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Changes in ventricular and cortical volumes following shunt placement in iNPH
7T MRI for the identification of incidental intracranial aneurysms
Pulsatile tinnitus due to stenosis of the marginal sinus

Prenatal evaluation of intracranial hemorrhage on fetal MRI
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PERSPECTIVES

Title: East River Reflections, New York City. The glassy undulating surface of water is a nonstop, delightful, and hypnotic visual display. Ignoring hydrodynamic complexities,
the mosaic of shapes and colors (blues, greens, blacks, whites, browns, and sometimes red and yellow) results from the physical/geometric optics and chemical physics of the
water and surrounding environment. With the caveat that color is subjective sensation of an intrinsic property of radiation, not matter, the “color of water” perceived by a
given observer at a point in space and time is determined by upwelling light from beneath the surface, reflected skylight, and the light scattered by the intervening air, collec-
tively involving absorption, refraction, reflection, and scattering. More specifically, the resulting appearance of the water is influenced by sunlight/cloud coverage, sedi-
ment/clarity, bubbles, depth, bottom vegetation, the viewing angle, and whether the water is calm or ruffled by waves. Waves can create 2 reflecting surfaces, 1 tilting
toward the observer and 1 away. Water is more reflective the more glancing the angle of observation, so the surface tilting away is more reflective than the toward-
tilting surface, thus, the alternating lighter and darker regions. One of water's unique properties is that its intrinsic blueness results from atomic (ie, internuclear) vibra-
tional transitions while most or all other blue substances owe their color to electronic transitions. In his delightful book Clouds in a Glass of Beer, Dr. Craig F. Bohren
writes that “The world was not designed for the convenience of those who frame multiple choice questions.” Undoubtedly true, unless there are numerous choices
including “All of the Above.”

Manfred Hauben, MD, MPH, Pfizer Inc and NYU Langone Health, New York City

AJNR Am J Neuroradiol 422109 Dec 2021  www.ajnr.org 2109



REVIEW ARTICLE

Spinal Vascular Shunts: A Patterned Approach

M.P. Kona, ““K. Buch, ). Singh, and “~'S. Rohatgi

O=

ABSTRACT

SUMMARY: Spinal vascular shunts, including fistulas and malformations, are rare and complex vascular lesions for which multiple
classification schemes have been proposed. The most widely adopted scheme consists of 4 types: type I, dural AVFs; type Il
intramedullary glomus AVMs; type llI, juvenile/metameric AVMs; and type IV, intradural perimedullary AVFs. MR imaging and
angiography techniques permit detailed assessment of spinal arteriovenous shunts, though DSA is the criterion standard for
delineating vascular anatomy and treatment planning. Diagnosis is almost exclusively based on imaging, and features often
mimic more common pathologies. The radiologist’s recognition of spinal vascular shunts may improve outcomes because
patients may benefit from early intervention.

ABBREVIATIONS: ASA = anterior spinal artery; CS = classification scheme; IPAVF = intradural perimedullary arteriovenous fistula; PSA = posterior spinal ar-
tery; SDAVF = spinal dural arteriovenous fistula; SGAVM = spinal “glomus” arteriovenous malformation; SJAVM = spinal juvenile (metameric) arteriovenous mal-

formation; SVS = spinal vascular shunt

pinal vascular shunts (SVSs) including arteriovenous fistulas

(AVFs) and malformations (AVMs) are rare lesions accounting
for 3%-4% of intradural spinal lesions.'* The SV presents a chal-
lenge from both an imaging and management perspective. Since
the first SVS classification scheme (CS) was proposed in 1971 by Di
Chiro et al,” physicians from various specialties have proposed CSs
on the basis of anatomy and/or management considerations typi-
cally relevant to the authors’ fields of expertise.”"® The current,
most widely referenced CS is derived from the works of multiple
authors.”® This article offers a review of the commonly referenced
historic classification schemes, clinical symptomology, imaging
findings, differential diagnoses, and management considerations.

Normal Spinal Vascular Anatomy
The cord is supplied by intramedullary sulcal branches of the an-
terior spinal artery (ASA) and radial perforators from the pial-

Received March 21, 2021; accepted after revision June 29.
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based vasacorona (Fig 1)."' The ASA and paired posterior spinal
arteries (PSAs) originate from the intradural vertebral arteries
and sometimes the posterior inferior cerebellar arteries. The
ASA, PSA, and vasocorona receive collateral flow from approxi-
mately 7 or 8 medullary arteries, which share a common origin
with the radicular and dural arteries supplying the nerve roots
and dural sleeves. These radiculomedullary arteries arise from
ventral spinal branches of segmental arteries. The well-known
radiculomedullaris magna artery of Adamkiewicz provides collat-
eral flow to the thoracolumbar cord, typically arising on the left
between T9 and T12.>

Normal spinal venous anatomy grