data-
base of 1 neuro-ophthalmologist and were seen during a 4-year
period dating from June 2015 to June 2019. All patients with clin-
ically proven unilateral optic neuritis were included if brain MR
imaging performed within 4weeks of symptom onset was avail-
able. The clinical diagnosis was established in all cases by an
expert neuro-ophthalmologist based on clinical presentation,
ophthalmologic examination, and evaluation of all relevant inves-
tigations. This search generated 30 patients with 30 eyes diag-
nosed with clinically proven optic neuritis. An equal number
(n¼ 30) of brain MRIs of patients with third, fourth, or sixth cra-
nial neuropathies but with clinically proven normal ON function
were included as controls.

Images and Image Processing
For each patient, we included available FLAIR images to assess
ON signal alteration and available CE-T1WI to assess ON
enhancement. Imaging had been performed with variable scan
parameters (Table 1). FLAIR, coronal CE, and axial CE images
were available for 30 cases and 58 control eyes, for 23 cases and
44 control eyes, and for 30 cases and 58 control eyes, respectively.

FLAIR images were in the axial plane except in 3 patients in
whom coronal reformations from the 3D-FLAIR sequence were
used. Enhancement of the ONs was assessed individually on axial
CE-T1WI, and, when available, on coronal CE-T1WI. Images
were acquired using 1.5T (Magnetom Espree, Magnetom Aera,
Magnetom Avanto, or Magnetom Sonata; Siemens) or 3T
(Magnetom Trio or Magnetom Skyra; Siemens) scanners.

A blinded investigator processed these images using a propri-
etary algorithm (CIE; Correlative Enhancement) on a Horos
workstation (https://horosproject.org/) using a custom-built
plug-in. The processing involved the manual placement of an
ROI to define the normal white matter signal. If the images were
originally obtained with fat saturation, the algorithm accentuated
the signal intensity of the ONs if the ON signal was determined
to be significantly higher than this reference (Fig 1). For images
that did not have inherent fat saturation, the algorithm was cho-
sen to accentuate the signal intensity of the ON only if it fell in a
range that was higher than the normal white matter intensity but
lower than the intensity of fat (Fig 1F, -J, -L), while decreasing the
intensity of fat (Fig 1F, -L). The processed images were saved as
separate DICOM series for further analysis.

Blinded Imaging Review
Two blinded board-certified neuroradiologists rated each ON
Horos FLAIR and CE images on a 5-point Likert scale, ranging
from 1 (definitely normal) to 5 (definitely abnormal). For subse-
quent analyses, ratings of 4 (probably abnormal) or 5 were taken
as abnormal test results, while ratings #3 (possibly normal) were
taken as a normal test result. Reviewers first rated the ONs on
baseline images; then, after a gap of several days, they again rated
the ONs with the availability of both baseline and processed
images.

Quantitative Analysis
We manually measured the signal intensities of each ON (SIon)
and the ipsilateral normal-appearing white matter (SIwm) for
both baseline and processed images on each sequence. For ONs
with obvious signal abnormality, the ROI was placed in the
region of abnormal signal. Otherwise, the ON was sampled in its
retrobulbar portion on an image that allowed its best visualiza-
tion, free from partial volume averaging effects. Using the SD of
the signal intensity of air in the image as a measure of noise, we
calculated the CNR for each sequence using the following for-
mula: CNR¼ (SIon–SIwm)/Noise.

Table 1: Scan parameters for axial 2D FLAIR,a coronal CE-T1WI, and axial CE-T1WI used in the study

FLAIRa,b Coronal CE-T1WIb Axial CE-T1WIb

Section thickness (mm) 5 5 5
TR (ms) 8000–11,000 300–742 276–780
TE (ms) 82–142 9–17 8.4–20
TI (ms) 2000–2500 – –

FOV (mm) 172–230 � 210–230 172–230 � 172–230 172–230 � 210–230
Matrix 224–512 � 256–512 224–512 � 256–512 224–384 � 256–512
Subset of scans obtained with fat saturation 19 (63.3%) 17 (73.9%) 6 (20%)

Note:—– indicates N/A.
a In 3 patients, FLAIR images had been acquired using a 3D sequence with a 1-mm section thickness of images reconstructed in the coronal plane (TR ¼ 5000ms, TE ¼
395ms, TI ¼ 1800ms, FOV ¼ 256 � 256mm, matrix ¼ 256 � 256).
b For patients with optic neuritis, 19/30 (63.3%), 17/23 (73.9%), and 6/30 (20%) FLAIR, coronal CE-T1WI, and axial CE-T1WIs were performed using fat saturation.
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Statistical Analysis
Diagnostic performance for each reader and the average for both
readers were assessed for baseline images in terms of sensitivity,
specificity, positive predictive value (PPV), and negative predic-
tive value for each sequence. Subset analysis was performed for
images obtained with and without fat saturation. We quantitated
the interrater reliability of confidence ratings for each sequence
using k (kappa).

Descriptive statistics were used to summarize the data.
Continuous variables were summarized using means [SD] and
medians (25th–75th percentiles), and categoric data were sum-
marized using counts and percentages. The difference between
cases and controls was tested using the nonparametric Kruskal-
Wallis test for continuous variables and the Pearson x2 or Fisher
exact test for categoric variables, as appropriate.

The effect of image processing on the confidence of categori-
zation was assessed nonparametrically. The median of the scores
across all readers and by individual readers, for cases and con-
trols, was identified for both images, and the difference in the me-
dian (processed baseline image) was computed and compared
using a signed rank test. Comparisons for each parameter pre-
and postprocessing by an individual reader were performed using
nonparametric signed rank tests.

Parameters for diagnostic performance and the interrater reli-
ability of confidence ratings for reads with the availability of
processed images were calculated and compared with corre-
sponding parameters for baseline images to assess the effect of

processing on readers’ diagnostic performance. We used the
McNemar test for paired and Fisher exact test for unpaired binary
diagnostic accuracy statistics, including sensitivity, specificity,
and diagnostic accuracy.

RESULTS
Diagnostic Performance of Radiologists in the
Detection of Optic Neuritis on Brain MR Imaging
without Postprocessing
On FLAIR, sensitivities for readers 1 and 2 were 57% and 53%
(Table 2), lower for images without fat saturation (P ¼ .001,
Table 3). Corresponding specificities were 62% and 90%, respec-
tively (Table 2).

On coronal CE-T1WI, readers 1 and 2 identified abnormal
enhancement in 48% and 57% of cases with specificities of 82%
and 95%, respectively (Table 2). Detection of contrast-enhance-
ment was negatively impacted by the absence of fat saturation
(P =.04). Sensitivities were much lower on axial CE images but
not significantly decreased in the absence of fat saturation (P ¼
.4, Tables 2 and 3).

Quantitative Analysis of Images before and after
Processing
For images before processing, there was a significant difference
between the CNR of the diseased and control ONs for FLAIR
(P, .001) and coronal CE-T1WI (P, .001), but not for axial
CE-T1WI (P¼ .17, Table 4).

FIG 1. Axial FLAIR (A and B), coronal CE-T1WI (C and D), and axial CE-T1WI (E and F) images from routine brain MR imaging of a patient with clini-
cally proven left optic neuritis before (A, C, and E) and after (B, D, and F) processing with a proprietary postprocessing algorithm showing accen-
tuation of the signal intensity of the diseased optic nerve and the unaffected contralateral optic nerve. Axial FLAIR (G and H), coronal 3D-FLAIR
(I and J), and axial CE-T1WI of different patients with clinically proven unilateral optic neuritis again demonstrating accentuation of intensity in
diseased optic nerves (arrows) after processing (H, J, and L). Note that the detection of alteration in the optic nerve signal is especially challeng-
ing in images obtained without fat saturation (E, I, and K).
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The median (25th–75th percentiles) CNR of diseased ONs
increased from �1.1 (�47�81) to 54 (�47�796) on FLAIR
(P, .001), from 12 (�30�268) to 94 (�30�543) on axial CE-
T1WI (P ¼ .03), and from 10 (�182�129) to 6 (�182�238) on
coronal CE-T1WI (P, .001) after processing. These group dif-
ferences resulted from an increase in the CNR of 17/30 (57%),
8/30 (24%), and 14/23 (61%) cases on FLAIR, axial CE-T1WI,
and coronal CE-T1WI, respectively.

The CNRs of control eyes as a group were not significantly
affected by processing (Table 4). There were 2/58 false-positives
on FLAIR image and none on CE images.

Effect of Processing on Confidence Ratings
For a subset of nerves with optic neuritis that showed accentua-
tion of the CNR after processing, processing improved the confi-
dence of both readers in categorizing nerves as abnormal. On
average, an increase in rating was seen in 10.5/17 (62%), 3.5/13
(27%), and 7.5/9 (83%) cases on FLAIR, coronal CE, and axial CE
images. The confidence rating never decreased in the presence of
processing-related accentuation of the CNR. This favorable effect
was associated with correct categorization of 3/17 (18%), 2/13
(15%), and 5.5/9 (61%) cases as abnormal, which were initially
categorized as false-negatives. In cases in which imaging

Table 2: Results of diagnostic performance of 2 neuroradiologists in the detection of changes of optic neuritis on T2-weighted
FLAIR, coronal CE-T1WI, and axial CE-T1WI of brain without and with the availability of postprocessed images that aimed to
selectively accentuate the signal intensity of diseased optic nerves

Parameter

Reader 1 Reader 2 Average
Before

Processing
After

Processing
Pa

Value
Before

Processing
After

Processing
Pa

Value
Before

Processing
After

Processing
Sensitivity (FL) 56.7% 56.7% .34 53.3% 53.3% .31 55.0% 55.0%
Specificity (FL) 62.1% 89.7% .01 89.7% 93.1% .5 75.9% 91.4%
Accuracy (FL) 59.3% 72.9% .03 71.2% 72.9% .5 65.3% 72.9%
PPV (FL) 60.7% 85% NA 84.2% 88.9% NA 72.5% 86.9%
NPV (FL) 58.1% 66.7% NA 65% 65.9% NA 61.5% 66.3%
Sensitivity (CCE) 47.8% 56.5% .31 56.5% 56.5% .24 52.2% 56.5%
Specificity (CCE) 81.8% 100% .07 95.5% 100% .5 88.7% 100%
Accuracy (CCE) 64.4% 77.8% .04 75.5% 77.8% .5 69.9% 77.8%
PPV (CCE) 73.3% 100% NA 92.9% 100% NA 83.1% 100%
NPV (CCE) 60% 68.8% NA 67.7% 68.8% NA 63.9% 68.8%
Sensitivity (ACE) 20.0% 30.0% .22 13.3% 30.0% .07 16.7% 30.0%
Specificity (ACE) 86.2% 100% .07 100% 100% 0 93.1% 100.0%
Accuracy (ACE) 52.5% 64.4% .04 55.9% 64.4% .07 54.2% 64.4%
PPV (ACE) 60% 100% NA 100% 100% NA 80.0% 100%
NPV (ACE) 51% 58% NA 52.7% 58% NA 51.9% 58%

Note:—FL indicates FLAIR; CCE, coronal CE-T1WI; ACE, axial CE-T1WI; NPV, negative predictive value; NA, not applicable.
a One-tailed McNemar test.

Table 3: Effect of fat saturation on the sensitivity of readers in detecting changes of optic neuritis on FLAIR and CE images before
and after postprocessing

Sequence Type
Reader 1 Reader 2

Fat Saturation+ Fat Saturation– Fat Saturation+ Fat Saturation–
FL before processing 13/19 (68.4%) 4/11 (36.6%) 12/19 (63.1%) 4/11 (36.4%)
FL after processing 12/19 (63.2%) 5/11 (45.5%) 11/19 (57.9%) 5/11 (45.5%)
CCE before processing 10/17 (58.8%) 1/6 (16.7%) 11/17 (64.7%) 2/6 (33.3%)
CCE after processing 12/17 (70.6%) 1/6 (16.7%) 12/17 (70.6%) 1/6 (16.7%)
ACE before processing 1/6 (16.7%) 5/24 (20.8%) 2/6 (33.3%) 2/24 (8.3%)
ACE after processing 2/6 (33.3%) 7/24 (29.2%) 2/6 (33.3%) 7/24 (29.2%)

Note:—FL indicates FLAIR; CCE, coronal CE-T1WI; ACE, axial CE-T1WI.

Table 4: Effect of processing on the CNR of optic nerves relative to ipsilateral normal-appearing white matter in cases with optic
neuritis and controls with normal optic nerve function

Sequence Type

Median CNR (25th–75th
Percentiles) for Optic

Nerves with Optic Neuritis P Value

Median CNR (25th–75th
Percentiles) for Normal

Optic Nerves P Value
FL before processing �1.05 (�46.7�81.3) ,.001 �12.7 (�86.9�106.9) .25
FL after processing 54.4 (�46.7�795.6) �12.7 (�86.9�137.9)
CCE before processing 9.8 (�181.8�129.2) ,.001 2.6 (�83.2–179.1) .50
CCE after processing 6.2 (�181.8�238.1) �0.37 (�83.2�66.8)
ACE before processing 11.8 (�29.6�267.8) .03 �14.3 (�63.1�2.5) .27
ACE after processing 93.9 (�29.6�543.3) �14.3 (�63.1�2.5)

Note:—FL indicates FLAIR; CCE, coronal CE-T1WI; ACE, axial CE-T1WI.
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remained unaffected after processing, there was a consistent
decrease in the confidence rating of both readers with false-
negative categorizations of 2.5/13 (19%), 1/10 (10%), and
1/16 (6.3%) FLAIR, coronal CE, and axial CE sequences, respec-
tively, which were correctly categorized before processing. For all
cases combined, the confidence ratings of readers were largely
unaffected.

For control nerves, no change in the CNR was observed after
processing in 55/58 (95%) FLAIR, 44/44 (100%) coronal CE, and
58/58 (100%) axial CE images. This lack of accentuation of the
ON signal increased the confidence for both readers in categoriz-
ing ONs as normal. On average, an appropriate decrease in ratings
was seen in 25/55 (45%), 20/44 (45%), and 32/58 (55%) controls
on FLAIR, coronal CE, and axial CE images, respectively. There
were no instances of an increase in rating in the absence of proc-
essing-related accentuation of the CNR. This favorable effect was
associated with correct categorization of 5.5/58 (9.5%), 6/44
(14%), and 7.5/58 (13%) eyes as normal that were initially catego-
rized as false-positives. In 3/58 (5%) controls with false-positive
accentuation of the CNR, there was no increase in the false-posi-
tive rate because these eyes were categorized as false-positive even
before processing. Overall, with image processing, there was a sig-
nificant favorable shift in the median confidence ratings of con-
trols for each reader on FLAIR (P ,.001, .007), axial CE-T1WI
(P, .001, .002), and coronal CE-T1WI (P, .001, .004) and a cor-
responding improvement in specificity (Table 2).

Effect of Processing on Diagnostic Performance
The sensitivities of readers were relatively unaffected (Table 2).
There was an increase in the specificity of readers in detecting
optic neuritis–related changes on all sequences, with the average
specificity for the 2 readers increasing from 76% to 91% on FLAIR
(P ¼ .01 and .5 for the 2 readers), from 88.7% to 100% on coronal
CE-T1WI (P ¼ .07 and .5 for the 2 readers), and from 93% to
100% on axial CE-T1WI (P¼ .07 for reader 1, no change observed
for reader 2) (Table 2). The overall diagnostic accuracy improved
for one reader on FLAIR (P ¼ .03 with either improvement or a
trend towards improvement on other sequences (Table 2).
Average PPVs for FLAIR, axial CE-T1WI, and coronal CE-T1WI
improved from 73% to 87%, from 80% to 100%, and from 83% to
100%, respectively. Negative predictive values were relatively
unchanged for other sequences. The overall trend was similar for
subgroups with and without fat saturation (Table 3).

Interobserver agreement increased for all sequences after
processing, with k increasing from 0.08 to 0.67 on FLAIR, from
0.12 to 0.68 on axial CE-T1WI, and from 0.29 to 1 on coronal
CE-T1WI.

DISCUSSION
In patients who happen to be evaluated by routine brain MR
imaging at the time of symptom onset, there may still be a clinical
need to evaluate this scan for imaging signs of optic neuritis. Our
results indicate that in such scans that are not optimized for ON
assessment, sensitivities for the detection of either signal altera-
tion on FLAIR (55% in our study, Table 3) or abnormal contrast-
enhancement (53% on coronal images, Table 3) are much lower

than the corresponding values of 76%–100% reported in the liter-
ature for dedicated orbital MR images.10-13,15

To the best of our knowledge, there is only 1 previous study
investigating the diagnostic performance of brain MR imaging
regarding the detection of optic neuritis on FLAIR images.16 In
this study, specifically on fat-suppressed FLAIR images, the
authors reported a sensitivity of 76%–77%,16 significantly higher
than that in our study. This difference is likely because our study
included images acquired from a multitude of scanners with
inconsistent fat suppression. The detection of optic neuritis on
MR imaging is assisted by fat-saturated sequences,17 and our
results support this finding (Table 3). Indeed, the sensitivity in
our study was significantly affected by the presence or absence of
fat suppression (Table 3), with an average sensitivity of 66% for a
subgroup with fat-saturated FLAIR images being much closer to
that reported previously by McKinney et al.16

No prior studies have explored the detection of ON enhance-
ment in the setting of optic neuritis on routine brain CE sequen-
ces. With an average sensitivity of 53%, it is notable that in 74%
of patients in our study (Table 1), coronal CE-T1WI had been
performed with fat saturation. This is not always the case for rou-
tine brain MR imaging. For patients scanned without such a
sequence, the sensitivity for the detection of ON enhancement
can be substantially lower, with an average of 25% in our study
(Table 3).

Because a coronal CE-T1WI may not always be included in a
routine brain MR imaging protocol, we also assessed the ability
of radiologists to detect the presence of enhancement on axial
CE-T1WI. The average sensitivity for detecting ON enhancement
in the axial plane (17%) was substantially lower, likely resulting
from a combination of partial volume averaging effects, which is
more likely to impact a horizontally extending ON in the axial
plane, and an infrequent use of fat saturation in axial CE images
(Table 1).

These challenges in detecting optic neuritis on routine brain
MR imaging are also highlighted by only slight interobserver
agreement for FLAIR and coronal CE-T1WI and fair interob-
server agreement on axial CE-T1WI.

It has been previously shown that the detection of optic neuri-
tis on FLAIR and CE-T1WI can be improved using an image-
postprocessing algorithm that can selectively accentuate the CNR
between diseased ONs and the normal white matter.15 We
observed a similar beneficial effect of the algorithm on the CNR
of diseased ONs on FLAIR as well as CE-T1WI (Table 4 and Fig
1). While this resulted in an improvement of diagnostic accuracy,
unlike in the previous study, this improvement in the CNR did
not translate into improvement in the sensitivity for the detection
of signal alterations on FLAIR images (Table 2). The analysis of
change in confidence ratings indicates that this issue was at least
partly a result of decreased confidence in assigning disease status
in the cases in which the processed images failed to accentuate
the CNR. We did, however, observe some improvement in sensi-
tivity for the detection of ON enhancement (Table 2).

As reported previously,15 rates of false-positive accentuation
of signal in control ONs (3.4% for FLAIR and 0% for CE images)
were low in our study. This finding translated into an improve-
ment in the specificity and PPVs for FLAIR and CE images
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(Table 2). Also, as seen previously, the availability of processed
images resulted in substantial improvement in the interobserver
agreement to substantial or almost perfect levels.15

In addition to use in patients presenting with optic neuritis,
this processing could find use in patients with MS. While the ON
is not currently a cardinal location, it has been recommended as a
potential addition to diagnose MS at its early stages.18 Sartoretti
et al19 have previously shown that patients with MS may have
subclinical episodes of optic neuritis. Given that routine surveil-
lance brain MR imaging is currently recommended to monitor
disease progression,20 this algorithmmay be useful to detect clini-
cal and/or subclinical optic neuritis in such scans.

A few limitations should be noted. First, our study used only 2
expert neuroradiologists as blinded readers who read each
sequence only once. Intraobserver reliability, therefore, could not
be evaluated. It is possible that in instances in which image proc-
essing did not produce any change in the original images of cases
or controls, differences in ratings of original and processed
images by a given reader could at least partly be due to intraob-
server variability. Consistency of change in reader responses in
the absence of processing-induced image alteration, however,
indicates that the improved specificity seen in our study is indeed
a beneficial effect of the algorithm. Additionally, the use of this
algorithm by radiologists who are not subspecialized in neurora-
diology could not be evaluated, restricting the evaluation of the
use of this algorithm in communities without subspecialized care.
While our study did include scans from different scanners and
with different parameters, we think that this feature makes it
more representative of the reality of clinical practice, in which the
patients may present to expert neuro-ophthalmology services al-
ready having been scanned at varying facilities.

CONCLUSIONS
Assessment of routine brain MR imaging without optimized
sequences for the assessment of the ON has relatively poor sensi-
tivity (approximately 55%), modest specificity, and only slight-to-
fair interobserver agreement for the detection of optic neuritis–
related changes on FLAIR and CE-T1WI. The sensitivity can be
expected to be even lower if FLAIR and/or coronal CE-T1WI
images are acquired without fat saturation. By selectively accentu-
ating the CNR of diseased-but-not-normal ONs, our image-post-
processing algorithm can improve the diagnostic performance of
readers with improved specificity and PPVs, accompanied by a
substantial improvement in interobserver agreement. The image
processing, however, was unable to bring the sensitivity to a level
comparable with the reported values for dedicated orbital MR
imaging, which should still be the criterion standard examination
if ordered within the appropriate timeframe.
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ORIGINAL RESEARCH
PEDIATRICS

Susceptibility-Weighted Imaging of the Pediatric Brain after
Repeat Doses of Gadolinium-Based Contrast Agent

K. Ozturk and D. Nascene

ABSTRACT

BACKGROUND AND PURPOSE: Gadolinium complexes have paramagnetic properties; thus, we aimed to determine the susceptibil-
ity changes in the globus pallidus and dentate nucleus following administration of linear or macrocyclic gadolinium-based contrast
agents in children.

MATERIALS AND METHODS: Thirty-three patients with linear gadolinium-based contrast agent gadopentetate dimeglumine administra-
tion, 33 age- and sex-matched patients with macrocyclic gadolinium-based contrast agent gadobutrol administration, and 33 age- and
sex-matched control subjects without gadolinium exposure were enrolled in this retrospective study. The signal intensity on SWI and
T1WI was determined in the dentate nucleus, middle cerebellar peduncle, globus pallidus, and pulvinar of the thalamus in an ROI-based
analysis to calculate dentate nucleus–to–middle cerebellar peduncle and globus pallidus–to–thalamus ratios. A repeated measures ANOVA
was performed to compare SWIminimum, SWImean, and T1WI signal intensity ratios between gadolinium-based contrast agent groups and
control subjects. Pearson correlation analysis was performed to determine any correlation between signal intensity ratios and variables.

RESULTS: Dentate nucleus–to–middle cerebellar peduncle and globus pallidus–to–thalamus ratios for both SWImean and SWIminimum

were lower for the linear gadolinium-based contrast agent group compared with macrocyclic gadolinium-based contrast agent and
control groups (P, .05). No significant difference of the SWImean and SWIminimum ratios were noted between the macrocyclic gado-
linium-based contrast agent group and the control group (P. .05). Both dentate nucleus–to–middle cerebellar peduncle and globus
pallidus–to–thalamus ratios on T1WI in the linear gadolinium-based contrast agent group were higher than in the control group and
the macrocyclic gadolinium-based contrast agent group (P, .05). A negative correlation was identified between SWImean and
SWIminimum ratios and the number of linear gadolinium-based contrast agent administrations (dentate nucleus–to–middle cerebellar
peduncle ratio: SWImean, r ¼ –0.43, P¼ .005; SWIminimum, r ¼ –0.38, P ¼ .011; globus pallidus–to–thalamus ratio: SWImean, r ¼ –0.39,
P¼ .009; SWIminimum, r ¼ –0.33, P ¼ .017).

CONCLUSIONS: SWI analysis of the pediatric brain demonstrated a statistically significant decrease in SWIminimum and SWImean val-
ues for the dentate nucleus and globus pallidus after administration of linear gadolinium-based contrast agents but not macrocyclic
gadolinium-based contrast agents.

ABBREVIATIONS: DN ¼ dentate nucleus; GBCA ¼ gadolinium-based contrast agent; GP ¼ globus pallidus; MCP ¼ middle cerebellar peduncle; min ¼ mini-
mum; SI ¼ signal intensity; Th ¼ pulvinar of the thalamus

Gadolinium-based contrast agents (GBCAs) are essential
components of clinical diagnosis and treatment decision-

making for millions of patients worldwide.1 Recent studies have
shown gadolinium deposition in multiple organs,2 including the
brain, after repeat administration of GBCAs.3 Intracranial

gadolinium deposition in the brain has been associated with
increased signal intensity (SI) on T1WI,4 most notably in the
globus pallidus (GP) and cerebellar dentate nucleus (DN).5

Substantial evidence has been provided by histopathologic analy-
sis indicating that the reported T1WI SI increase in the DN and
GP corresponds to gadolinium deposition.6

SI changes in the brain parenchyma on unenhanced T1-
weighted MR imaging have been identified in association with
various histopathologic processes.7 Particularly, hyperintensity
within the DN on T1WI due to shortening of the T1 relaxation
time is believed to occur secondary to several factors, including fer-
ric iron accumulation, ferritin accumulation associated with lipid
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peroxidation, and the presence of paramagnetic free radicals as
well as paramagnetic compounds like metal ions such as iron and
manganese.8,9 Any of these histopathologic mechanisms could
play a role in the T1WI SI observed in the DN and GP of patients
with gadolinium retention. Recently, numerous studies have
focused on the association between increased SI on unenhanced
T1WI and exposure to intravenously administered GBCAs.10

SWI is a high-resolution 3D gradient-echo sequence that
incorporates phase and magnitude data to identify variations in
magnetic susceptibility between adjacent tissues with a sensitiv-
ity greater than conventional gradient-echo sequences.11 Its
higher sensitivity in the detection of paramagnetic and diamag-
netic compounds such as iron particles, blood-breakdown prod-
ucts, and calcifications provides clinically relevant information
in the assessment of various conditions, including neurodegen-
eration, cerebral neoplasm, vascular malformation, and intra-
cranial hemorrhage.12 Because gadolinium has a paramagnetic
effect, SWI can be used for noninvasive visualization of gadolin-
ium retention within the DN and GP that may not be apparent
by T1WI.13

In this study, we hypothesized that sequential use of GBCAs
would increase the magnetic susceptibility within the DN and GP
as seen on SWI. Thus, we analyzed the susceptibility values in the
DN and GP of children who had consecutive applications of the lin-
ear GBCA gadopentetate dimeglumine or the macrocyclic GBCA
gadobutrol compared with control subjects who had no history of
GBCA administration.

MATERIALS AND METHODS
All procedures were performed in accordance with the ethical
standards of the institutional research committee and with the
2013 revised Helsinki declaration and its later amendments or
comparable ethical standards. This study was approved by the local
institutional review board and the requirement to obtain informed
consent was waived.

Patients
This was a retrospective single-center study of children and
adolescents (age at final contrast-enhanced MR imaging

examination younger than 18 years)
who underwent brain MR imaging
with administration of the macrocy-
clic GBCA gadobutrol or the linear
GBCA gadopentetate dimeglumine
between 2010 and 2020. Before
January 1, 2014, a linear GBCA, gado-
pentetate dimeglumine (Magnevist;
Bayer HealthCare Pharmaceuticals),
was used at our institution for nearly
all brain MR imaging examinations.
Since January 1, 2014, our institution
changed to the macrocyclic GBCA
gadobutrol (Gadavist; Bayer Schering
Pharma). This allowed us to have a
population of children who had
acquired only the macrocyclic GBCA
gadobutrol to compare with a similar

earlier population who had received only the linear GBCA
gadopentetate dimeglumine. We retrospectively screened our
database to identify children who met the following inclusion
criteria: 1) the patients’ ages ranged from 2 to 18 years, 2) MR
imaging follow-up was performed exclusively in our depart-
ment, and 3) contrast-enhanced MR imaging with the exclusive
use of the macrocyclic GBCA gadobutrol or the linear GBCA
gadopentetate dimeglumine was followed by another 3T MR
imaging including unenhanced T1WI and SWI. The lower limit of
2 years of age was selected to exclude younger children with possi-
ble incomplete myelination.13 Exclusion criteria were the follow-
ing: 1) renal insufficiency; 2) liver dysfunction; 3) missing data or
unsatisfactory image quality of unenhanced T1WI and/or SWI; 4)
structural brain abnormality in the cerebellum, midbrain, corpus
striatum, or pulvinar of the thalamus (Th), determined by the study
investigators at the time of retrospective image review; and 5)
broadly varying MR imaging parameters among the MR imaging
scans (.5% for TR or .10% for TE). The exclusion criteria of the
study design are shown in Table 1. In total, 33 patients with exclu-
sive use of linear GBCAs and 33 age- and sex-matched patients
receiving macrocyclic GBCAs were finally enrolled in this study.

A total of 33 control subjects matched for age and sex were
selected for each case patient and consisted of pediatric patients
who underwent nonenhanced brain MR imaging between 2010
and 2020 without any record of GBCA administration.

Clinical Data
Data on demographics were acquired from a standardized review
of the health records of all children through a radiology search.
For all included patients, age, sex, intrinsic disease, and number
and type of GBCA administrations, along with the accumulated
GBCA dose and history of chemotherapy or radiation therapy,
were assessed by chart review (Table 2).

The number of macrocyclic GBCA and linear GBCA admin-
istrations was abstracted from the medical charts. The macrocy-
clic GBCA gadobutrol and the linear GBCA gadopentetate
dimeglumine were dosed at 0.1mmol per kilogram of the
patient’s body weight.

Table 1: Exclusion criteria

Exclusion Parameters
Control
Group

Macrocyclic GBCA
Group

Linear GBCA
Group

Initially selected 57 64 61
Age younger than 2 years 3 5 6
Renal dysfunction 2 0 0
Hepatic dysfunction 3 2 2
Lesion in the cerebellum,
midbrain, corpus striatum, or
pulvinar of the thalamus

3 2 1

Missing documentation of the
prior contrast agent

8 11 7

Missing or unsatisfactory T1WI 2 2 3
Missing or unsatisfactory SWI 3 4 3
Different sequences and
parameters between
comparison T1WIs

0 5 6

Final No. of groups 33 33 33
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Image Acquisition
All examinations were performed on 3T MR imaging scanners

(Tim Trio and Magnetom Skyra; Siemens) with 16- or 20-channel

head coils. The scanning sequences included the conventional MR

images and SWI. The parameters for conventional MR images

were as follows: FLASH T1WI before and after GBCA injection

(TR, 250 ms; TE, 2.48 ms; section thickness, 2.0mm; FOV,

250mm), fast spin-echo T2WI (TR, 6000 ms; TE, 99 ms; section

thickness, 2.0mm; section interval, 1.0mm; FOV, 250mm),

FLAIR T2WI (TR, 9000 ms; TE, 81 ms; TI, 2400 ms; section thick-

ness, 2.0mm; section interval, 1.0mm; FOV, 250mm).
All patients underwent precontrast SWI scanning (TR, 27 ms;

TE, 20 ms; flip angle, 15; bandwidth, 250 kHz; matrix size, 256 �
134; parallel factor, 2; FOV, 250mm; and acquisition time, approxi-
mately 2 minutes and 30 seconds). Presaturation slabs were used to
saturate air-containing structures such as the petrous pyramids and

paranasal sinuses. SWI was performed
as a 1-mm isotropic 3D acquisition
with minimum intensity projections of
the SWI, and images were recon-
structed on an axial plane with a 2-mm
section thickness.

ROI Analysis
Image analysis of unenhanced T1WI
was performed as described in detail
previously by Kanda et al14 and repli-
cated in other reports on studies of
brain gadolinium deposition. Placement
of ROIs was performed by a neuroradi-
ology fellow (K.O.), who was blinded to
the clinical data. The images were also
reviewed independently by a second
radiologist (D.N.) with 10years of expe-
rience in neuroradiology for the correct
placement of the ROIs into the DN,
middle cerebellar peduncle (MCP), GP,
and Th. The DN and GP were selected
because they are commonly analyzed
regions of T1WI SI hyperintensity in
the brain after GBCA administra-
tion.14-16 Also, McDonald et al17

reported that the DN contains the highest concentration of gadolin-
ium deposition in the brain tissue of deceased patients.

ROI placement and subsequent image-based analysis was per-
formed using a dedicated software, Vitrea (Vital Images). Freehand
ROIs were drawn within both the DN and GP; then, an elliptic ROI
was placed in MCP and Th, respectively, on SWI to deter-
mine SWImean SI ratios with an average of 3 measurements.
SWIminimum (min) was extracted from the manual placement of at
least 5 circular ROIs into the DN and GP that encompassed 5 voxels
(approximately 5mm2), and the lowest value was determined (Fig
1). Compatible with the previous study,18 SI ratios were calculated
as follows: T1WI ratio ¼ (T1WI SI of DN)/(T1WI SI of MCP) or
(T1WI SI of GP) / (T1WI SI of Th); SWImean ratio ¼ (SWImean of
DN) / (SWImean of MCP) or (SWImean of GP) / (SWImean of Th);
and SWImin ratio ¼ (SWImin of DN) / (SWImean of MCP) or
(SWImin of GP) / (SWImean of Th). Eventually, all ROIs were visually
inspected for correctness to modify possible structural displacement
from baseline due to suboptimal coregistration.

Statistics
Data were tested for normality using the Shapiro-Wilk test, and
the choice of parametric-versus-nonparametric tests was made
on the basis of the outcome of this test. We conducted a repeated
measures ANOVA with post hoc Bonferroni tests for pair-wise
multiple comparisons for the DN-to-MCP and GP-to-Th ratios
on unenhanced T1WI and SWI among the following: 1) only
macrocyclic GBCA administration in the GBCA group versus the
non-GBCA group; 2) only linear GBCA administration in the
GBCA group versus the non-GBCA group; and 3) only macrocy-
clic GBCA administration in the GBCA group versus only linear
GBCA administrations in the GBCA group. Pearson correlation

Table 2: Clinical and radiologic characteristics of the study populationa

Characteristic
Linear GBCA–

Exposed Children
Macrocyclic GBCA–
Exposed Children

GBCA-Naive
Control Subjects

Age (yr)
Mean (SD) 8.2 (SD, 5.4) 8.2 (SD, 5.1) 8.2 (SD, 3.6 )
Range 2–18 2–18 2–18

Sex
Male 23 23 23
Female 10 10 10
Mean (SD) No. of contrast-
enhanced MR imaging

2.4 (SD, 2.4) 4.03 (SD, 2.9) 0

Mean (SD) time interval
between MR imaging (mo)

7.16 (SD, 7.5) 7.4 (SD, 7.3) 0

Mean (SD) accumulated
gadolinium dose (mmol)

17.5 (SD, 24.1) 13.3 (SD, 11.9) 0

Diagnosis
Intracranial neoplasm 7 7 10
Extracranial neoplasm 2 0 1
Pituitary abnormality 3 6 2
Orbit/optic nerve
pathology

6 7 2

Adrenoleukodystrophy 5 5 10
Benign conditions 10 8 8
History of radiation
treatment

3 2 3

History of chemotherapy 6 5 4
History of neurosurgery 2 2 3

a Data are number of patients unless indicated otherwise and mean (SD).

FIG 1. SWI at the level of the DN (A) and GP (B) used for drawing the
ROIs in the DN and GP with the corresponding MCP and Th for nor-
malization, respectively. Dotted lines illustrate the freehand ROI used
to obtain SWImean from the DN, GP, MCP, and Th; solid lines illustrate
the circular ROIs used to obtain SWImin from the DN and GP.
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analyses were performed to evaluate associations between DN-to-
MCP and GP-to-Th ratios from the most recent brain MR imaging
examinations in patients exposed to GBCA and confounding pa-
rameters, including the number of MR images, total cumulative
linear or macrocyclic GBCA dose, the mean duration between MR
imaging, and age. The independent samples t test or 1-way
ANOVA was used to assess the DN-to-MCP and GP-to-Th ratio
difference in the GBCA-exposed groups according to sex, intrinsic
disease, history of brain radiation therapy, and chemotherapy.
Consequently, the variables that were found to be statistically dif-
ferent on univariate analyses were further subjected to multivariate
linear regression analysis. Intraobserver agreement of reader 1
(K.O.) for the quantitative measurements of the SI ratio was deter-
mined with Lin concordance correlation coefficients. The a priori
significance level was set to .05, and all reported P values are 2-
tailed. A Bonferroni correction with an adjusted P value, .05 was
considered statistically significant for 3-subgroup comparison.
Analyses were performed using SPSS 23 for Windows (IBM).

RESULTS
Patient Characteristics
Our cohort included 33 children who had only the linear GBCA
gadopentetate dimeglumine (mean age, 8.2 [SD, 5.4] years; range,
2–18 years), 33 sex- and age-matched children who had only the
macrocyclic GBCA gadobutrol (mean age, 8.2 [SD, 5.1] years;
range, 2–18 years), and 33 sex- and age-matched controls (mean
age, 8.2 [SD, 3.6] years; range, 2–18 years). Patient characteristics
and radiologic data are presented in Table 2. The mean number of
doses of linear GBCA gadopentetate dimeglumine and macrocyclic

GBCA gadobutrol were 2.4 (SD, 2.4)
and 4.03 (SD, 2.9), respectively.

Intraobserver Agreement
The intraobserver agreement was sub-
stantial for T1WI values for both the
DN-to-MCP ratio (Concordance corre-
lation coefficient= 0.96; 95% CI , 0.92–
0.98; P, .001) and the GP-to-Th ratio
(Concordance correlation coefficient ¼
0.95; 95% CI, 0.91–0.98; P, .001); it
was less concordant for SWImean and
SWImin for both the DN-to-MCP ratio
(SWImean, Concordance correlation
coefficient ¼ 0.85; 95% CI , 0.79–0.90;
P¼ .003; SWImin, Concordance correla-
tion coefficient ¼ 0.83; 95% CI, 0.77–
0.88; P ¼ .005) and the GP-to-Th ratio
(SWImean, Concordance correlation
coefficient ¼ 0.83; 95% CI, 0.78–0.89;
P ¼.004; SWImin, Concordance correla-
tion coefficient ¼ 0.82; 95% CI , 0.76–
0.87; P¼ .007).

DN-to-MCP Ratio on SWI and T1WI
The DN-to-MCP ratios for SWImean

and SWImin were lower in those with
only linear GBCA administration

(SWImean, 0.898 [SD, 0.056]; SWImin, 0.835 [SD, 0.073]) than in
both the macrocyclic GBCA group (SWImean, 0.992 [SD, 0.061];
SWImin, 0.928 [SD, 0.064]) and the control group (SWImean, 0.985
[SD, 0.032]; SWImin, 0.925 [SD, 0.037]) (adjusted P value, .001).
No significant differences in the DN-to-MCP ratio for SWImean

and SWImin were noted between the macrocyclic GBCA group
and the control group (P ¼ .595 and .829, respectively). The mean
DN-to-MCP ratios on T1WI in the linear GBCA group (0.986
[SD, 0.073]) were also higher than those in the non-GBCA group
(0.926 [SD, 0.042]) and the macrocyclic GBCA group (0.930 [SD,
0.043]) (adjusted P value, .001) (Fig 2). A moderate negative cor-
relation was identified between the DN-to-MCP ratio for SWImean

and SWImin and the number of linear GBCA administrations
(SWImean, r¼ –0.43 and P¼ .005; SWImin, r¼ –0.38 and P= .011)
(Fig 3).

The Pearson correlation coefficient revealed no significant
correlation between SWI/T1WI–derived values and the mean
time interval among MR imaging scans, total GBCA dose, and
age (all P. .05). There was no significant difference in the SWI/
T1WI–derived SI ratios regarding sex, intrinsic disease, and his-
tory of radiation or chemotherapy (all P. .05). Multivariate lin-
ear regression analyses derived from univariate analysis
demonstrated that SWImean and SWImin ratios were associated
with the number of linear GBCA administrations (adjusted R2 for
the model ¼ 0.227) (SWImean: regression coefficient b ¼ –0.026,
P ¼ .012; SWImin: b ¼ –0.03, P ¼ .02). Additionally, no signifi-
cant correlation was noted between SWI-derived values and age
in the control groups (SWImean: r ¼ –0.11 and P ¼ .13; SWImin:
r¼ –0.15 and P¼ .20).

FIG 2. Boxplots of the mean DN-to-MCP ratios on SWI and T1WI among the linear GBCA, macro-
cyclic GBCA, and control groups. The error bars for boxplots represent the minimum and maxi-
mum data points within each group, and the Middle box represents the 25th, 50th, and 75th
percentiles of the data within each group.
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Figure 4 demonstrates representative MR images. Figures 5
and 6 reveal scatterplots of the correlation between the DN-to-
MCP ratios on unenhanced T1WI and SWI.

GP-to-Th Ratio on SWI and T1WI
The GP-to-Th ratios for SWImean and SWImin were lower in those
with only linear GBCA administration (SWImean, 0.765 [SD,
0.041]; SWImin, 0.751 [SD, 0.038]) than in both the macrocyclic
GBCA group (SWImean, 0.804 [SD, 0.047]; SWImin, 0.793 [SD,
0.045]) and the control group (SWImean, 0.857 [SD, 0.052];
SWImin, 0.841 [SD, 0.048]) (adjusted P value, .001). No signifi-
cant differences of the GP-to-Th ratio for SWImean and SWImin

were noted between the macrocyclic GBCA group and the control
group (P¼ .503 and 0.778, respectively). Mean GP-to-Th ratios on
T1WI in the linear GBCA group (1.001 [SD, 0.072]) were also
higher than in the non-GBCA group (0.953 [SD, 0.047]) and the
macrocyclic GBCA group (0.958 [SD, 0.049]) (adjusted P value,
.001). A moderate negative correlation was identified between the
GP-to-Th ratio for SWImean and SWImin and the number of linear
GBCA administrations (SWImean, r ¼ –0.39, P¼ .009; SWImin,
r¼ –0.33, P¼ .017).The Pearson correlation coefficient revealed
no significant correlation between SWI/T1WI–derived values and
the mean time interval among MR imaging, total GBCA dose, and
age (all P. .05). There was no significant difference in the SWI/
T1WI–derived SI ratios regarding sex, intrinsic disease, and a his-
tory of radiation or chemotherapy (all P. .05). Multivariate linear
regression analyses derived from univariate analysis demonstrated
that SWImean and SWImin ratios were associated with the number
of linear GBCA administrations (adjusted R2 for the model¼
0.185) (SWImean; b ¼ –0.022, P¼ .015; SWImin; b ¼ –0.026,
P¼ .028). Additionally, no significant correlation was noted
between SWI-derived values and age in the control groups
(SWImean: r¼ –0.14, P¼ .15; SWImin: r¼ –0.11, P¼ .24).

DISCUSSION
In this study, we aimed to determine
whether administration of the macro-
cyclic GBCA gadobutrol or the linear
GBCA gadopentetate dimeglumine in
children is correlated with the develop-
ment of a susceptibility signal within
the DN or GP as an imaging surrogate
for gadolinium deposition. The DN-to-
MCP and GP-to-Th ratios for SWImean

and SWImin in children who received
only linear GBCAs were lower than
those in the non-GBCA group (control
group) and macrocyclic GBCA group.
On T1WI, previous reports have
shown a strong relationship between
the hyperintensity in the DN/GP and
linear GBCA administration;16 our
results also reinforce the previous
results.

The clinical relevance of intracranial
gadolinium retention, if any, remains
unknown. Nevertheless, the pediatric
brain may be more prone to the delete-

rious effects of gadolinium deposition because the pediatric brain is
typically more susceptible to a number of toxins.19,20 Additionally,
the cumulative dose and duration of exposure to GBCAs may be
greater in children than in adults.20 Thus, it is essential to determine
the safest GBCAs for the pediatric population.21 Recent studies
investigating pediatric intracranial gadolinium deposition have con-
centrated on the linear GBCA gadopentetate dimeglumine,22

though a few studies in the pediatric population have analyzed the
effect of repeat administration of macrocyclic GBCAs.23 Radbruch
et al24 and Ryu et al15 examined the sequential administration of the
macrocyclic GBCA gadoterate meglumine in pediatric patients and
found that this agent was not correlated with T1WI hyperintensity
in the DN. In addition, Tibussek et al23 analyzed a group of pediatric
patients receiving repeat administration of the macrocyclic GBCAs
gadoteridol and gadoterate meglumine and did not observe any
T1WI hyperintensity within the DN.

The DN and GP are known to have a rich iron content, and a
high susceptibility signal within DN and GP has been reported pre-
viously due to its paramagnetic potency.25 The magnitude SI on
SWI depends on T2*, geometry, orientation to the B0, and differen-
ces in magnetic susceptibility, as well as serving as a function of
T1.11 If additional gadolinium is deposited in the DN, SI values on
SWI should theoretically decrease after serial GBCA administration
because gadolinium is a strong paramagnetic substance with a
molar susceptibility of 325ppm L/mol.26 In this study, the suscepti-
bility values in the DN and GP were better correlated with the num-
ber of linear GBCA administrations than T1WI SI ratios were. One
explanation for a stronger association between susceptibility values
and the number of linear GBCA administrations is that the endoge-
nous substances cause susceptibility changes in the DN and GP but
induce less T1 shortening.7 This explanation conflicts with the
results of Hinoda et al,26 which demonstrated that the susceptibility
values on quantitative susceptibility mapping in the DN correlated

FIG 3. Scatterplot of the DN-to-MCP ratios for SWImean, SWImin, and T1WI versus the number of
intravenous linear GBCA administrations, with linear regression lines for each group.
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worse with the number of linear GBCA administrations than T1
ratios did. The reason for the difference in results between the
study by Hinoda et al26 and our present study could be partially
explained by the potential washout effect or precipitation of gado-
linium27 after consecutive administration of linear and macrocyclic
GBCAs because the GBCA group in their study had both linear
and macrocyclic GBCA administration. Additionally, we used a
matched case-control design in a pediatric population, given that
age-dependent maturational effects in different areas of the devel-
oping brain may cause SI changes on SWI with time. A better cor-
relation of the number of linear GBCA administrations and
susceptibility values in the DN and GP than T1WI SI ratios sup-
ports the initial hypothesis that SWI could be a biomarker of gado-
linium retention in vivo and could better depict gadolinium
deposition compared with T1WI.

SWI is an imaging approach that maximizes sensitivity to sus-
ceptibility effects by integrating a long-TE, fully flow-compensated,

3D gradient-echo series with filtered phase data in each voxel to
improve the contrast in magnitude images. This limitation is being
addressed with the recent development of quantitative susceptibil-
ity mapping.28 While SWI generates contrast on the basis of phase
images, quantitative susceptibility mapping further computes the
underlying susceptibility of each voxel as a scalar quantity and may
be better for evaluating subtle susceptibility signal changes related
to the possible gadolinium deposition in the brain parenchyma.29

The SI changes on SWI occur from both T2 and susceptibility
signal variations among tissues and are very sensitive to the in vivo
detection of iron deposition.30 In a previous postmortem study,31

the DN demonstrated varying signal intensity on SWI; in particular,
the susceptibility values of the DN significantly changed due to iron
deposition with aging.32 In this study, the result of the Pearson cor-
relation coefficient between the susceptibility values in DN or GP
and subject age revealed no significant correlation in this pediatric
population. Furthermore, no significant correlation was noted
between SWI-derived values and age in the control groups, which
might need a larger patient cohort and larger age range with possi-
ble involvement of the adult population. However, in a time (eg, 2–
3years) in which age-related changes are minimal, SWI appears to
provide a means to monitor gadolinium deposition in the DN due
to its quantitative nature and high gadolinium sensitivity.

There were some limitations to this retrospective study investi-
gating the relationship between SWI and gadolinium deposition in
the DN and GP. First, the number of GBCA administrations has
been obtained from medical charts at a single institution, and
some patients with long-term follow-up in the GBCA group might
have had additional GBCA exposure at outside facilities of which
we were not aware in this analysis. Second, a larger number of con-
trol subjects could have been included to minimize the error in the
control data; however, in this regard, an increased number of con-
trol subjects would technically decrease the variance between the
patients receiving GBCA and the control subjects, which could
potentially disclose other significant variations between the 2
groups. Third, a possible limitation in all DN SI-change studies is
the choice of the proper comparator. We considered the DN-to-
MCP ratio because it has been used in other studies and the ana-
tomic position of the DN is closer to the MCP compared with the
pons, allowing collection of all ROIs on the same section, which
might be beneficial in case of regional variances in the images. We
conducted a case-control design because as fiber maturation and
associated SWI/T1WI signal changes develop in a nonlinear way
and demonstrate considerable variability, modeling of these effects
would be very complicated. Also, histologic analyses of brain tissue
samples are likely even more sensitive for detecting lower-level
gadolinium deposition that may not be detectable on SWI.33

CONCLUSIONS
This study demonstrated a statistically significant decrease in
SWImin and SWImean values for the DN and GP after consecutive
administrations of linear GBCA but not macrocyclic GBCA in pedi-
atric patients.

Disclosures: David Nascene—UNRELATED: Consultancy: WorldCare Clinical; Payment
for Lectures Including Service on Speakers Bureaus: Biogen; Royalties: Springer.
*Money paid to individual author.

FIG 4. A 13-year-old male patient without gadolinium exposure (A
and B), an age- and sex-matched patient after 5 doses of macrocyclic
GBCA (C and D), and another 13-year-old adolescent boy after 7
doses of linear GBCA administration (E and F). Note the brighter signal
in the DN on T1WI (E) and lower signal in the DN on SWI (F), which is
not present in the other 2 children. (White arrows represent DN)
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ORIGINAL RESEARCH
PEDIATRICS

Accumulation of Brain Hypointense Foci on Susceptibility-
Weighted Imaging in Childhood Ataxia Telangiectasia

R.A. Dineen, C.V. Blanchard, S. Pszczolkowski, S. Paine, M. Prasad, G. Chow, W.P. Whitehouse, and D.P. Auer

ABSTRACT

BACKGROUND AND PURPOSE: SWI hypointense cerebral lesions have been reported in adults with the inherited cerebellar neuro-
degenerative disorder ataxia telangiectasia. This study aims to establish the prevalence, age-dependency, and spatial distribution of
these lesions in children and young people with ataxia telangiectasia.

MATERIALS ANDMETHODS: Participants with classic ataxia telangiectasia and matched controls underwent SWI acquisition at 3T at 1 or
2 time points. SWI hypointense lesions were manually labeled according to the Microbleed Anatomical Rating Scale. Differences in preva-
lence of lesion number between groups with ataxia telangiectasia and without ataxia telangiectasia were tested with the Fisher exact
test, and differences in age between participants with ataxia telangiectasia with and without lesions were tested using independent sam-
ples Mann-Whitney U test. The relationship between age and lesion number was modeled as an exponential function.

RESULTS: Analyzable SWI datasets from 17 participants with ataxia telangiectasia (with median age at first scan of 12.4 years; range, 4.6–
20.2 years; 8 [47%] were female) and 22 matched healthy controls showed prevalence of SWI hypointense lesions in 41% of participants
with ataxia telangiectasia and 0% in controls (P¼ .001, Fisher exact test). Lesions were exclusively supratentorial and predominantly lobar.
Participants with ataxia telangiectasia with SWI hypointense lesions were older than those without (median age 5.2 years versus 9.3 years,
U¼ 10.5, P¼ .014). An exponential curve described the relationship between age and lesion number (R2¼ 0.67).

CONCLUSIONS: SWI hypointense lesions are common in children and young people with ataxia telangiectasia, accumulating from
12 years of age onward. In contrast to cerebellar-dominant neurodegeneration in ataxia telangiectasia, SWI hypointense lesions
were exclusively supratentorial. Further investigation is needed to establish the clinical relevance of these imaging-detected lesions.

ABBREVIATIONS: A-T ¼ ataxia telangiectasia; ATM ¼ ataxia-telangiectasia mutated; CATNAP ¼ Childhood A-T Neuroimaging Assessment Project; SWI ¼
susceptibility weighted imaging

Ataxia telangiectasia (A-T, Online Mendelian Inheritance in
Man, No. 208900) is an autosomal recessive multisystem dis-

order associated with cerebellar neurodegeneration, telangiectasia
(particularly conjunctival), immunodeficiency, pulmonary disease,
radiation sensitivity, and cancer predisposition.1 People with “classi-
cal” A-T have either no production of the ataxia-telangiectasia
mutated (ATM) protein or produce completely nonfunctioning
ATM protein. People who produce a significantly reduced amount
of functioning ATM have a milder variant of A-T.2

Cerebellar atrophy is the dominant neuroimaging finding in
A-T (reviewed in detail by Sahama et al3), but several case series
and individual case reports describe hypointense foci in the brain
parenchyma using SWI or T2WI. In a series of 10 adults with
A-T, 19–34 years of age, Lin et al4 observed hypointense foci
using SWI in 7 (70%) of the participants. These ranged from a
single hypointense focus in a 21-year-old through to “innumera-
ble” foci in individuals with 28 and 34 years of age. Wallis et al5

presented a series of 12 adults with A-T, 23–47 years of age, 4 of
whom had hypointense foci (solitary in 2, multiple in 2) in the
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brain parenchyma on T2WI. Further examples are provided by
Liu et al6 (27-year-old man with multiple hypointense foci on
SWI) and Ciemins and Horowitz7 (31-year-old woman with mul-
tiple hypointense foci on both T1- and T2WI).

To date, the prevalence, age distribution, and spatial distri-
bution of SWI hypointense foci in the brains of children with
A-T has not been investigated. To address this, we used data
from the Childhood A-T Neuroimaging Assessment Project
(CATNAP)8 to test the hypothesis that SWI hypointensities
accumulate during childhood in children and young people
with classical A-T.

MATERIALS AND METHODS
The data for this analysis are from the first and second phases of
CATNAP. In brief, the first phase of CATNAP involved the ac-
quisition of multiparametric MR imaging and neurologic data
from children and young people 6–18 years of age with A-T and
matched healthy controls. As described previously,8 participants
with A-T were recruited from the UK National Pediatric A-T
Clinic and were excluded if they had contraindication to MR
imaging, concurrent or previous cancer or cancer treatment, or
other non-A-T neurologic or neurosurgical conditions. Healthy
volunteers were recruited from local community groups and
excluded if they had contraindications to MR imaging or
any neurologic, neurosurgical, or other medical conditions.
Recruitment ran from January 2015 to September 2016. The
results of volumetric analysis and spectroscopy have been
reported.8 The second phase of CATNAP involved invitation of
previous participants for repeat multiparametric MR imaging on
the same scanner using an identical protocol after an interval of
2–4 years, and recruitment of new participants 3–6 years of age to
test the feasibility of the data acquisition in very young children.
Informed consent was obtained from participants who were 16–
18 years of age and from parents/guardians of participants under
the age of 16 years of age. The first and second phases of
CATNAP were approved by UK National Research Ethics
Service (references 14/EM/1175 and 18/SW/0078, respectively).

Image Acquisition and Analysis
All participants underwent MR imaging scanning on a 3D
Discovery MR750 (GE Healthcare) with a 32-channel head coil,
without sedation. In addition to standard pediatric MR imaging
preparation, younger participants were shown an animation to
prepare them for MR imaging9 and were able to watch video con-
tent during the scan on a monitor compatible with MR imaging.
The full MR imaging protocol is detailed in the Online
Supplemental Data. The results presented here relate to the axial
SWI acquisition performed using the T2* weighted angiography
susceptibility-based 3D multiecho gradient sequence (216 slices,
section thickness ¼ 1 mm with 0.5mm between slices,
FOV¼ 256 � 256, TR¼ 39.3ms, effective TE¼ 24.68ms, flip
angle¼ 15°, scan duration¼ 4:19 minutes).

Two experienced neuroradiologists (R.A.D., D.P.A.), who
were unaware of disease status, independently labeled all hypoin-
tensities manually on SWI according to the anatomic classifica-
tion specified in the Microbleed Anatomical Rating Scale10 using
the paintbrush drawing tool in ITK-SNAP software (http://www.

itksnap.org).11 After the independent review, any discrepancies
in lesion labeling were resolved through discussion leading to
consensus.

Statistical Analysis
Comparison of age distribution between the groups with A-T
and without A-T was performed using the independent sam-
ples Mann-Whitney U test. Prevalence of SWI hypointense
lesions (using the second scan for those with 2 scans) was
expressed as a percentage with 95% CI for each group, and
differences in prevalence of SWI hypointense lesions
between groups with A-T and without A-T were tested using
the Fisher exact test. Within the group with A-T, differences
in age distribution between those with and without SWI
hypointense lesions was determined using the independent
samples Mann-Whitney U test, using age at second scan for
those with 2 scans. Exact significance (2-tailed) was calcu-
lated, and the significance level was set at a, .05. We mod-
eled the relationship between age and observed number of
SWI hypointense lesions as an exponential function
y ¼ a � eb�x, where x is age, y is the observed number of
lesions, and a and b are unknown parameters. To find the
values of a and b that best fitted the data, we ran a trust-
region reflective optimization12,13 with a starting point of
a ¼ 0:01; b ¼ 0:5.

RESULTS
Twenty-two children and young people with A-T and 22 without
A-T underwent at least 1 SWI acquisition. Of these, 8 with A-T
and 13 without A-T had a second SWI scan. In total, 13 of the
SWI datasets (10 from the group with A-T and 3 from the group
without A-T group) were excluded from the analysis because of
significant participant motion artifacts. One scan where the
image quality was felt to be borderline showed a clear parenchy-
mal SWI hypointense lesion, and this scan was retained in the
analysis. The analyzed images were from 17 children and young
people with A-T (with median age at first scan of 12.4 years;
range, 4.6–20.2 years; 8 [47%] were female) and 22 without A-T
(median age at first scan was 13.0 years; range, 5.5–17.8 years; 11
[50%] were female). There was no group difference in age distri-
bution (U=188, exact P¼ .977). Analyzable second SWI scans
were available from 2 people in the group with A-T (interscan
intervals of 3.3 and 3.5 years) and from 10 in the group without
A-T (median interscan interval of 2.4 years, range, 2.3–3.5 years).
Of the 17 participants with A-T included in this report, 8 had no
ATM expression, 8 had ATM expression but no kinase activity,
and 1 had ATM expression with some residual kinase. No partici-
pant with A-T reported (or had parental/guardian report of) an
alternative cause for cerebral microbleeds, such as history of head
trauma, hypertension, or coagulopathy. Sixteen of the partici-
pants with A-T and 21 of the participants without A-T were
included in our previous publication relating to cerebellar volu-
metry, diffusion, and spectroscopy.8 Recruitment to CATNAP
and CATNAP-2 and the availability of acceptable-quality SWI
data are summarized in the flowchart (Online Supplemental
Data).
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SWI hypointense lesions were present in 7 of 17 participants
with A-T on at least 1 scan, giving a prevalence of 41% (95% CI,
22%–64%) (Fig 1). For the 7 participants with A-T who had SWI
hypointense lesions, the number of lesions ranged from 1 to 41
(median¼ 3) (Fig 2). Lesions ranged in size from 2mm (the
lower limit for inclusion) up to 4mm.10 No lesions were identi-
fied in any participants in the group without A-T, 0/22 (95% CI,
0%–18%). The prevalence of lesions differed significantly
between the groups with A-T and without A-T (P¼ .001, the
Fisher exact test). Anatomic distribution of SWI hypointense
lesions in the group with A-T is shown in the Table and Fig 3. No
SWI hypointense lesions were found in the cerebellum and brain
stem, and supratentorial lesions were overwhelmingly lobar
rather than deep. The SWI hypointense lesions were not clearly
visible on the T1-weighted fast-spoiled gradient-recalled images
(Fig 1, bottom row).

A significant age difference was identified between partici-
pants with A-T who did and did not have SWI hypointense
lesions (median age was 15.2 years [range, 12.4–20.2 years] versus

9.3 years [range, 4.6–17.6 years], respec-
tively, U=10.5, P¼ .014; Fig 4). No
lesions were identified in children with
A-T younger than 12 years of age. The 2
participants with A-T who had analyz-
able scans at 2 time points both showed
an increase in the number of lesions
between the first and second scans (Figs
2 and 5). The curve fitted for the num-
ber of SWI hypointense lesions against
age for the A-T group (Fig 2) had
R2¼ 0.67 and was described by the
equation:

number of lesions

¼ 0:00168 � e 0:4841� age

The 95% confidence limits for coeffi-
cient a are �0.00917 and 0.01252, and
for coefficient b are 0.1575 and 0.8106.

DISCUSSION
In our cohort of children and young
people with A-T, we identified a
prevalence of SWI hypointense
lesions of 41%. In comparison, no
such lesions were identified in any
participants of the well-matched con-
trol group. Furthermore, despite the
limited number of data points in the
group with A-T, we demonstrate a
clear relationship between the num-
ber of SWI hypointense lesions and
age across the group, as well as direct
evidence on new lesion accumulation
in the 2 participants with A-T who
had analyzable SWI at 2 time points.

Previous case reports and series have reported SWI hypoin-
tense lesions in adults with A-T, but the prevalence and natural
history of these lesions in children with A-T were not known.
Indeed, Lin et al4 state that in their clinical experience, SWI hypo-
intense lesions are absent in children with A-T; and that lesions
are acquired and only cross a threshold of detectability in early
adulthood. Our findings support the notion that lesions are
acquired in an age-related manner but counter the statement
relating to absence in childhood. It is possible that improvements
in acquisition of SWI since the time of that publication in 2014
allow us to visualize lesions more clearly.

The nature and significance of these imaging-detected
lesions remain uncertain. Histopathologic studies have dem-
onstrated the presence of a distinctive vascular abnormality
in people with A-T, referred to as “gliovascular nodules.”14

These consist of dilated capillary loops, often containing
fibrin thrombi, around which is perivascular hemorrhage
and hemosiderin deposition, with associated demyelination
and astrocytic gliosis, including atypical forms (some of

FIG 1. Upper row: Example of parenchymal SWI hypointense lesions in a participant with A-T
aged 17.8 years. Axial images showing 4 separate lesions (white arrows). A total of 23 similar
lesions (not all shown) were present on the imaged volume. Lower row: Corresponding axial
fast-spoiled gradient-recalled images showing that the lesions are not clearly visible on the T1-
weighted volumetric acquisition.
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which contain eosinophilic cytoplasmic inclusions) in the
adjacent parenchyma.15,16 It is likely that the focal hypoin-
tensities detected in our work and by previous studies are the
in vivo imaging correlation of these gliovascular nodules,
though direct correlation between imaging and histopathol-
ogy has not been performed to our knowledge. Notably,
pathologic studies show that the distribution of gliovascular
nodules is predominantly in the cerebral white matter, occa-
sionally in the basal ganglia and cerebral cortex, but not in
the cerebellum. This description of location matches closely
the distribution of lesions found in our data. The reason
for the observed distribution of lesions is not known, nor
why the posterior fossa appears to be spared. There may be
underlying factors related to vascular structure and/or

vascular expression of different mole-
cules or receptors, or there may be a
relationship to hemodynamic parame-
ters. Combined imaging, histopatho-
logic studies, and molecular studies
may help to clarify the underlying
causes of the formation and distribu-
tion of the lesions.

However, it is also possible that patho-
logic changes other than gliovascular nod-
ules could account for the imaging
appearances. A histopathologic case
report described hyalinization of cerebral
blood vessels associated with intimal and
adventitial hypertrophy in a patient with
advanced disease,17 indicating the pres-
ence of cerebrovascular degenerative
pathology that is separate from the
gliovascular nodules. However, the lim-
ited available reports do not suggest
that this cerebrovascular hyalinization
occurring with A-T is directly associ-
ated with localized microhemorrhage
or hemosiderin deposition detected by
SWI. Lin at al4 comment that CNS irra-
diation can cause similar appearances
on SWI because of the development of
radiation-induced cavernous hemangi-
omas, which may be a late sequela of
cancer treatment.18 This may be rele-
vant because A-T is associated with an
increased cellular sensitivity to ionizing
radiation19 and abnormal DNA damage

response. However, the histopathologic description of vascu-
lar changes seen in A-T do not closely overlap with those
described for radiation-induced cavernous hemangiomas,
which appear to show 2 distinct histologic patterns: those
resembling typical cerebral cavernous hemangiomas, and
those caused by radiation-induced fibrinoid vascular necrosis
and vascular leakage.20

It is currently unclear whether the presence of the hypointense
lesions on SWI in people with A-T confers an increased risk of
intracerebral hemorrhage. In other conditions with similar-
appearing lesions on SWI, such as cerebral amyloid angiopathy
and cerebral cavernous hemangiomas, the presence of lesions
indicates an increased macrohemorrhage risk.21,22 There are only
2 reports of macrohemorrhage in people with A-T,23,24 but the
relationship to any underlying SWI hypointensities has not been
explored.

In other regards, the relationship between presence or num-
ber of SWI hypointense lesions and other clinical or imaging
manifestations of A-T is also not known. Of particular interest is
the question of whether SWI hypointense lesions could have an
impact on cognitive function. Previous studies have identified
cognitive deficits in people with A-T, including in the domains of
language, processing speed, visuospatial processing, working
memory, attention, and abstract reasoning,25,26 which have been

FIG 2. Scatterplots showing relationship between age and number of lesions in people with
A-T (upper chart, blue) and people without A-T (lower chart, green). Dotted lines indicate pairs
of scans performed in the same individual. The curved blue line indicates the exponential
model fitted to the data, with the blue shaded area indicating the 95% confidence intervals.

Anatomic distribution of SWI hypointense lesions in the group
with A-T

Participants with A-T (n= 17)
Number of Subjects
with Lesions

Total Number
of Lesions

Lobar 6 (35%) 82
Deep Gray Matter 4 (24%) 7
Cerebellum 0 (0%) 0
Brain Stem 0 (0%) 0
All Sites 7 (41%) 89
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attributed to the cerebellar cognitive affective syndrome.27 Given
that other diseases associated with multifocal cerebral white mat-
ter lesions, such as multiple sclerosis28 and small-vessel disease,29

are associated with cognitive dysfunction, an impact of cerebral

SWI hypointense lesions on cognition
in people with A-T is possible. The small
number of participants with A-T show-
ing SWI hypointense lesions in our
dataset limits further exploration of the
relationship between the presence or
number of these lesions and other neu-
rologic, cognitive, or imaging metrics.
Ideally future, larger imaging studies in
A-T will include SWI acquisitions,
allowing the clinical relevance of these
lesions to be formally investigated.

This study is the largest reported se-
ries of SWI in childhood A-T, and has a
well-matched control group, but is still
limited by small sample size. There was
a high rate of data rejection in the group
with A-T (one-third of the SWI data-
sets), because of excessive participant
motion rendering the image unreliable
for analysis, which reduced the number

of longitudinal SWI datasets in the group with A-T from 8 to 2.
We used careful participant preparation and carefully im-
mobilized the participant’s head in the head coil using in-
flatable pads. However, A-T is a movement disorder and
those affected are prone to involuntary movements. In addi-
tion, the SWI acquisition was toward the end of a multise-
quence research MR imaging protocol, which is likely to
have affected tolerance and led to restlessness. We have
taken steps to reduce observer bias during the identification
of SWI hypointense lesions, which was performed inde-
pendently by 2 experienced neuroradiologists who were not
aware of the disease status. However, people with A-T typi-
cally have overt cerebellar atrophy that would have been
visible on the SWI datasets during the labeling of SWI hypo-
intense lesions and it is possible that the reviewing neurora-
diologists may have unintentionally recognized that a scan
was from a participant with A-T.

CONCLUSIONS
This work demonstrates that SWI hypointense lesions are pres-
ent in children and young people with A-T with a prevalence
of 41% and accumulation is shown across the childhood age
range. No lesions were seen in children younger than 12 years
of age. Furthermore, in our cohort, lesions were exclusively
supratentorial in an overwhelmingly lobar distribution,
which is notable because the burden of neurodegeneration in
people with A-T occurs in the cerebellum.3 Further investiga-
tion is needed to elucidate the nature and relevance of these
imaging-detected lesions.
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ORIGINAL RESEARCH
PEDIATRICS

Ganglionic Eminence Anomalies and Coexisting Cerebral
Developmental Anomalies on Fetal MR Imaging:

Multicenter-Based Review of 60 Cases
M. Scarabello, A. Righini, M. Severino, L. Pinelli, C. Parazzini, E. Scola, G. Palumbo, M. Di Maurizio, I. D’Errico,

A. Rossi, F. Triulzi, and P.D. Griffiths

ABSTRACT

BACKGROUND AND PURPOSE: The ganglionic eminences are transient fetal brain structures that produce a range of neuron types.
Ganglionic eminence anomalies have been recognized on fetal MR imaging and anecdotally found in association with a number of
neurodevelopmental anomalies. The aim of this exploratory study was to describe and analyze the associations between ganglionic
eminence anomalies and coexisting neurodevelopmental anomalies.

MATERIALS AND METHODS: This retrospective study includes cases of ganglionic eminence anomalies diagnosed on fetal MR imag-
ing during a 20-year period from 7 centers in Italy and England. Inclusion criteria were cavitation or increased volume of ganglionic
eminences on fetal MR imaging. The studies were analyzed for associated cerebral developmental anomalies: abnormal head size
and ventriculomegaly, reduced opercularization or gyration, and abnormal transient layering of the developing brain mantle. The
results were analyzed using x 2 and Fisher exact tests.

RESULTS: Sixty fetuses met the inclusion criteria (21 females, 24 males, 15 sex unknown). Thirty-four had ganglionic eminence cavita-
tions (29 bilateral and 5 unilateral), and 26 had increased volume of the ganglionic eminences (19 bilateral, 7 unilateral). Bilateral gan-
glionic eminence cavitations were associated with microcephaly (P¼ .01), reduced opercularization, (P, .001), reduced gyration
(P, .001), and cerebellar anomalies (P¼ .01). Unilateral ganglionic eminence cavitations were not significantly associated with any
particular feature. Bilateral increased volume of the ganglionic eminences showed an association with macrocephaly (P¼ .03).
Unilateral increased volume was associated with macrocephaly (P¼ .002), abnormal transient layering (P¼ .001), unilateral polymicro-
gyria (P¼ .001), and hemimegalencephaly (P, .001).

CONCLUSIONS: Ganglionic eminence anomalies are associated with specific neurodevelopmental anomalies with ganglionic emi-
nence cavitations and increased ganglionic eminence volume apparently having different associated abnormalities.

ABBREVIATIONS: GA ¼ gestational age; GE ¼ ganglionic eminence

The ganglionic eminences (GEs) develop in the ventral telen-
cephalon, adjacent to the lateral ventricles during embryonic

and early fetal life1 and are important proliferative zones that

produce a wide variety of projection neurons and interneurons.

Most important, they produce the cortical GABAergic interneur-

ons that migrate tangentially to the neocortex.2,3 Recent studies

have shown the complexity of the proliferative and migratory

pathways from the GE, and some of the possible consequences of

derangement in those processes include epilepsy, autism, and

schizophrenia.4-8 The human GE is visible on fetal MR imaging

both ex vivo9 and in vivo, and recent case series by Righini et

al10,11 have shown that GE anomalies can be shown during the

late second and third trimesters.
Most GE anomalies fall into 2 broad categories: cavitations in

the GE and increased volume of the GE; a range of associated

structural brain anomalies have been described. The purpose of

this exploratory study was to investigate the association between

GE anomalies and coexisting cerebral developmental abnormal-
ities in a large series.
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MATERIALS AND METHODS
Case Selection
GE anomalies detected by fetal MR imaging are rare, so it was nec-
essary to pool cases from a number of sources: 1) thirteen cases
previously reported by Righini et al;10,11 2) twenty-one cases
reported in a publication describing cortical formation anomalies
from our collaborating network;12 and 3) twenty-six unpublished
cases from our network identified after 2018. Appropriate ethics
approval was obtained separately from the 6 centers in Italy and 1
in England. Specifically, if the fetal MR imaging study was per-
formed for research purposes, informed consent from the woman
was obtained before theMR imaging study, alternatively, if the fetal
MR imaging was performed as a clinical examination, written con-
sent was obtained from the woman retrospectively for use of the
imaging data for the retrospective analysis. The MR imaging
examinations were performed for either clinical or research pur-
poses after expert sonographic evaluation with written informed
consent from each woman in cases performed for research pur-
poses. Cases with necrosis and/or hemorrhage in the GE (ie,
increased T1-weighted signal/decreased T2*-weighted signal at
echo-planar b ¼ 0 images) or with evidence of associated acquired
brain injury were not included because the aim of the study was to
investigate associated developmental brain abnormalities, not gen-
eralized brain injury such as infection or hemorrhage.

MR Imaging Acquisition and Assessment
MR imaging protocols were not standardized across the centers
due to the retrospective nature of the study and different MR
imaging scanners at the sites, however, all studies were performed
at 1.5T using abdominal or cardiac phased array coils. Each study
included single-shot fast spin-echo T2-weighted sequences in 3
orthogonal planes (TE, between 80 and 180ms; section thickness,
between 3 and 4mm; in-plane resolution, between 1.1 and 1.3
mm2) and axial T1-weighted sequences (FSE or gradient recalled-
echo, 4- to 5-mm section thickness). All cases were consensus-
reviewed by 3 senior pediatric neuroradiologists (A.R., C.P.,
P.D.G.), each with .15 years’ experience in fetal MR imaging.
The presence of GE unilateral or bilateral cavitations or enlarge-
ment was recorded, along with details of any associated deve-
lopmental brain anomalies (Online Supplemental Data). A cavi-
tation in the GE region was defined as a small, well-demarcated
ovoid or crescentic structure with CSF signal, lying between the
GE and the adjacent parenchyma. Enlargement of the GE region
was defined subjectively after a qualitative analysis on 3-plane
images, taking into account a pool of cases with normal findings
as a reference. The 2 main centers (1 in Italy and 1 in England)
provided .70% of the collected cases and had access to a pool of
fetal MR studies with normal findings ranging from 17 to 37
weeks’ gestational age (GA) (110 in Italy and 200 in England),
which were used as reference cases. From those cases, we believe
that the GE is visible between 17 and 30 weeks’ GA, though its
prominence reduces with increasing maturity and is barely visible
after the 30th week.

Head size was categorized on the basis of GA-matched reference
centiles:13 microcephaly less than the third centile, normal size
between the third and 97th centiles, and macrocephaly.97th cen-
tile. Other anomalies such as ventriculomegaly (mild, 10–12mm;

moderate-severe, .12mm), agenesis or hypogenesis of corpus cal-
losum, reduced opercularization, reduced gyration, cerebellar
anomalies or hypoplasia, brain stem anomalies, abnormal transient
layering of the developing brain mantle, unilateral or bilateral poly-
microgyria, and hemimegalencephaly were recorded and included
in the analysis.

Statistical Analysis
All variables are reported as median (interquartile range) unless
stated otherwise. x 2 and Fisher exact tests were performed to
assess the differences between the expected and observed fre-
quencies of the associated cerebral developmental anomalies in
fetuses with different types of GE anomalies. The Fisher exact test
was selected over the x 2 test when the expected count in any cell
of a 2 � 2 table was ,5. A P value # .05 was statistically signifi-
cant. Statistical analysis was performed with SPSS statistical and
computing software, Version 20 (IBM).

RESULTS
Sixty fetuses met the inclusion criteria (21 females, 24 males, and
15 sex not known; Online Supplemental Data). The average GA
at MR imaging was 23.08 [SD, 3.5]weeks (range, 17–33weeks).
Thirty-four of 60 (57%) fetuses had GE cavitations (29 bilateral, 5
unilateral), and 26/60 (43%) had increased GE volume (19 bilat-
eral, 7 unilateral). Figure 1 shows the type and frequencies of the
associated brain anomalies.

Bilateral cavitations of the GE were associated with microce-
phaly (P¼ .01), cerebellar anomalies (P¼ .01), reduced operculari-
zation (P¼ .001), and reduced gyration (P, .001). Unilateral
cavitations of the GE did not show any positive, specific association
with head size, while the negative correlation of the absence of
reduced opercularization was significant (P¼ .01). Bilateral
increased volume of the GE showed an association with macroce-
phaly (P¼ .03). Unilateral increased volume of the GE was associ-
ated with macrocephaly (P¼ .002), abnormal transient layering
(P¼ .001), unilateral polymicrogyria (P¼ .001), hemimegalence-
phaly (P, .001), and significant absence of the following: agenesis
or severe hypogenesis of the corpus callosum (P¼ .03), and cerebel-
lar anomalies (P¼ .02).

DISCUSSION
GE abnormalities are a very rare finding on fetal MR imaging stud-
ies as highlighted by our ability to locate only 60 cases from 7 cen-
ters performing high numbers of fetal MR imaging studies during
a 20-year period. Despite the rarity of a GE, the collaboration
among the recruiting centers allowed sufficient numbers of cases
of GE anomalies to uncover statistically significant associations
between types of GE abnormalities and coexisting developmental
brain abnormalities. Our categorization of GE abnormalities used
a straightforward anatomic approach, describing either cavitations
or increased size of the GE. We acknowledge, however, that there
are problems in making subjective assessments of the size of struc-
tures such as the GE, whose borders may be somewhat indistinct.
We also recognize the possibility that the GE can have reduced
size, which could be associated with brain abnormalities. This arti-
cle has not covered that subject, but it may be relevant for condi-
tions such as primary microcephaly/microencephaly.
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Within those limitations, we found that GE cavitations occur
slightly more frequently than the increased size of the GE (34/60
versus 26/60), and each category of GE anomalies appears to be
preferentially associated with specific types of brain abnormal-
ities. When GE cavitations are present, they are much more likely
to be bilateral rather than unilateral (29/36 versus 5/36). Bilateral
GE cavitations were the most prevalent abnormality in our cohort
and were most frequently associated with abnormalities of brain
development, in the spectrum of microlissencephalies and cere-
bellar anomalies (Fig 2). The association between GE cavitations
and cerebellar anomalies, albeit significant, is not readily explain-
able, but it is well-known that posterior fossa structures may be
aberrant in microlissencephaly.

As reported previously,10,11 the bilateral, symmetric inverted
C-shaped morphology of GE cavitations with a clear margin
from the adjacent basal ganglia and the absence of high signal on
T1-weighted images are highly associated with brain malforma-
tion. Familial recurrence of these cases has been reported10,11,14

and further supports the argument. Reduction in head size and
delayed opercularization and gyration were also found to be asso-
ciated with bilateral GE cavitations in our cohort. This associa-
tion may be explained by disruption of normal cell proliferation
and migration in and from the GE, mediated by a genetic

mutation in one of the many genes involved in GE neurogenesis.7

At present, however, no pathophysiologic explanation has been
demonstrated in human subjects, but it is likely that numerous
genetic mutations will be discovered in the future. Five of 60
fetuses showed unilateral cavitation of the GE (Fig 3 and Online
Supplemental Data): In this subgroup, there were no demonstra-
ble positive associations with other developmental brain anoma-
lies. Given the small number, this finding should be interpreted
cautiously.

Nineteen of 60 fetuses had bilateral increased volume of GEs
(Fig 4 and Online Supplemental Data), and we showed an associ-
ation only with macrocephaly. This finding leads, however, to a
hypothesis about an underlying mechanism involving excessive
and abnormal neuroblast proliferation and migration. The overall
lack of other associations suggests that the finding is not specific
for a pathophysiologic process but can be found in a wide array
of neurodevelopmental abnormalities, encompassing macroce-
phaly, opercularization and gyration anomalies, and cerebellar
anomalies. It seems intuitive that in cases of a generalized brain
size increase (ie, brain gigantism associated with a mammalian
target of rapamycin kinase [MTOR] gene mutation), the GE vol-
ume may be concordantly enlarged as well (Fig 4 and Online
Supplemental Data). The opposite condition is more difficult to

FIG 1. Plots of the frequency of the associated brain anomalies for each of the 4 categories of GE anomaly reported. Asterisk indicates P,.05;
double asterisks, P# .001; section sign, a significant negative association. PMG indicates polymicrogyria; CC, corpus callosum.
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explain, ie, when enlarged GEs are found in fetuses with small
heads (present in 3 of our cases with bilateral and 1 with unilat-
eral GE enlargement). Previous reports have linked the enlarge-
ment of the GE to reduced opercularization15 and Tubulin gene
mutation–related lissencephaly (tubulin alpha 1a [TUBA1A]
gene defect).16,17 As previously suggested,10 one of the hypothetic
causes of an enlarged GE could be an excessive accumulation of
neuroblasts in the GE due to a delay/arrest of the migration to
the cortical destination or delay in the physiologic involution
of the GE itself during neurogenesis. The animal model of the
aristaless related homeobox (ARX) gene mutation,18 which is
characterized by microlissencephaly and an enlarged GE during
the fetal period, could support, at least in part, this hypothesis. A
recently reported human fetal case with the ARX gene mutation
and showing clear GE enlargement supports this view.19 Given
the different morphologic features of the developing brain with
bilateral increased volume of the GE, multiple pathophysiologic
mechanisms are likely at play and specific genetic mutations are
required to classify specific associated malformations, as also
reported by Amir et al.20

Seven of 60 patients were found to have a unilateral increased
volume of the GE (Fig 5), and 5 of those fetuses had hemimega-
lencephaly. We found a statistically significant association
between unilateral enlargement of the GE and macrocephaly,
abnormal transient layering, and unilateral polymicrogyria, but
these are explained by the large number of cases with hemimega-
lencephaly in this subgroup. The explanation for the association
between GE enlargements concordant with ipsilateral cerebral
hemisphere enlargement is intuitive. Unilateral GE enlargement
was also associated with the significant negative correlation of the
absence of agenesis or hypogenesis of corpus callosum, reduced
opercularization, and reduced gyration. All of these associations
can be explained by the high prevalence of hemimegalencephaly
and the characteristic MR imaging findings of this entity.21 The 2
cases without hemimegalencephaly had normal brain size and
showed no other neurodevelopmental abnormalities. It is likely

FIG 2. A, Coronal single-shot [SS]-FSE T2-weighted section of a 20
weeks’ GA fetus shows bilateral cavitation of the GE (arrows). B, A
GA-matched control. C and D, Coronal and axial SS-FSE T2-weighted
sections of a 21 weeks’ GA fetus showing bilateral cavitation of the
GE regions (arrows). The fetus had microcephaly (less than the third
centile), reduced opercularization and gyration (ie, parieto-occipital
sulcus), brain stem and cerebellar anomalies (not shown), and agenesis
of corpus callosum. E and F, A GA-matched control.

FIG 3. A and B, Coronal and axial single-shot [SS]-FSE T2-weighted
sections of a 21 weeks’ GA fetus show unilateral cavitation of the
GE (arrows). Brain size was normal, and no associated anomalies
were found. C and D, Coronal and axial SS-FSE T2-weighted sec-
tions of another 21 weeks’ GA fetus show unilateral cavitation of
the GE (arrows). Head size was normal, but an ipsilateral temporal-
occipital large polymicrogyric area was found. E and F, A GA-matched
control.
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that these cases belong to a different pathophysiologic entity with
a less severe phenotype and probably a rarer occurrence or, con-
versely, are more difficult to detect at prenatal screening.

We elected not to correct for multiple tests (using, for exam-
ple, the Bonferroni correction) because our study was not specifi-
cally hypothesis-directed, rather, it was an exploratory study with
the view that future studies would use our current data to per-
form prospective, formally powered studies. Correction for mul-
tiple tests was not performed, to maximize the chance of finding
possible associations in this exploratory study and hence mini-
mizing the risk of false-negatives when correcting P values for
multiple comparisons. We accept, however, that this approach
will lead to an increased risk of type I errors.

Only 19/60 cases did not have any form of ventriculomegaly;
this finding should be taken into account because prenatal sono-
graphic detection of ventriculomegaly is one of the leading find-
ings prompting MR imaging investigation. Thus, in our cohort,
the real proportion of cases with GE anomalies but without ven-
triculomegaly might have been underestimated.

Our work suggests that GE abnormalities are central to a range
of neurodevelopmental abnormalities that encompass abnormal
neuroblast proliferation-differentiation and migration processes,
which often lead to generalized or local abnormal neuronal organi-

zation. We recognize, however, that we
have reported several associations that
are not readily explainable with known
etiologic and pathophysiologic data.
For example, unilateral cavitations of
the GE region were not specifically
associated with a prevalent anomaly,
hinting at a “milder” phenotype whose
pathophysiology and prognosis could
be very different from those in the
fetuses with bilateral GE cavitations. Of
note, all 5 fetuses with unilateral cavita-
tion had normal head size.

Clinical follow-up studies and the
results of genetic analysis are required
in this field of work and will make an
invaluable contribution to the defini-
tion of possible subgroups, which will
allow improved counseling of preg-
nant women whose fetuses have GE
abnormalities.

CONCLUSIONS
This study expands on the understand-
ing of GE anomalies in the fetus and
provides statistically validated insights
into the associated neurodevelopmen-
tal anomalies. We cannot currently
provide a specific etiologic/genetic clas-
sification of the GE and associated
anomalies, but we believe that our data
strengthen the current understanding
and build a valid framework for future
studies.

FIG 4. A and B, Coronal and sagittal single-shot-FSE T2-weighted sec-
tions of a 33 weeks’ GA fetus show bilateral increased volume/abnor-
mal persistence of the GE (arrows). Macrocephaly (.97th centile)
and mild ventriculomegaly (,12mm) are also noted. An activating
mutation of MTOR gene was identified. C and D, A GA-matched
control.

FIG 5. A and B, Coronal and axial single-shot [SS]-FSE T2-weighted sections of a 21 weeks’ GA fe-
tus show unilateral increased volume of the GE (arrows) with homolateral hemimegalencephaly.
C and D, Sagittal and axial SS-FSE T2-weighted sections of another 21 weeks’ GA fetus showing
unilateral increased volume of the GE (arrows). Associated anomalies were early-stage unilateral
polymicrogyria and hemimegalencephaly. In both cases, the normal brain mantle layering for age
was deranged in the enlarged hemisphere. E–G, A GA-matched control.
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ORIGINAL RESEARCH
PEDIATRICS

Anatomic Variation of the Superficial Temporal Artery
and Posterior Auricular Artery in a Pediatric

Moyamoya Disease Population
S. Lee, S.-K. Kim, and J.H. Phi

ABSTRACT

BACKGROUND AND PURPOSE: In certain cases of pediatric patients with Moyamoya disease undergoing encephaloduroarteriosy-
nangiosis (EDAS) treatment, the posterior auricular artery can be used as an alternative when the parietal branch of the superficial
temporal artery is unavailable. In this study, anatomic variations of the superficial temporal and posterior auricular arteries in pedi-
atric patients with Moyamoya disease and postoperative outcomes of posterior auricular artery-EDAS are explored.

MATERIALS AND METHODS: Medical records of 572 patients with Moyamoya disease who underwent surgical procedures from
2007 to 2017 at the Seoul National University Children’s Hospital were reviewed. Anatomic classifications of the superficial temporal
and posterior auricular arteries were based on previous classifications. Postoperative hemodynamic changes of posterior auricular
artery-EDAS were analyzed using the Matsushima grade. Also, Karnofsky Performance Scale and mRS scores of posterior auricular
artery-EDAS cases were reviewed to identify postoperative clinical outcomes.

RESULTS: Among 1144 hemispheres, 24 were considered posterior auricular artery-EDAS candidates (2.1%). Of those, 10 hemispheres
underwent posterior auricular artery-EDAS (41.7%, in total hemispheres 0.9%). Comparing the Matsushima grades of the superficial tempo-
ral artery-EDAS and posterior auricular artery-EDAS groups showed similar postoperative revascularization. Postoperative Karnofsky
Performance Scale and mRS scores of patients having undergone posterior auricular artery-EDAS did not show deterioration.

CONCLUSIONS: In approximately 2% of pediatric patients with Moyamoya disease for whom the superficial temporal artery is unavail-
able as the EDAS donor, the posterior auricular artery can be considered an alternative. On the basis of the results, the clinical outcome
of posterior auricular artery-EDAS was not inferior to that of superficial temporal artery-EDAS. Hence, we suggest an in-depth considera-
tion of the posterior auricular artery as the donor artery if the superficial temporal artery parietal branch is unavailable.

ABBREVIATIONS: EDAS ¼ encephaloduroarteriosynangiosis; EGS ¼ encephalogaleosynangiosis; MMD ¼ Moyamoya disease; PAA ¼ posterior auricular
artery; STA ¼ superficial temporal artery

Moyamoya disease (MMD) is one of the most common pedi-
atric cerebrovascular diseases in East Asia, characterized by

slowly progressive occlusion of the internal carotid arteries or
their branches. Such progression causes the development of
extensive collateral vessels known as Moyamoya vessels at the
base of the brain.1,2

Among various symptoms, repeated TIAs are most prevalent
in pediatric patients.3 To increase the blood supply in MMD,
direct or indirect bypass surgery is performed to enhance collat-
eral revascularizations to the ischemic areas of the brain.
Traditionally, due to technical difficulties involving the small size
of donor and recipient vessels, indirect extracranial-intracranial
bypass has been favored for pediatric patients with MMD.4-8

Among various indirect bypass techniques, encephaloduroarterio-
synangiosis (EDAS) is commonly performed to increase the blood
supply to the MCA territory. Here, the parietal branch of the su-
perficial temporal artery (STA) is commonly used as the donor ar-
tery, given its proximity to the motor cortex. However, the
parietal branch of the STA is sometimes unavailable, as with a pre-
viously used STA parietal branch and hypoplasia, absence, or an-
terior positioning of the STA parietal branch. Then, the posterior
auricular artery (PAA) with the appropriate anatomic criteria met
could be used as an alternative.
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There are several reports in the literature of successful use of
the PAA as an alternative.9–12 Yet, no research has been con-
ducted on PAA use as an indirect bypass alternative, especially in
pediatric patients. Also, there has been no thorough investigation
of STA and PAA anatomic variations on a large number of pedi-
atric patients with MMD.

In this article, we investigate the anatomic variations of both
the STA and PAA in pediatric patients with MMD and examine
the STA and PAA anatomic variation combinations that are con-
sidered adequate for performing PAA-EDAS. Additionally, post-
operative clinical outcomes and the degree of postoperative
revascularization of STA-EDAS and PAA-EDAS are compared.

MATERIALS AND METHODS
From January 1, 2007, to December 31, 2017, we surgically treated
600 patients with MMD. Of those, 572 patients with MMD were
enrolled in this study after using the following exclusion criteria:
12 patients with Moyamoya syndrome and 16 with insufficient
electronic medical record data or radiologic records. To classify the
STA, we initially considered adopting the STA classification coined
by Marano et al.13 However, due to excessive subgroups and com-
plexity, as illustrated in Fig 1, we opted for the classification by

Medved et al14 without class E which illustrates an additional supe-
rior auricular artery, which is not crucial to surgical planning.

Likewise, we adopted the PAA classification coined by
Tokugawa et al15 with some modifications. The alphabetic classi-
fication was changed to numeric for easier distinction between
STA and PAA classes, as well as the anteriority and posteriority
of classes 3 and 4 as illustrated in Fig 2.

To evaluate the postoperative technical outcomes of PAA-
EDAS and STA-EDAS, we compared the degree of revasculariza-
tion on follow-up transfemoral cerebral angiography between the
PAA-EDAS and STA-EDAS groups based on the Matsushima
grade: Grade A denotes revascularization of more than two-thirds
of the MCA territory, grade B denotes revascularization of between
one- and two-thirds of the MCA territory, and grade C denotes re-
vascularization of a slight amount or none of the territory.16 Twice
as many patients having undergone STA-EDAS (n ¼ 20) as those
in the PAA-EDAS group (n ¼ 10) were selected for the same age-

FIG 1. STA classification. Class A corresponds to classic STA anatomy
with a single frontal and parietal branch. Classes B1, B2, and B3 illus-
trate additional frontal, parietal, or both branches, respectively. Class
C1, C2, and C3 illustrate hypoplasia of the parietal, frontal, or both
branches, respectively. Class D1 and D2 illustrate aplasia of the parietal
and frontal branches, respectively.

FIG 2. PAA classification. The thin solid line indicates the vertex; the
dashed vertical line indicates the external auditory canal midline; and
the thick solid line indicates the helix. Class 1 illustrates PAA terminat-
ing below the helix, class 2 illustrates the PAA terminating at the helix,
class 3 illustrates the PAA terminating between the helix and the ver-
tex, and class 4 illustrates the PAA terminating at the vertex. For
classes 3 and 4, if the PAA advances anteriorly passing the vertical
line, the class is annotated with “a” for anteriority and, if not, “p” for
posteriority.
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sex-orientation follow-up period. Given the lack of follow-up trans-
femoral cerebral angiography in 3 patients having undergone PAA-
EDAS and the failed matching of 1 patient having undergone PAA-
EDAS, angiography for a total of 6 patients having undergone
PAA-EDAS and 12 having undergone STA-EDAS was reviewed.
On the basis of 1-year postoperative medical records, the functional
status of the patients was assessed using the following 3 assess-
ments: the clinical outcome grading system and the Karnofsky
Performance Scale and mRS scoring methods.1,17,18 This study pro-
tocol was approved by the institutional review board (No. H-1806–
116-952).

RESULTS
Table 1 depicts the enrolled patients’ demographics; 572 subjects
comprised 255 male (44.6%) and 317 female (55.4%) patients.
The median age of first diagnosis was 8 years (range, 9months to
18 years). Of the 572 patients, 112 patients (19.6%) were initially
found to have unilateral MMD, with 58 patients (51.8%) being
right-sided and 54 patients (48.2%) being left-sided. The average
follow-up period was 6.1 years.

As described in Table 2, the most abundant STA class was A
(380 hemispheres, 33.2%), 33 hemispheres (2.8%) were class C1,
and 19 hemispheres (1.7%) were class D1. For the PAA, the most

abundant was class 1 with 563 hemispheres (49.2%), 18 hemi-
spheres (1.6%) were class 4a, and 162 hemispheres (14.2%) were
class 3a.

STA classes A, B, C2, and D2 were considered adequate for per-
forming STA-EDAS. A total of 1066 of 1144 hemispheres (93.2%)
had adequate STAs. On the other hand, C1, C3, and D1 were con-
sidered inadequate STAs due to the absence or hypoplasia of the
parietal branch. A total of 78 hemispheres (6.8%) showed inad-
equate STAs. Among 78 hemispheres with inadequate STAs, a total
of 24 hemispheres derived from 23 patients had STA-PAA combi-
nations of D11 4a, D11 3a, C11 4a, and C11 3a, which were
considered PAA-EDAS candidates (Fig 3) with 1 patient having
bilateral PAA-EDAS candidacy. C31 3a and C31 4a were omitted
as PAA-EDAS candidates because such combinations were not
observed in our patients. Among these cases, PAA-EDAS was per-
formed on 10 hemispheres (9 total patients). Three cases with 3a
showed PAA terminating over the 50%mark between the helix and
vertex (54%, 67%, and 73% for the 3 cases), which was considered
adequate for performing PAA-EDAS. The operative cases are listed
in the Online Supplemental Data.

For the remaining 14 hemispheres, 4 cases were unilateral
MMD, in which the normal side contained STA and PAA config-
urations of a PAA-EDAS candidacy, and 4 cases were operated as
encephalogaleosynangiosis (EGS) due to surgeon’s preference.
Three cases showed the combination of C11 4a in which 1 case
had an additional frontal branch that advanced close to the hypo-
plastic parietal branch, allowing the surgeon to use the frontal
branch. For the other 2 cases, a hypoplastic parietal branch was
used for STA-EDAS due to surgeon’s preference. For the remain-
ing 3 cases that showed a C11 3a configuration, the proportion
of the PAA termination points between the helix and vertex was
below the 50% mark (28%, 17%, and 42% for the 3 cases); hence,
the STA parietal branch was used despite being hypoplastic.

Table 1: Demographics of 572 patients
Demographics Value

Sex (n¼ 572)
Male 255 (44.6%)
Female 317 (55.4%)
Age of diagnosis (yr)
Younger than 3 55 (9.7%)
3�7 230 (40.2%)
8�11 188 (32.8%)
12�14 73 (12.7%)
15�18 26 (4.5%)

Unilateral (n¼ 112)
Right 58 (51.8%)
Left 54 (48.2%)
Average follow-up period (yr) 6.1

Table 2: Distribution of STA and PAA
Distribution No. (%)
STA
A 380 (33.2%)
B1 254 (22.2%)
B2 139 (12.2%)
B3 250 (21.8%)
C1 33 (2.8%)
C2 26 (2.3%)
C3 26 (2.3%)
D1 19 (1.7%)
D2 17 (1.5%)
Total 1144 (100%)
PAA
1 563 (49.2%)
2 127 (11.1%)
3a 162 (14.2%)
3p 267 (23.3%)
4a 18 (1.6%)
4p 8 (0.6%)
Total 1144 (100%)

FIG 3. PAA-EDAS candidates.
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For postoperative clinical outcomes, 8 of 9 patients had
Karnofsky Performance Scale scores of 100 and mRS¼ 0, while 1
had a Karnofsky Performance Scale score of 80 with mRS ¼ 2,
which was due to an initial preoperative infarction on the left
MCA territory. In addition, 6 of 9 patients had excellent clinical
outcome, 1 had good clinical outcome, and 2 had fair clinical
outcomes.

When we compared the Matsushima grade on follow-up
transfemoral cerebral angiography between the PAA-EDAS and
STA-EDAS groups, 50% (3 of 6) of the PAA-EDAS and 33% (4
of 12) of the STA-EDAS groups had grade A, 33% (2 of 6) of the
PAA-EDAS and 50% (6 of 12) of the STA-EDAS groups had
grade B, and 17% (1 of 6) of PAA-EDAS and 17% (2 of 12) of
STA-EDAS groups had grade C. Postoperative angiography of il-
lustrative PAA-EDAS cases is presented in Fig 4.

DISCUSSION
Various studies regarding the anatomic variations of STA have
been reported in previous literature. One of the earliest investiga-
tions was conducted by Marano et al,13 who classified 10 STA
variations based on 50 consecutive human postmortem speci-
mens. Thereafter, Medved et al14 reported 11 STA variations
using a more advanced radiologic technology of digital subtrac-
tion angiography on 93 individuals. Regarding ethnic STA varia-
tions, Chen et al19 reported differences between East Asians and
whites by comparing the location of STA bifurcation. Kim et al20

explored STA variations in the Korean adult population using 3D
CT angiography, concluding that the STA of Koreans is similar
to that of the Chinese, while smaller in diameter compared with
that of the Western population. However, a thorough investiga-
tion of STA variations in the pediatric population has not been
illustrated in the literature. When we compared the results with
that of Medved et al,14 our data also showed that class A (33.2%)
was one of the abundant types. However, the proportions of
classes B (56.2%), C (7.4%), and D (3.2%) were radically different
because Medved et al reported a lower rate of class B (8.6%) and
higher proportions of classes C (22.6%) and D (10.8%). These
findings may be due to the patients with MMD developing vault
Moyamoya collaterals, which could have caused additional for-
mation of frontal and parietal branches.

PAA is well-recognized in plastic and reconstructive surgery
for its frequent use in pedicled flaps.21 However, limited studies
have been conducted on its neurosurgical use. Although in 2015,
Tokugawa et al15 coined a novel classification of PAA variations
based on the angiographic appearance of 424 subjects, the PAA
variation is yet to be discussed for children. On the basis of our
study on pediatric patients, classes 3 and 4, the 2 viable candidates
for PAA-EDAS, were at 37.5% and 2.2%, respectively. These
results were similar to the adult data from Tokugawa et al, which
reported classes 3 and 4 to be 48.8% and 1.2%, respectively.
However, Germans et al10 and Pinar et al,22 respectively, reported
5.7% and 33% of dominant PAAs reaching up to the parietotem-
poral area in the adult population. This wide discrepancy may be
due to ethnic differences, but the dominant PAA described by
Germans et al and Pinar et al included classes 3 and 4 combined,
which could yield results similar to that of our data when
adjusted for the classification suggested by Tokugawa et al. On
the basis of the results, we believe that adults and children do not
differ in the formation of PAA.

To treat MMD, establishment of sufficient revascularization to
the ischemic brain tissue is essential, especially in developing
brains. Classically, the STA parietal branch has been used for MCA
territory revascularization. Recent studies, however, have reported
the potential use of the PAA for MCA territory revascularization
in certain cases in which the STA is unfit to be a donor. To use the
PAA as a donor, Germans et al10 mentioned that the PAA must
extend to the temporoparietal area with a diameter of at least
1mm. Similarly, Tokugawa et al reported that an adequate PAA
must have a diameter of .1mm with a length .70mm from the
superior margin of the zygomatic arch. Although both studies
briefly mentioned the association of STA and PAA anatomic varia-
tions, a close analysis of STA and PAA variants has not been con-
ducted. Hence, by implementing anterior advancement of the
PAA through modification of the classification suggested by
Tokugawa et al and combining such variants of PAA with certain
STAs, we devised 4 combinations of STA and PAA variants that
could be considered potential PAA-EDAS candidates. The PAA di-
ameter was not considered in this study because subjects under-
went indirect revascularization via EDAS. In addition, C3 (both
hypoplastic frontal and parietal STA branches) was omitted as a
viable candidate of PAA-EDAS because none of the cases had
STA-PAA combination of C31 3a or C31 4a. This could be
because despite the frontal and parietal branches being consider-
ably narrower than the STA trunk, most parietal branches of C3
were suitable to be used as the donor. Unlike the hypoplasia of C1,
in which most blood flows toward the dominant frontal branch,
making the parietal branch truly hypoplastic, the hypoplastic parie-
tal branch of C3 seemed to deliver a sufficient amount of blood
flow, which is supported by the fact that the dominant PAA was
not formed in patients with STA class of C3.

A total of 24 hemispheres from 1144 (2.1%) were considered
PAA-EDAS candidates. Only 1 patient of 23 subjects had bilateral
STA and PAA variants adequate for consideration as a PAA-EDAS
candidate. Given the scarcity of intrapersonal bilateral PAA-EDAS
candidacy, the intrapersonal development of STA and PAA variants
seems mutually independent of each hemisphere. Of the 24 hemi-
spheres, 10 underwent PAA-EDAS (41.7%). We believe that the

FIG 4. Representative illustrations of late arterial phase external ca-
rotid artery angiography with postoperative collateral formation after
PAA-EDAS. A, Right PAA-EDAS case of 1.7-year-old boy representing
Matsushima grade A. B, Right PAA-EDAS case of 8-year-old boy repre-
senting Matsushima grade B.
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proportion of PAA-EDAS could have been increased if adequate
combinations of STA and PAA were located in the ipsilateral
hemisphere of the patients with unilateral MMD because 4 cases of
unilateral MMD had STA-PAA combination patterns on the nor-
mal hemisphere. Additionally, 4 of the 24 hemisphere candidates
were treated with EGS instead of PAA-EDAS. According to our
data base, the last PAA-EDAS candidate to receive EGS was in
2009, and considering the recent use of PAA for extracranial-intra-
cranial bypass in the literature,9-12 the numbers for PAA-EDAS
could have been increased had EDAS been performed on the 4
cases that underwent EGS. Hence, although PAA-EDAS candidacy
may be rare, the STA and PAA variant combinations we devised
seemed to sufficiently reflect the opportunity for PAA use in per-
forming EDAS, giving surgeons more options for appropriate
treatment.

The efficacy of PAA-EDAS compared with STA-EDAS has not
been studied in the previous literature. Hence, we compared the
Matsushima grade of 6 patients having undergone PAA-EDAS
with that of the 12 subjects having undergone STA-EDAS matched
for the age-sex-orientation follow-up period. In both PAA-EDAS
and STA-EDAS groups, 83% of subjects had grade A or B on fol-
low-up transfemoral cerebral angiography. In the PAA-EDAS
group, based on the 1-year postoperative records, 6 patients were
asymptomatic, 1 patient had a fixed neurologic deficit but was
asymptomatic in terms of ischemic symptoms, and 2 patients post-
operatively showed subsided intensity and frequency of ischemic
symptoms, such as TIA and headaches. Also, no patient having
undergone PAA-EDAS showed deterioration on the Karnofsky
Performance Scale and mRS. Thus, the postoperative clinical course
of PAA-EDAS does not appear inferior to that of STA-EDAS.

There are a few limitations to this study. First, due to the wide
spectrum of class 3 PAA variants, some PAAs failed to adequately
reach the parietotemporal area to be used as an STA alternative,
despite subjects having D11 3a and C11 3a STA-PAA variants.
Hence, we analyzed the proportion of PAA termination points
between the helix and vertex for cases that used the subclassifica-
tion 3a and cases that did not. Review of the data for D11 3a and
C11 3a groups showed that in all cases using subclassification 3a
as the donor, the PAA terminated above the 50% mark between
the helix and vertex. On the contrary, in cases that used the hypo-
plastic STA parietal branch as the donor, subclassification 3a ter-
minated below the 50% mark. On the basis of this result, we
believe that further subclassification of class 3a based on its ade-
quacy may be helpful in surgical planning.

Second, due to the scarcity of adequate PAAs, the number of
subjects having undergone PAA-EDAS and corresponding STA-
EDAS subjects was limited. Consequently, the clinical outcome of
patients having undergone PAA-EDAS may have been prone to
selection bias.

Nevertheless, this study with the largest number of patients
enrolled is the first to comprehensively investigate the anatomic
variations of both STA and PAA in pediatric patients with MMD.
Also, close observation of the relationship between STA and PAA
variants has been made to discern the potential candidates for
PAA-EDAS. Finally, in comparison of the PAA-EDAS and STA-
EDAS clinical outcomes, the prognosis of PAA-EDAS is not infe-
rior to that of STA-EDAS.

CONCLUSIONS
On the basis of the results, with the appropriate combination of
STA and PAA variants, we strongly recommend that surgeons
consider MCA territory revascularization with the use of the
PAA when the STA parietal branch is unfit for use.
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Congenital Nasal Pyriform Aperture Stenosis: Evidence of
Premature Fusion of the Midline Palatal Suture

T.M. Wine, J.D. Prager, and D.M. Mirsky

ABSTRACT

BACKGROUND AND PURPOSE: Various etiologies have been theorized for the development of congenital nasal pyriform aperture
stenosis (CNPAS). Imaging possibly implicates abnormal fusion of the midline palatal suture and deficient lateral growth of the mid-
face in affected neonates.

MATERIALS AND METHODS: A single-center, retrospective study was performed at a tertiary care pediatric hospital involving neo-
nates and infants between 0 and 90 days of life. Maxillofacial CT scans of patients were reviewed. Abnormality of the palatal
suture and midface transverse dimensions were measured and analyzed in patients with and without CNPAS.

RESULTS: A total of 109 patients between 0 and 90 days of life had maxillofacial CT scans. Thirteen patients were classified as hav-
ing CNPAS, 27 patients had normal scans (control group), and 69 patients were excluded because of the presence of other cranio-
facial anomalies. All patients with CNPAS had evidence of abnormal fusion of the midline palatal suture. Zero patients without
CNPAS had a midline palatal suture abnormality. The mean widths of the pyriform aperture were 5.7mm (SD, 1.7) in the CNPAS
group and 13.1 mm (SD, 2.7) in the control group (P , .0001). The mean distance between the superior portions of the nasolacrimal
ducts was 9.1 mm (SD, 2.1) in the CNPAS group, and the mean of the control group was 13.4mm (SD, 2.2) (P , .0001).

CONCLUSIONS: Patients with CNPAS have abnormal fusion of the midline palatal suture and exhibit lateral growth restriction of
the midface. This may implicate synostosis of the midline palatal suture and abnormal midface growth.

ABBREVIATIONS: CNPAS ¼ congenital nasal pyriform aperture stenosis; NLD ¼ nasolacrimal duct

Infants are obligate nasal breathers. As such, any degree of nasalairway obstruction may result in respiratory distress. Soft tissue
edema caused by viral or idiopathic rhinitis is the most common
cause of bilateral nasal obstruction in neonates. Less common,
though clinically important, causes include choanal atresia and
congenital nasal pyriform aperture stenosis (CNPAS).

CNPAS was first described in 1988 and 1989 in the radiology
and otolaryngology literature, respectively.1,2 Since then, numer-
ous case reports have highlighted 2 possible theories in the
embryogenesis, as well as the presentation, diagnosis, and treat-
ment.3-8 Historically, the 2 theories of embryogenesis are bony
overgrowth of the nasal process of the maxilla and a primary

deficiency of the hard palate, with most studies citing the former as
the cause. Classically, symptoms include respiratory distress relieved
by crying, difficulty feeding, nasal congestion, apnea, and failure to
thrive. Physical examination may raise the suspicion for CNPAS
when a 5F suction catheter cannot be passed through either nasal
cavity; note that choanal atresia could have a similar finding. The
diagnosis requires a maxillofacial CT revealing the pyriform aper-
ture width to measure less than 11mm.3,4 Associated imaging
abnormalities include a median central incisor, a triangular-shaped
palate, and a median palatal ridge. The presence of a median central
incisor warrants further evaluation with MR imaging of the brain
because it can occur as part of the holoprosencephaly spectrum.9

Genetic consultation may be useful to help define the presence of a
syndrome. Treatment starts with medical therapy and, if needed,
surgical therapy. Classically, surgical therapy involves drilling bone
from the lateral extent of the pyriform aperture, though other enti-
ties such as dilation and rapid maxillary expansion have also been
described.3-13

As part of the primary author’s previous work on CNPAS,11 a
unique, never described radiographic feature was noted. The mid-
line palatal suture appeared abnormally ossified and potentially

Received July 1, 2020; accepted after revision December 22.

From the Departments of Otolaryngology (T.M.W., J.D.P.) and Radiology (D.M.M.),
University of Colorado School of Medicine, Aurora, Colorado; and Children’s
Hospital Colorado (T.M.W., J.D.P., D.M.M.), Aurora, Colorado.

Data previously presented at: American Society of Pediatric Otolaryngology Spring
Meeting, May 2015; Boston, Massachusetts.

Please address correspondence to Todd M. Wine, MD, 13123 E. 16th Avenue, B455,
Children’s Hospital Colorado, University of Colorado School of Medicine; e-mail:
todd.wine@childrenscolorado.org
http://dx.doi.org/10.3174/ajnr.A7056

AJNR Am J Neuroradiol 42:1163–66 Jun 2021 www.ajnr.org 1163

https://orcid.org/0000-0002-8996-0854
https://orcid.org/0000-0002-8123-2529
https://orcid.org/0000-0003-2162-515X
mailto:todd.wine@childrenscolorado.org


fused, raising the possibility that CNPAS may be related to lateral
growth restriction of the midface akin to craniosynostosis. Other
studies have shown that narrowing of the nasal cavity extends pos-
teriorly to include the middle and posterior portions of the nasal
cavity, supporting this theory.3,14 With this in mind, we hypothe-
size that patients with CNPAS have abnormal midline palatal
sutures and decreased midface dimensions compared with a con-
trol population.

MATERIALS AND METHODS
This single-center, retrospective study was approved by the local
institutional review board of the University of Colorado and was
compliant with the Health Insurance Portability and Accountability
Act. Informed consent was waived. Pediatric patients aged 0 to
90days who underwent maxillofacial CT between January 2003
and December 2013 were identified from our institution’s elec-
tronic medical record data base. All scans were reviewed by a pedi-
atric neuroradiologist (D.M.M.). Measurements of the width of the
pyriform aperture were performed, with CNPAS defined as a pyri-
form aperture width less than 11mm adhering to the original
description of CT findings.3,4 Additionally, the width of the palate
using the distance between the first molars, distance between the in-
ferior turbinates, distance between the inferior aspects of the nasola-
crimal ducts (NLDs), and distance between the superior aspects of
the NLDs were acquired (Fig 1). Last, the midline palatal suture was

evaluated for the presence or absence
of ossification of the suture (Fig 2).
Patients with additional craniofacial
anomalies (eg, cleft lip and palate,
Pierre Robin sequence, NLD cyst, and
tumors of the head and neck) not asso-
ciated with CNPAS were excluded.
Gestational birth age, age at the time of
CT, and other medical comorbidities
were recorded. Descriptive statistics in
each cohort were reported as median
values (interquartile range [IQR]). The
Mann-Whitney test was used to com-
pare the 2 cohorts using P , .05 as the
threshold allowing the null hypothesis
to be rejected. The 95% CI between the
medians of each cohort was computed
using the Hodges-Lehmann estimate.
Descriptive and comparative statistics
were calculated using GraphPad Prism
version 8.0.0 for Windows (GraphPad
Software).

RESULTS
A total of 109 patients aged 0–3
months underwent maxillofacial CT
imaging at the Children’s Hospital
Colorado between January 2003 and
December 2013. Thirteen patients had
CNPAS, 27 had normal scans, and 69
had an additional craniofacial anom-

aly and were thus excluded from the study. The median gesta-
tional ages at birth were 38.0 (IQR, 35.0–40.0) weeks in the
CNPAS and 40.0 (IQR, 38–40) weeks in the control group (P ¼
.03). The ages at time of CT scan were 8.0 (IQR, 2.0–35.0) days in
the CNPAS group and 15 (IQR, 5.0–47.0) days in the control
group (P¼ .16). Fifty-four percent of patients were male.

The CNPAS cohort had a median pyriform aperture width of
6.0 (IQR, 4.8–7.6) mm compared with the control group mea-
surement of 13.3 (IQR, 12.4–14.0) mm (P , .0001). The median
width of the palate was 8.9 (IQR, 7.8–11.4) mm in the CNPAS
group and 17.5 (IQR, 17.1–18.9) mm in the control group (P ,

.0001). The median distance between the inferior turbinates was
3.6 (IQR, 3.2–3.6) mm in the CNPAS group and 8.8 (IQR, 7.9–
9.6) mm in the control group (P , .0001). The median distance
between the inferior NLDs was 8.9 (IQR, 7.5–10.6) mm in the
CNPAS group and 15.3 (IQR, 13.1–15.8) mm in the control
group (P , .0001). The median distance between the superior
NLDs was 9.3 (IQR, 7.8–11.3) mm in the CNPAS group and 13.6
(IQR, 12.7–14.5) mm in the control group (P , .0001). The dif-
ference between the medians and the 95% CI of difference for
each measurement is listed in the Table. Thirteen of 13 patients
in the CNPAS group had evidence of fusion of the midline palatal
suture, of whom 11 had an associated midpalatal ridge (Fig 3).
The midpalatal ridge actually appears as bony spinelike protru-
sion from the palate. Zero of 27 in the control group had a suture
abnormality. Four of 13 patients with CNPAS had a median

FIG 1. Normal midface measurements (arrows) of a control patient. A and B, Axial noncontrast
CT images demonstrate normal widths between the superior and inferior aspects of the NLD,
respectively. C, Coronal noncontrast CT image illustrates a normal width between the inferior
nasal turbinates. D, Coronal noncontrast CT image shows a normal palatal width, which is meas-
ured at the level of the first molar.
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central incisor. Thirteen of 13 patients in the CNPAS cohort had
nasal obstruction.

DISCUSSION
The first clinical account of congenital nasal pyriform aperture
stenosis (termed bony inlet stenosis) was in 1988.1 In this initial
description, the authors proposed 2 theories of embryogenesis.
The first was that excess ossification of the nasal process of the
maxilla results in bony overgrowth and narrowing of the

pyriform aperture. This theory is echoed throughout the litera-
ture.1-13 The second was that insufficient growth of the palate
reduces the width of the pyriform aperture.

Many studies have demonstrated decreased width of the nasal
cavity and palate in CNPAS. In our study, we also demonstrated
that the midface was reduced in width by measuring the distance
between the superior and inferior aspects of the NLDs. These
findings provide evidence that CNPAS has deficient lateral
growth of the midface to go along with the decreased width of the
palate and the nasal cavity. With respect to the other develop-
mental theory of CNPAS, excess ossification of the nasal process
of the maxilla does not readily account for the reduced midface
width between the inferior and superior aspects of the NLDs seen
in our data.

Understanding the maturation process of the midline pala-
tal suture has been clinically integral to understanding out-
comes regarding rapid maxillary expansion.14 Although it is
accepted that the midline palatal suture is open at birth, matu-
ration and fusion start to happen in late adolescence.15

Knowing this, ossification of the midline palatal suture, seen in
all 13 of our patients with CNPAS, is certainly intriguing. As a
bony suture ossifies and closes, growth perpendicular to the
long axis of the suture slows. If this occurs at the developmen-
tally correct time, this occurs as the body is no longer growing.
If this happens prematurely, as in the case of craniosynostosis,
fusion of the cranial suture leads to growth restriction perpen-
dicular to the suture. The features of CNPAS are similar. If the
midline palatal suture matures prematurely, this could account
for both the decreased horizontal palate growth and decreased
midface growth, ultimately resulting in a restricted nasal cavity
width consistent with CNPAS. Furthermore, this would
explain the midline palatal ridge seen in most of our patients,
similar to the type of ridging present in premature closure of
the cranial sutures.

If growth restriction of the palate and midpalatal suture ossifi-
cation occur in CNPAS, is overgrowth of the nasal maxillary pro-
cess a cause of CNPAS as well? This study was not designed to
discuss the presence of overgrowth of the nasal process of the
maxilla in our CNPAS cohort. Thus, we are limited in our ability
to compare the validity of 2 competing theories of CNPAS
embryogenesis. It is possible that these 2 entities occur simultane-
ously as part of a developmental field defect as has been previ-
ously described,9,14 or it is possible that the relationship between
themmay be more akin to a sequence in which growth restriction
causes an apparent overgrowth of the nasal maxillary process.

Another limitation of this study is that it is a single-center, retro-
spective review with a small cohort of
patients. The study is further limited in
that it was not intended to analyze clini-
cal outcomes associated with these radi-
ographic findings because the clinical
outcomes of CNPAS are well described.

The importance of this study is that
it highlights abnormal ossification of
the midline palatal suture and decreased
midfacial dimensions in CNPAS. This
can clarify the etiology and can lead to

FIG 2. Midpalatal suture in control versus CNPAS. A, A normal mid-
line palatal suture with no evidence of fusion. B, The midline palatal
suture with midline ossification at the site of the suture.

The difference in the median values of measured widths in CNPAS and control
participants

Location of Measurement

Difference in
Median

Width (mm)

Percentage
Change from

Normal

95% CI of
Difference

(mm)
Palate 8.6 �49.1 6.7–9.9
Pyriform aperture 7.4 �55.6 6.0–8.1
Between inferior turbinates 5.1 �58.0 4.3–5.8
Between NLD inferior 7 �45.8 4.3–7.4
Between NLD superior 4.4 �32.4 2.8–5.3

Note:—95% CI calculated using the Hodges-Lehmann estimate.
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further study involving the origin and treatment of CNPAS.
Although we are unable to prove causality, it is quite plausible that
CNPAS is secondary to premature ossification of the midline palatal
suture, which we term “palatal synostosis.” If CNPAS is the result of
palatal synostosis, like craniosynostosis, early surgical intervention
to the prematurely fused suture could provide consideration for
new therapeutic options.

CONCLUSIONS
Congenital nasal pyriform aperture stenosis has reduction of
midface growth. Premature ossification of the midline palatal
suture, palatal synostosis, may be central to the development of
CNPAS. Further experience following these patients may allow
more understanding into the long-term growth characteristics of
the midface in patients with CNPAS.
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Neuroimaging Features of Ectopic Cerebellar Tissue: A Case
Series Study of a Rare Entity

G. Orman, S.F. Kralik, R. Battini, B. Buchignani, N.K. Desai, R. Goetti, A. Meoded, C. Mitter,
B. Wallacher-Scholz, E. Boltshauser, and T.A.G.M. Huisman

ABSTRACT

SUMMARY: Ectopic cerebellar tissue is a rare entity likely secondary to multiple, interacting, developmental errors during embryo-
genesis. Multiple sites of ectopic cerebellar tissue have been reported, including extracranial locations; however, an intracranial
location is most common. We report on the MR imaging findings of a multi-institutional series of 7 ectopic cerebellar tissue cases
(2 males, 4 females, 1 fetal) ranging from 22 weeks 5 days’ gestational age to 18 years of age. All cases of ectopic cerebellar tissue
were diagnosed incidentally, while imaging was performed for other causes. Ectopic cerebellar tissue was infratentorial in 6/7
patients and supratentorial in 1/7 patients. All infratentorial ectopic cerebellar tissue was connected with the brain stem or cerebel-
lum. MR imaging signal intensity was identical to the cerebellar gray and white matter signal intensity on all MR imaging sequences
in all cases. Ectopic cerebellar tissue should be considered in the differential diagnoses of extra-axial masses with signal characteris-
tics similar to those of the cerebellum. Surgical biopsy or resection is rarely necessary, and in most cases, MR imaging is diagnostic.

ABBREVIATION: ECT ¼ ectopic cerebellar tissue

The term “ectopia” refers to an abnormal congenital or
acquired position of an organ or tissue. Ectopic cerebellar tis-

sue (ECT) is an extremely rare condition. Only individual case
reports of ECT have been reported to date.1-20

ECT can be composed of mature or immature cerebellar tis-
sue.12 The exact mechanism of ECT development is unknown,
but it is believed to be the result of an anomalous cell migration
during embryogenesis.14,16 Five major mechanisms have been
proposed to explain the development of ECT: 1) herniation of fe-
tal brain tissue during embryogenesis, 2) embryonic neural rests,
3) preferential differentiation of 1 germ layer of a teratoma along
neural lines, 4) true astrocytomas, and 5) similar to split spinal

cord malformation pathogenesis, differentiation of pluripotent
cells leading to the formation of a structure resembling the
cerebellum.9,10,12,21

The goal of this article was to report a multi-institutional se-
ries of ECT cases, to discuss the common and unique imaging
features of each case, and to review the existing cases in the litera-
ture. To the best of our knowledge, this is the first series of ECT
cases.

Case Series
We collected cases with a diagnosis of ECT from 5 institutions
for this retrospective, multicenter, international case series study.
Informed consent was waived due to the retrospective nature of
the study. Patient information including demographics, history,
and MR imaging studies was collected. MR imaging studies were
re-evaluated at Texas Children’s Hospital by 2 pediatric neurora-
diologists (S.F.K. and T.A.G.M.H., with 9 and 29 years of experi-
ence, respectively). Seven patients (2 males, 4 females, 1 fetal
case) ranging from 22 weeks 5 days’ gestational age to 18 years of
age were included in this study.

Patient 1 is a 17-year-old adolescent girl with a history of gross
total resection of a congenital nasopharyngeal mature teratoma af-
ter developing dyspnea after birth. In addition, a subtotal resection
of a suprasellar mass lesion was performed, which was proved to
be ECT without any attachment to the brain stem or cerebellum.
Furthermore, an additional interhemispheric arachnoid cyst was
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resected when she was 4 months of age.11,12 The recovery after the
operation was complicated by moderate atrophy of the right optic
nerve, which was treated with temporary eye patch coverage of the
healthy left eye. She underwent an additional operation for correc-
tion of her eyesight at 12 years of age. Her growth parameters were
within normal limits during her follow-up visits; however, her lan-
guage skills were a bit delayed, yet within the normal variation.
MR imaging (Fig 1) performed at 17 years of age showed the sta-
ble, residual, suprasellar ECT.

Patient 2 is a 25-month-old boy who was born preterm at
33weeks via cesarean delivery secondary to maternal preeclamp-
sia. The mother also had gestational diabetes mellitus. There were
no complications during pregnancy or delivery. The patient had
a benign hospital course and spent 4weeks in the neonatal inten-
sive care unit before being discharged. Parents first noticed prob-
lems at discharge, when they noted a profound hearing loss of the
left ear. A CT scan showed an incomplete partition type I anom-
aly of the left inner ear. At 6months of age, he was seen by an
ophthalmologist due to concern for possible crossed eyes and was
diagnosed with pseudostrabismus. He was also diagnosed with
bilateral optic nerve hypoplasia, with the left side being more
affected than the right side. He was then referred to an endocri-
nologist to rule out pituitary dysfunction, given the concern for
septo-optic dysplasia, but the results of hormone and stimulation
testing were normal. A brain MR imaging did not show any evi-
dence of septo-optic dysplasia (Fig 2); however, ECT was noted
superior to the vermis to the left of the midline, which was con-
nected to the adjacent brain stem via a thin stalk. The patient has

not experienced any major illnesses. Developmentally, his motor
milestones are on track, and he has never required any therapy.

Patient 3 is an 18-year-old young woman with a history of
global developmental delay with intellectual disability, right sen-
sorineural hearing loss, and simple febrile seizures. The patient
developed an increasing frequency of episodes with eyes rolling
back and behavioral arrest at 13 years of age. There were no pre-
ceding symptoms of the patient and mother. The episodes
occurred while walking, talking, or sitting. She had no associated
shaking, loss of bowel or bladder control, or facial twitching.
Further work-up with MR imaging, electroencephalography, and
metabolic lab tests was performed to rule out the possibility of
seizures and to further investigate the etiology for her intellectual
disability/developmental delay. The findings of electroencepha-
lography were abnormal, consistent with a diagnosis of a primary
generalized epilepsy. Metabolic lab test results were within nor-
mal limits. MR imaging at 13 years of age showed ECT as a well-
defined right cerebellopontine angle lesion, which was stable on
annual follow-up MR imaging (Fig 3).

Patient 4 is a 32-month-old girl who was born at term in good
condition and with all growth parameters between the 25th and
50th percentiles. She showed a delay in reaching her motor and lan-
guage skills. At 32 months of age, she presented with microcephaly
(45.5 cm, below the second percentile), minor facial dysmorphic
features, and mild postural ataxia. MR imaging revealed a ECT
along the superior/lateral contour of the right cerebellar hemisphere
(Fig 4). During follow-up, the patient developed a complex neu-
romotor disease with dyskinetic movement disorder, ataxia,

FIG 1. Axial T2- (A) and T1- (B) weighted, DWI (C), ADC (D), coronal T2-weighted (E), contrast-enhanced coronal T1-weighted (F), and sagittal pre-
and postcontrast enhanced T1-weighted (G and H) MR images and map of patient 1 at 17 years of age show well-defined, ectopic, cerebellar tis-
sue (A–H, arrows) in the suprasellar region. Note that the signal intensity is similar to that of the cerebellum in all sequences, and there is no
contrast enhancement on postcontrast imaging.

1168 Orman Jun 2021 www.ajnr.org



pyramidal signs in the lower limbs, a language disorder, and mild
cognitive impairment; mild asymmetry was observed with the left
side being more involved than the right. Findings of the follow-up
MR imaging scans were stable when the girl was 4 and 6 (Fig 5)
years of age. Other specific examinations performed included an
electroencephalogram, which revealed, at 6 years of age, spike tem-
poral waves while falling asleep and spike waves in the fronto-cen-
tro-temporal areas and vertex during sleep.

Patient 5 is a 4-year-old girl who was referred for postna-
tal assessment of antenatally detected ventriculomegaly, which
appeared stable on postnatal follow-up sonography. She was

developing normally, reaching all developmental milestones.
Her head circumference was following a normal growth curve,
and her extraocular movements were normal. MR imaging
acquired at 3 years of age showed a thin stalk arising from the
midbrain, which extended to a triangular-shaped ECT superior
to the right anterior cerebellar hemisphere, with an arachnoid
cyst posteriorly (Fig 6). The findings were unchanged on fol-
low-up MR imaging 1 year later.

Patient 6 is a 5-year-old boy who was born preterm at
34weeks with moderate respiratory problems necessitating venti-
latory support during the first few days of life. Otherwise, he had

FIG 2. Coronal (A–C) and axial (D–F) T2-weighted and sagittal T1-weighted (G) MR images of patient 2 at 25 months of age show triangular-
shaped ectopic cerebellar tissue on consecutive slices (A–F, arrows). Note the thin stalk connecting the ectopic cerebellar tissue with the brain
stem (G, arrow).

FIG 3. Axial T1- (A and F) and T2- (B and G) weighted, axial DWI (C and H), ADC (D and I), and coronal T2- (E) and T1- (J) weighted MR images and
maps of patient 3 at 13 years of age (upper row, arrows) and 18 years of age (lower row, arrows). The patient had a history of global develop-
mental delay with intellectual disability, right sensorineural hearing loss, and simple febrile seizures. MR imaging shows well-defined ectopic cer-
ebellar tissue in the right cerebellopontine angle (A–D, arrows), which was stable on follow-up MR imaging (E–H, arrows). Note the thin stalk
connecting the ectopic cerebellar tissue with the middle cerebellar peduncle (E and J, arrows).
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an uncomplicated early neonatal period and uncomplicated
feeding; he was thriving with no signs of infection. Neurologic
examination showed a slanting posture of his head (turning

left/slanting right), which was more
prominent from 1.5 to approximately
3 years of age. Since then, neurologic
examination findings were regressive
in frequency and intensity; associa-
tion with strabismus was suspected,
presently hardly seen, as well as con-
genital alternate strabismus divergens
and a slight ptosis of the left eye. The
patient showed delayed motor, lan-
guage, and cognitive development.
MR imaging performed at 17months
of age revealed ECT connected to the
brain stem by a thin stalk (Fig 7).

Patient 7 was a fetus of 22 weeks 5
days’ gestational age after termination
of pregnancy due to prenatal diagno-
sis of vertebral defects, anal atresia,
cardiac defects, tracheo-esophageal
fistula, renal anomalies, and limb
abnormalities (VACTERL) associa-
tion. Macroscopic examination of the
brain and postmortem 3T fetal MR
imaging showed an incidental finding
of a small appendage with a ribbed
surface located superior to the left

cerebellar hemisphere and originating from the left dorsal pon-
tomesencephalic junction (Fig 8). Histologic analysis revealed
this structure to be of cerebellar origin with distinguishable

FIG 4. Coronal (A–D) and sagittal T2-weighted (E–G) MR imaging of patient 4 at 32 months of age shows a distorted/dysmorphic superior portion
of the right cerebellar hemisphere, which also shows folial and sulcal anomalies. The dysmorphic superior portion also displaces the adjacent ver-
mis. Ectopic cerebellar tissue (A–G, arrows) is connected to the cerebellum. Its MR signal is isointense with the cerebellum, and its morphology is
elongated with irregular borders. Additional brain malformations included temporal lobe dysgyria and malrotated hippocampi (not shown).

FIG 5. Follow-up coronal and sagittal T1-weighted MR imaging of patient 4 at 6 years of age shows
a stable imaging pattern of the ECT (arrows) with respect to the already-described findings in Fig 4.
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external granular and molecular layers and developing Purkinje

cells and an internal granular layer.
All cases of ECT were diagnosed incidentally when imaging

was performed for other causes or by symptoms that were directly

attributable to brain stem or cerebellar dysfunction. The Online

Supplemental Data summarize the neuroimaging findings of the

patients. ECT was infratentorial in 6/7 patients and supratentorial

in 1/7 patients. All infratentorial ECTs were connected with the

brain stem or cerebellum. ECT volume compared with the

cerebellar volume was 20%–30% in 1/7 patients, 10%–20% in 2/7

patients, and 1%–10% in 4/7 patients. MR imaging signal intensity

was identical to that of the cerebellar gray and white matter on all

MR images. In addition, none of the patients had a concomitant

brain stem or spinal/craniocervical junction malformation.

DISCUSSION
We report 7 cases of ECT. All cases of ECT (7/7) were diagnosed
incidentally, when imaging was performed for other causes. Most

FIG 6. Sagittal T1- (upper row) and T2-weighted (lower row) MR images of patient 5 at 3 years of age show a thin stalk arising from the ponto-
mesencephalic junction below the right inferior colliculus dorsolaterally, which extends to triangular-shaped ectopic cerebellar tissue (A–F,
arrows) superior to the right anterior cerebellar lobe, with an arachnoid cyst (A–F, asterisks) posteriorly. The sagittal oblique reformat T1-
weighted MR imaging shows the continuous stalk (G, arrows) between the triangular-shaped ECT and the brain stem. The findings were
unchanged 1 year later (not shown).

FIG 7. Sagittal T1-weighted (A), sagittal FLAIR (B), sagittal T2-weighted (C), sagittal contrast-enhanced T1-weighted (D), axial T2-weighted (E and
F), and coronal T1-weighted (G and H) MR images of patient 6 at 17 months of age show ECT connected with the brain stem by a thin stalk (A–H,
arrows). Most interesting, the MR imaging appearance of ectopic cerebellar tissue in this patient is almost identical to the MR imaging findings
of patient 2.
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cases were located infratentorially (6/7) and had a normal cere-
bellar morphology (6/7). In 1 patient (patient 1), the ECT was
located supratentorially, and 1 patient (patient 4) showed an
abnormal cerebellar morphology (Online Supplemental Data).
Similar to our results, all previous cases (20/20) were diagnosed
incidentally when imaging was performed for other causes, and
most reported cases (10/15) in the literature had a normal cere-
bellar morphology (Online Supplemental Data).

ECT was located intracranially in all our cases. However, we
found previous case reports identifying ECT in the ovaries,
orbits, spinal cord, or occipital bone (Online Supplemental
Data).2,4,5,7-10,17,20 On the basis of the wide spectrum of clinical,
imaging, and histopathologic findings in the previously reported
ECT cases, multiple mechanisms are likely involved in the de-
velopment of ECT.12,13

The exact mechanism of ECT development remains currently
unknown. However, 5 major mechanisms proposed in previous
reports include the following: 1) herniation of fetal brain tissue

during embryogenesis, 2) embryonic
neural rests, 3) preferential differentia-
tion of 1 germ layer of a teratoma
along neural lines, 4) true astrocyto-
mas, and 5) similar to split spinal cord
malformation pathogenesis, differen-
tiation of pluripotent cells leading to
the formation of a structure resem-
bling the cerebellum.9,10,12,21 From a
histopathologic point of view, true
ECTs should be distinguished from
the more frequent focal cerebellar
cortical dysplasias.12 Focal cerebellar
cortical dysplasias are more prevalent
and usually small and, in most cases,
consist of a single cell type or poorly
organized mixed-cell clusters.12 True
ECTs are usually larger lesions com-
posed of organized mature or matur-
ing cerebellar tissue.12

The isthmic organizer is located
below the mesencephalon at the ponto-
mesencephalic junction and provides
structural polarity of adjacent regions
and organizes mesencephalic and cere-
bellar development. The isthmic orga-
nizer signaling is essential for cerebellar
development.22 We observed 3 differ-
ent types of ECTs in our case series: 1)
suprasellar ECT (patient 1), 2) ECT sit-
ting on a small stalk connected with
the adjacent brain stem (patients 2, 5,
6, and 7), and 3) ECT sitting on a cere-
bellar hemisphere (patients 3 and 4). In
the second group (patients 2, 5, 6, and
7), the stalk and ECT were all located
in the region of the isthmic organizer.
An alteration of isthmic organizer sig-
naling during embryogenesis may pos-

sibly explain the pathogenesis of these cases.
Two of our patients had associated arachnoid cysts (Online

Supplemental Data). Patient 1 had an interhemispheric arachnoid
cyst, which was removed surgically during the neonatal period,
and patient 5 had an arachnoid cyst adjacent to the ECT. The
association of arachnoid cysts and a CSF collection adjacent to
ECT may indicate the importance of meningeal stimulus/interac-
tion during cerebellar development.16 During formation of the
normal cerebellum, the germinal tissue possibly migrates through
the ependymal cell lines into the CSF. Therefore, obstruction of
normal flow of the CSF may result in ECT, with inflammation of
the arachnoid membrane and an arachnoid cyst.

Differentiating ECT from low-grade tumors by neuroimaging is
necessary to avoid unnecessary surgery, especially in cases centered
at the vulnerable cerebellopontine angle (patient 3). Distinguishing
MR imaging features include a lack of contrast enhancement of the
lesion, signal characteristics similar to those of the adjacent cerebel-
lum on all MR imaging sequences, diffusion characteristics similar

FIG 8. Postmortem sagittal (A) and axial (B) T2-weighted fetal MR images at the gestational age
of 22 weeks 5 days and a matching macroscopic postmortem image (C) of the brain show an inci-
dental finding (A and B, arrows) of a small appendage with a ribbed surface located superior to
the left cerebellar hemisphere, originating from the left dorsal pontomesencephalic junction.
Histologic analysis (D) reveals that this structure is of cerebellar origin with distinguishable exter-
nal granular and molecular layers and developing Purkinje cells and an internal granular layer.
Adapted with permission.23

1172 Orman Jun 2021 www.ajnr.org



to those of the normal cerebellum, a sulcation pattern mimicking
the normal cerebellum, a thin parenchymal stalk that connects the
ECT to the adjacent cerebellum or brain stem, and a stable appear-
ance on follow-up imaging without any sign of abnormal, noncom-
mensurate growth.18

In conclusion, ECT is a rare entity, which is attributed to possi-
ble multiple, interacting, developmental errors during embryogen-
esis. Multiple locations were reported; however, the intracranial
and infratentorial locations appear most common. ECT should be
considered in the differential diagnoses of extra-axial masses with
signal characteristics similar to those of the cerebellum. Surgical bi-
opsy or resection is rarely necessary; in most cases, MR imaging is
diagnostic.

Disclosures: Roberta Battini—UNRELATED: Board Membership: Teva Pharmaceutical
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ORIGINAL RESEARCH
SPINE

Comparison of Radiologists and Other Specialists in the
Performance of Lumbar Puncture Procedures Over Time

D.R. Johnson, M.D. Waid, E.Y. Rula, D.R. Hughes, A.B. Rosenkrantz, and R. Duszak

ABSTRACT

BACKGROUND AND PURPOSE: Lumbar punctures may be performed by many different types of health care providers. We eval-
uated the percentages of lumbar punctures performed by radiologists-versus-nonradiologist providers, including changes with time
and discrepancies between specialties.

MATERIALS AND METHODS: Lumbar puncture procedure claims were identified in a 5% sample of Medicare beneficiaries from
2004 to 2017 and classified by provider specialty, site of service, day of week, and patient complexity. Compound annual growth
rates for 2004 versus 2017 were calculated; t test and x 2 statistical analyses were performed.

RESULTS: Lumbar puncture use increased from 163.3 to 203.4 procedures per 100,000 Medicare beneficiaries from 2004 to 2017
(overall rate, 190.3). Concurrently, the percentage of lumbar punctures performed by radiologists increased from 37.1% to 54.0%,
while proportions performed by other major physician specialty groups either declined (eg, neurologists from 23.5% to 10.0%) or
were largely unchanged. While radiologists saw the largest absolute increase in the percentage of procedures, the largest relative
increase occurred for nonphysician providers (4.2% in 2004 to 7.5% in 2017; 178.6%). In 2017, radiologists performed most proce-
dures on weekdays (56.2%) and a plurality on weekends (38.2%). Comorbidity was slightly higher in patients undergoing lumbar
puncture by radiologists (P, .001).

CONCLUSIONS: Radiologists now perform most lumbar puncture procedures for Medicare beneficiaries in both the inpatient and
outpatient settings. The continuing shift in lumbar puncture responsibility from other specialists to radiologists has implications for
clinical workflows, cost, radiation exposure, and postgraduate training.

ABBREVIATIONS: CAGR ¼ compound annual growth rate; CCI ¼ Charlson Comorbidity Index; CPT ¼ Common Procedural Terminology

Lumbar puncture is a vital procedure in the diagnostic evalua-
tion of patients with a wide variety of neurologic conditions.

Often performed electively in the diagnosis of inflammatory, neo-
plastic, and neurodegenerative conditions, lumbar puncture is
also frequently performed emergently in patients with suspected
central nervous system infection or subarachnoid hemorrhage.1

Less commonly, the procedure is performed for therapeutic pur-

poses (eg, to remove excess CSF or deliver intrathecal medications).

With the introduction of lumbar puncture by Quincke in 1890,

these procedures were typically performed without imaging guid-

ance, using only palpation of anatomic landmarks.2 Serious adverse

complications are uncommon following lumbar puncture regard-

less of whether fluoroscopic guidance is used.3,4 As recently as

1991, only about 10% of lumbar punctures in the Medicare benefi-

ciary population were performed by radiologists.5

While lumbar puncture can be successfully performed in many

patients without the need for real-time imaging, there are a num-

ber of reasons why fluoroscopic guidance may be used. Palpation

of anatomic landmarks can be difficult or impossible in patients

with obesity, and the rate of obesity is increasing in the US popula-

tion.6 Additionally, older patients are more likely to have spondy-

lotic changes or previous spinal surgery, which can complicate

needle access. Other factors that may influence referral of lumbar

punctures to radiology include practice momentum, in which
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some health care providers are less comfortable across time with

an infrequently performed procedure and new providers complete

their training without mastering the technique,7,8 as well as finan-

cial disincentives, given the relatively modest compensation for the

procedure.
Although previous research has demonstrated a shift in lum-

bar puncture volume to radiologists,5 several important questions
must be answered to better understand the implications of this
shift for clinical work flow, costs, and specialist training. First, it
is not clear whether this trend has plateaued, continued at the
previous pace, or even, as the authors’ anecdotal experience sug-
gests, accelerated. If the trend is continuing, in what practice set-
tings is it most pronounced? Furthermore, it is unknown whether
factors such as patient complexity or day of the week (ie, weekday
versus weekend) influence which specialty performs lumbar
punctures, though these questions have been evaluated for other
tasks performed both by radiologists and nonradiology pro-
viders.9-11 We evaluated the percentages of lumbar punctures
performed by radiologists versus nonradiologist providers,
including changes with time and discrepancies among specialties.

MATERIALS AND METHODS
This retrospective study was performed using Medicare adminis-
trative claims data in a Health Insurance Portability and
Accountability Act–compliant manner, with prior approval by the
Institutional Review Board of the American College of Radiology.

The data collection and analysis methods used in this study
were similar to those in previous reports.9-11 The 5% Research
Identifiable Files from the Centers for Medicare & Medicaid
Services from 2004 through 2017 were acquired under a data use
agreement. This dataset includes all final action (Parts A and B)
claims associated with a 5% nationally representative random
sample of Medicare enrollees, totaling approximately 2.5 million
beneficiaries each year, providing details such as patient demo-
graphic information, Current Procedural Terminology (CPT)
codes associated with all procedures, procedure dates, and the
self-reported specialties of health care providers.12 Patient selec-
tion criteria for this study beyond inclusion in the 5% Research
Identifiable File dataset from the Centers for Medicare &
Medicaid Services included being at least 65 years of age, resi-
dence in the United States, enrollment in both Medicare hospital
insurance and supplementary medical insurance, and lack of sep-
arate health maintenance organization insurance coverage for all
12months of the year in question.

Lumbar puncture procedures were identified by CPT code
62270 (diagnostic lumbar puncture) and CPT code 62272 (thera-
peutic lumbar puncture), which were considered collectively in all
analyses. All professional and globally billed services corresponding
to these lumbar puncture CPT codes during the period of interest
were identified within the dataset. CPT modifier codes for imaging
guidance were not evaluated due to changes in coding during the
study period and on the assumption that use of imaging guidance
would be strongly associated with provider specialty. Aborted or
unsuccessful lumbar punctures were identified via CPT modifier
codes when present and made up only a small fraction of proce-
dures (,3% of total lumbar punctures) and thus were not evaluated

separately. With regard to identifying the specialty of the health
care provider performing the lumbar puncture, radiologists were
collectively identified using the Health Care Provider Taxonomy
codes for diagnostic radiology (taxonomy code 30), interventional
radiology (94), and nuclear medicine (36). The category of primary
care was defined as internal medicine (11), family practice (8), and
general practice (1). Other physician specialty groups were classified
by their individual specialty taxonomy codes. Our category of non-
physician providers included physician assistants (97), nurse practi-
tioners (50), certified registered nurse anesthetists (43), anesthesia
assistants (32), and certified clinical nurse specialists (89). Provider
groups performing$3% of all lumbar punctures between 2004 and
2017 were evaluated individually in each analysis; those specialties
performing,3% of lumbar punctures were grouped collectively as
“all others.” For illustration purposes, only provider groups that
performed $5% of lumbar punctures in each specific subanalysis
during the study period as a whole were included individually in
figures.

Lumbar puncture use on a per-100,000 beneficiary basis for
each year of the analysis period was calculated using a separately
acquired Medicare Fee-for-Service beneficiary enrollment file.13

Weighted averages for the service volumes per 100,000 beneficia-
ries and proportions reported were calculated for the entire study
sample, using each year’s share of the overall patient population
as weights, except when otherwise indicated. Due to the structure
of the Medicare 5% Research Identifiable Files dataset, absolute
procedural counts may be misleading (ie, multiplying the proce-
dure count from the 5% sample by 20 does not accurately approx-
imate the procedure count in the Medicare population as a whole
for technical reasons), and the reporting of event rates better
reflects use at the population level. Additional statistics evaluated
for each specialty group included the percentage of lumbar punc-
tures performed in each year and overall, the percentage of lum-
bar punctures performed on weekends versus weekdays, the
percentage performed in various care settings, and the degree of
medical comorbidity of patients undergoing the procedure. x 2

tests were performed to assess differences in the change in pro-
portion and distribution of lumbar punctures by specialty
between 2004 and 2017. Compound annual growth rates
(CAGR) were calculated using the 2004 and 2017 proportion of
lumbar punctures performed by each specialty. Percentages of
lumbar punctures performed by radiology were also calculated
on a state-by-state level using the rates for radiology as a percent-
age of total lumbar puncture rates for a given state.

The Charlson Comorbidity Index (CCI), a weighted index of
19 diseases, is a validated surrogate for patient medical complex-
ity and is widely used by health service researchers working with
administrative databases.14,15 Each beneficiary’s prospective CCI
was calculated using Medicare claims during the year before their
lumbar puncture procedure following a standard method.16 As a
consequence, CCI information was available only for procedures
performed between 2005 and 2017, because prior-year claims
data were not available for the first year of the case-ascertainment
period. Medicare beneficiaries without any claims filed during
the year before the lumbar puncture were, by necessity, excluded
from our CCI analysis. The mean CCI was compared for lumbar
puncture procedures performed by different specialty groups.
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The t test was used to evaluate differences in mean CCI by pro-
vider group. Analyses were performed using SAS, Version 9.4
software (SAS Institute) and Excel 2016 (Microsoft).

RESULTS
Lumbar Puncture Volume and Performing Specialty
For the entire 2004–2017 period, the total lumbar puncture pro-
cedure count in the 5% Research Identifiable Files sample was
37,026, and the overall lumbar puncture use rate was 190.3 per
100,000 Medicare beneficiaries, with annual lumbar puncture
use rates varying from a low of 163.3 per 100,000 in 2004 to a
high of 203.4 per 100,000 in 2017. When evaluating procedures
regardless of year, provider groups performing $3% of lumbar
punctures were radiologists (46.9%), emergency physicians
(18.5%), neurologists (14.6%), nonphysician providers (4.6%),
neurosurgeons (4.4%), primary care physicians (3.8%), and
anesthesiologists (3.6%). The remaining 3.5% of all lumbar

puncture procedures were performed by all other specialties
collectively. Annual lumbar puncture counts, rates, and percen-
tages of procedures by provider specialty with time are shown
in Online Supplemental Data. Between 0.4% and 1.8% of lum-
bar punctures performed by radiologists were reported as
aborted or incomplete in each year, while among all other pro-
viders collectively, the annual rate of procedures reported as
aborted or incomplete ranged from 1.0% and 2.7%. Among
radiologists, the percentage of lumbar punctures performed by
providers with self-reported specialty taxonomy codes for diag-
nostic radiology varied between 92.0% and 96.0%; for interven-
tional radiology, between 4.0% and 7.6%; and for nuclear
medicine, no more than 0.4% in any year. Given that self-identi-
fied specialty codes often do not match actual radiologist clini-
cal practice patterns,17,18 these radiology provider groups were
considered collectively in all subsequent analyses.

The Online Supplemental Data display the percentage of lum-
bar punctures performed by provider type in each year and associ-
ated 2004-versus-2017 CAGR. The percentage of lumbar
punctures performed by radiologists rose from a low of 37.1% in
2004 to a high of 54.5% in 2016 before falling slightly to 54.0% in
2017, representing a relative increase of 45.6% between 2004 and
2017. The percentage of lumbar punctures performed by nonphy-
sician providers was from 4.2% in 2004 to 7.5% in 2017, an
increase of 78.6%. The provider group with the largest decrease in
the percentage of lumbar punctures performed was neurologists,
from a high of 23.5% in 2004 to a low of 9.8% in 2016, increasing
slightly to 10.0% in 2017, representing a decrease of 57.5% between
2004 and 2017. The increase in radiologist-performed lumbar
punctures, for years 2004 and 2017, relative to all other specialties
combined was statistically significant (P, .001) as was the change
in the distribution of lumbar punctures across all specialties
(P, .001). Figure 1 illustrates trends in the percentages of lumbar
punctures performed by the 3 specialties that individually per-
formed.5% of procedures during the entire period.

The percentage of lumbar punctures performed by radiologists
and the degree of change with time varied by state. Figure 2 shows
the percentage of lumbar punctures performed by radiology in each
state in 2004 and 2017. Among the 5 most populous states, the per-
centages of lumbar punctures performed by radiologists in 2004 and
2017 were 33.5% versus 45.9% in California (37.0% increase), 55.2%
versus 67.8% in Texas (22.8% increase), 50.4% versus 58.9% in
Florida (16.9% increase), 24.7% versus 43.5% in New York (76.1%
increase), and 29.3% versus 56.4% in Pennsylvania (92.5% increase).

Lumbar Puncture Volume by
Performing Specialty and Site of
Service
Across the entire analysis period, most

lumbar punctures were performed in

the inpatient hospital setting (45.9%),

followed by the outpatient setting

(30.3%), and then the emergency depart-

ment (22.7%). Only a small percentage

was performed in any other practice set-

ting (1.0%). Figure 3 illustrates the per-

centages of lumbar punctures performed

FIG 1. Percentage of lumbar puncture procedures performed by spe-
cialty across time.

FIG 2. Heat maps by state showing the percentage of lumbar punctures performed by radiolog-
ists in 2004 and 2017.
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by the predominant providers in the inpatient, outpatient, and emer-

gency department settings.
Of lumbar punctures performed in the inpatient hospital setting,

radiologists were the most frequent providers in every year, with an
increasing proportion from a low of 44.4% in 2004 to a maximum
of 66.5% in 2015, before falling slightly to 62.0% in 2017 (2004 ver-
sus 2017, CAGR ¼ 2.6%). The share of inpatient lumbar punctures
performed by neurologists fell from 27.2% to 9.3% during this pe-
riod (2004 versus 2017, CAGR ¼ �7.9%). Nonphysician providers
performed an increasing share of inpatient lumbar punctures across
time, from only 3.1% in 2004 to 8.8% in 2017 (2004 versus 2017,
CAGR¼ 8.4%). In the outpatient setting, radiologists and neurolo-
gists were the predominant providers of lumbar punctures, collec-
tively performing between 79.3% and 86.9% in each year. However,

the percentage of outpatient lumbar punctures performed by radi-

ologists increased from a low of 45.7% in 2004 to a high of 68.9% in

2017 (2004 versus 2017, CAGR ¼ 3.2%), while the percentage per-

formed by neurologists fell from a high of 33.7% to a low of 16.4%

during this same interval (2004 versus 2017, CAGR ¼ �5.4%).

Lumbar punctures performed in the emergency department were

predominantly performed by emergency medicine physicians, who

performed between 77.4% and 82.0% of the emergency department

lumbar punctures in each year.

Lumbar Puncture Volume by Performing Specialty and
Day of Week
For the entire period, most lumbar punctures (86.8%) were per-
formed on weekdays, with use rates of 165.1 per 100,000 Medicare

FIG 3. Percentage of lumbar puncture procedures performed by specialty across time in outpatient (A), inpatient (B), and emergency depart-
ment (C) settings.
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beneficiaries on weekdays versus 25.2 per 100,000 on weekends.
The overall rates of lumbar punctures performed by radiologists
were 81.5 per 100,000 Medicare beneficiaries on weekdays and 7.8
per 100,000 on weekends, while the rates performed by all other
specialties collectively were 83.6 and 17.5 per 100,000, respectively.
Emergency medicine physicians had the smallest relative decline in
lumbar puncture procedure rates on weekends, performing 25.1
per 100,000 on weekdays to 10.2 per 100,000 on weekends. Figure
4 shows the distribution of weekday and weekend lumbar punctu-
res performed by different specialty groups across time. The per-
centage of weekday lumbar punctures performed by radiologists
increased from 38.7% in 2004 to 56.2% in 2017 (2004 versus 2017,
CAGR ¼ 2.9%). Neurologists saw the greatest coinciding decrease
in the percentage of weekday lumbar punctures, from 24.3% in
2004 to 10.1% in 2017 (2004 versus 2017, CAGR¼ �6.6%). Of the
13.2% of lumbar punctures performed on weekends, emergency
physicians performed a plurality of procedures for the 2004
through 2017 period as a whole (40.3%). However, the percentage
of weekend lumbar punctures performed by radiologists rose from
25.5% to 38.2% during this period (2004 versus 2017, CAGR ¼
3.1%), with radiologists performing the plurality in 2015 and 2017.

Lumbar Puncture Volume by Performing Specialty and
Patient Complexity
A CCI could be determined for .99% of the patient group in each
year, 2005 through 2017. The mean patient CCI during this entire
period for lumbar punctures performed by radiologists was 2.6 [SD,
2.8], modestly but statistically significantly higher than the mean CCI
of 2.4 [SD, 2.6] in patients who underwent lumbar punctures per-
formed by all nonradiology providers collectively (P, .001). Mean
CCI figures for individual nonradiologist provider groups were 2.3
[SD, 2.5] for neurologists, 2.2 [SD, 2.5] for neurosurgeons, 2.4 [SD,
2.6] for emergency medicine physicians, 2.6 [SD, 2.8] for nonphysi-
cian providers, 2.5 [SD, 2.6] for primary care physicians, 2.4 [SD, 2.6]
for anesthesiologists, and 2.7 [SD, 2.8] for all other providers.

The Online Supplemental Data report the mean patient CCI
for lumbar punctures performed by radiologists versus all other
specialties across time and associated 2005-versus-2017 CAGR.
The mean CCI of patients undergoing lumbar puncture by radi-
ologists increased from 2.0 in 2005 to 3.1 in 2017. While the
mean CCI of patients undergoing lumbar punctures by nonradi-
ologists also increased from 1.8 to 2.9 during the period, the
mean CCI score of patients undergoing lumbar puncture by radi-
ologists was significantly higher (P, .05) overall and in 9 of these
13 years individually.

DISCUSSION
In recent years, radiologists have become majority providers of
lumbar punctures for Medicare Fee-for-Service beneficiaries, and
the percentage of lumbar punctures performed by radiologists
has increased in almost every practice setting and patient group.
A dramatic shift in lumbar puncture procedures in the Medicare
population to radiologists had been previously demonstrated
using aggregate claims data, which reported that in 1991, only
10% of lumbar punctures were performed by radiologists,
increasing to .45% by 2011.5 The present study uses a different
and more detailed patient encounter-level Medicare dataset with
procedural information through 2017 and confirms that this
trend has continued. It additionally provides insight into discrep-
ancies between specialty in factors such as place of service, day of
week, and patient comorbidity.

Potential causes for the shift in lumbar punctures to radiology
in Medicare beneficiaries can be conceptually subdivided into
patient-level and provider-level factors. Patient-level factors include
issues that impact the feasibility of lumbar puncture or increase the
need for imaging guidance, including but not limited to patient
habitus, scoliosis or spondylotic changes, and other medical comor-
bidities. Provider-level factors are issues that impact the ability or
desire of medical practitioners to perform lumbar punctures them-
selves rather than refer the procedure to other providers. Provider-

FIG 4. Percentage of lumbar puncture procedures performed by specialty across time on weekdays (A) and weekends (B).
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level factors include practice environment, which may or may not
be conducive to bedside procedures, personal ability or confidence
in performing lumbar punctures, and economic considerations.

In this study, the findings regarding lumbar punctures per-
formed in the emergency department setting may provide insight
into the relative importance of patient-specific and provider-spe-
cific factors in influencing what specialty group performs the pro-
cedure. In the emergency department, emergency medicine
physicians performed most lumbar punctures, and this proportion
remained steady during the study. However, there was minimal
difference in the CCI between patients undergoing lumbar punctu-
res by emergency medicine physicians and radiologists. While the
CCI imperfectly captures patient-level factors that may make lum-
bar puncture technically challenging, the modest difference in
comorbidity supports the hypothesis that lesser case complexity is
not the primary factor behind the low proportion of lumbar punc-
tures performed by radiology in the emergency department. Thus,
the high percentage of emergency department lumbar punctures
performed by emergency medicine physicians suggests that the
procedure is technically feasible without fluoroscopic guidance in
many patients, even within a typically older Medicare beneficiary
population. The logical implication is thus that the shift of lumbar
punctures to radiology from other specialties in the outpatient and
hospital inpatient practice settings is likely due to provider-related
factors rather than technical necessity.

If lumbar puncture practice is driven by provider-level factors,
it is possible that the trend could reverse if those factors change.
However, we believe that the chance of this happening decreases
with time. For example, if extrinsic factors regularly interfere
with nonradiology providers performing lumbar punctures,
across time, those same providers may be less inclined to perform
lumbar punctures due to limited recent experience. In surveys
conducted by the American College of Physicians, 73% of inter-
nal medicine physician respondents in 1986 reported that per-
forming lumbar punctures was part of their clinical practice, with
a median of 5 lumbar punctures performed in the year preceding
the survey; by 2004, only 26% of respondents performed lumbar
punctures, and even this group reported a decrease in case num-
bers, to a median of 3 per year.19 In the present study, by 2017,
just 2.6% of lumbar punctures in the Medicare population were
performed by primary care specialties collectively, despite intern-
ists and family and general practitioners representing by far the
largest physician specialty groups in the United States, illustrating
the long-term consequences of these practice trends.20

Ultimately, the determinant of whether specialties other than ra-
diology and emergency medicine will continue to perform lumbar
punctures in a meaningful capacity will be specialty training. If resi-
dents do not become facile with lumbar puncture during training,
either because of expectations that the procedure should be per-
formed by others or because their supervising faculty are themselves
uncomfortable performing and teaching the procedure,8,21 they are
not likely to develop the skill thereafter. Neither neurology resi-
dency nor internal medicine residency training have a specific
Accreditation Council for Graduate Medical Education–mandated
number of lumbar punctures necessary for graduation, so it is likely
that expectations vary greatly among programs. Furthermore, in
internal medicine certification, the American Board of Internal

Medicine no longer mandates demonstration of procedural skill for
lumbar punctures, but simply, the cognitive competence of under-
standing procedural indications, technique, complication recogni-
tion and management, and other information needed to obtain
informed consent.22 As might be expected, a recent publication
found that 84% of lumbar punctures performed on internal medi-
cine service inpatients at a single tertiary academic medical center
were performed by radiology or a dedicated hospital procedural
service rather than by the primary team.23 To the authors’ knowl-
edge, no similar studies have been published evaluating the per-
formance of lumbar punctures on inpatients by neurology services.

The potential for improvement in resident procedural training
is well-recognized, and efforts are underway to improve trainee
access to procedure opportunities.24,25 In fact, some movement in
this direction may already be occurring. In the hospital inpatient
setting, the trend toward performance of lumbar punctures by ra-
diology appears to have reached a plateau or even reversed slightly,
with the proportion of lumbar punctures performed by radiology
decreasing in 2016 and 2017. While future research will be needed
to establish whether this reversal is a durable trend, it could plausi-
bly be explained by some of the measures noted above.

Aside from radiologists, the only provider group that per-
formed an increasing percentage of lumbar punctures across time
was nonphysician providers. Although they performed only 7.5%
of lumbar punctures in 2017, the most recent year of analysis,
that was sufficient to make them the fourth most common pro-
vider group overall. Medicare claims by nonphysician providers are
insufficient to determine their practice affiliations, and it is unclear
what proportion are working within radiology groups to perform
imaging-guided lumbar punctures versus performing bedside lum-
bar punctures in other settings. Increased collaboration between
radiologists and nonphysician providers may represent a potential
strategy for dealing with the demand for lumbar puncture.

Several potentially disadvantageous consequences of the shift
in lumbar puncture performance to radiology merit discussion.
From a patient care standpoint, it is often desirable to obtain CSF
as expeditiously as possible, such as before or soon after the ini-
tiation of antibiotics for suspected bacterial meningitis or when
ruling out subarachnoid hemorrhage. When one accounts for
logistical considerations such as procedure scheduling, patient
transportation, and fluoroscopy room preparation, even the most
efficient radiology service is unlikely to rival the speed with which
CSF can be collected at the bedside by an experienced provider.
From a health system use-of-resources perspective, a lumbar
puncture under fluoroscopic guidance requires the presence of
both a radiologist and a radiologic technologist as well as use of a
fluoroscopy suite, all increasing the per-procedure cost relative to
bedside lumbar puncture. This cost is undoubtedly justified when
lumbar puncture cannot be successfully performed without imag-
ing, but may not be appropriate in all circumstances. Further-
more, the diversion of radiologists from other tasks to lumbar
punctures carries significant opportunity cost. As of 2020, per-
forming a lumbar puncture with imaging guidance yields 1.73
work-relative value units, less than that for interpretation of an
MR imaging of the brain with and without contrast, which yields
2.29 work-relative value units. Last, although the radiation dose
to the patient and provider associated with a lumbar puncture is
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generally quite low, we must ask if even this minimal dose is justi-
fied by the corresponding benefits.26

The primary limitations of this study are that it is restricted to
the Medicare beneficiary population and that the administrative
Medicare dataset does not contain all clinical variables that would
be of interest. It is possible that the observed trend toward
increased lumbar puncture performance by radiologists is less pro-
nounced in younger adults, and particularly in children. In the pe-
diatric population, lumbar punctures are often performed by
pediatricians, though even in this group, the reported success rate
of lumbar punctures is variable.27,28 With regard to potentially rel-
evant information not fully captured by the Medicare dataset,
patient-level variables such as body mass index, the presence of
scoliosis, and history of spine surgery would be indicators of lum-
bar puncture difficulty and would likely be superior to the CCI for
this purpose. Additionally, aborted or incomplete lumbar punctu-
res are likely under-reported, so the true rates of procedural success
by specialty and the proportion of patients in whom lumbar punc-
ture was attempted by other services before radiology referral can-
not be determined. In light of these limitations, future studies in
other patient populations will be necessary to fully understand
practice patterns in lumbar puncture performance.

CONCLUSIONS
Radiologists now perform most lumbar punctures in the
Medicare beneficiary population in the United States. Even if the
long-term trend toward steadily increasing performance of lum-
bar puncture by radiologists were to plateau, the US Census
Bureau projects that the number of adults 65 years of age and
older, the demographic group included in this study, will increase
from approximately 56 million in 2020 to almost 95 million by
2060.29 Barring unforeseen changes in medical practice, radiolog-
ists will continue to be asked to fill this growing clinical void. In
preparation, it will be necessary for radiology residency programs
to produce graduates able to perform this vital service without
the need for additional fellowship training. Furthermore, radiol-
ogy practices will need to consider how to appropriately triage
lumbar puncture requests from referring providers, and they may
need to develop operational infrastructures to perform lumbar
punctures in ever-increasing numbers.
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LETTERS

Acute Stroke Imaging in Transfer Patients Who Received
Recent Intravenous Iodinated Contrast at an Outside

Facility: An Unrecognized Problem
That Deserves More Attention

We read with great interest the recent article by Copelan et
al1 titled, “Recent Administration of Iodinated Contrast

Renders Core Infarct Estimation Inaccurate Using RAPID
Software.” In a cohort of patients with acute stroke who received
recent intravenous iodinated contrast as part of another imaging
study, the authors demonstrated that the rapid processing of per-
fusion and diffusion (RAPID; iSchemaView) CTP platform may
underestimate the core infarct size. This article importantly high-
lights inherent challenges present in interpreting scans for
patients with acute stroke transferred from outside facilities who
underwent recent CT imaging with iodinated contrast.

We experienced a different challenge while interpreting scans
for transferred patients with stroke who also received recent iodin-
ated contrast at the outside facility.2 We observed parenchymal
hyperdensities, likely related to contrast enhancement of acute
infarcts. These parenchymal hyperdensities limited our ability to
confidently exclude intracranial hemorrhage, and we described
using dual-layer spectral imaging to address this problem.
Nevertheless, these challenges collectively bring to light the phe-
nomenon of recent intravenous contrast administration hindering
interpretation of acute stroke examinations after a patient’s arrival
to a tertiary care center for potential mechanical thrombectomy.
Despite this, sparse literature exists to investigate these issues. As
the authors have shown that recent contrast administration may
underestimate the core infarct size with the RAPID software, we

postulate that a similar phenomenon may result in overestimation
of the calculated ASPECTS.

Evaluation for intracranial hemorrhage, ASPECTS decay, and
perfusion abnormalities is paramount for appropriate patient
selection for mechanical thrombectomy after interfacility trans-
fer. Administration of contrast material at the first facility may
limit this ability at the recipient facility. We thank the authors for
their important work, and we feel that additional studies are
essential to address these issues.
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LETTERS

Notification of a Voluntary Product Recall for Software
Used in a Prior Published Article

On December 14, 2020, a voluntary product recall was
issued for the Neuroreader Medical Image Processing

Software that we utilized in our article “Improved Detection of
Subtle Mesial Temporal Sclerosis: Validation of a Commer-
cially Available Software for Automated Segmentation of
Hippocampal Volume,”1 published in the March 2019 issue of
AJNR. The recall was issued because the normative data base
used for demographic correction of the postprocessed volumes
was produced from MRIs performed on 218 healthy patients,
instead of the 231 MRIs expected by the FDA. This normative
data base was used to calculate the proprietary Neuroreader
Index that we reported as a secondary outcome in our research.
The normative data did not affect our main outcome variable of
segmented hippocampal volume as a percentage of intracranial
volume.

We believe that the results of our research are still valid, as
only small changes in normative values would be expected when

adding 13 additional healthy brains to the 218 already in the data
base. Furthermore, only the results of our secondary outcome
could be affected. Nevertheless, we felt obligated to immediately
inform the editorial staff of the AJNR and your readers of this
unfortunate event. The latest version of the Neuroreader software
has corrected this flaw.
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LETTERS

Improving Access to Fast MRI for Emergent Shunt Evaluation

The use of rapid MRI techniques to avoid CT in patients with
indwelling shunt catheters is a well-known means of reducing

radiation exposure to a vulnerable population. Fast MRIs of the
brain avoid the risks related to sedation, can be accomplished
quickly, and provide a sensitive means to assess ventricular size. In
2012, Koral et al1 estimated that the use of fast MRI of the brain
instead of standard CT could prevent 1 excess fatal cancer per 97
pediatric patients.

Ordering providers and radiology departments may fail to pro-
mote the use of this technique for patients requiring emergent
shunt evaluation despite this benefit, as CT is simply faster and
more convenient. At the institution described by Koral et al,1 86%
of the 679 fast brain MRIs ordered for ventricular size evaluation in
2016 were performed on an outpatient basis, while only 3% were
ordered by the emergency department, and 22 patients received at
least 5 head CTs for shunt evaluation during the year. During the
same year, the emergency department requested 71% of the 502
head CTs performed for shunt evaluation, even though 90% of the
CTs were ordered during a shift when an MRI technologist was
available on site. This means that the cancer-reducing benefit of the
fast brain MRI was rarely realized by patients presenting to the
emergency department with a need for shunt evaluation.

While it is unlikely that fast MRIs for ventricle evaluation will
replace CT entirely, radiologists should ensure that providers are

aware of the utility of rapid MRI techniques and encourage work-
flow strategies that allow for fast MRI to be performed emer-
gently, especially because these patients are often subject to
multiple imaging examinations to evaluate these devices. This
may serve as an opportunity to create MRI volume overnight,
which can justify staffing of MRI personnel during an era in
which hospitals are increasingly demanding extended coverage
for radiology services. If the fast MRI is the most appropriate test
for a patient, and the patient needs the examination emergently,
then it seems reasonable to ensure that the patient has access to
that examination.
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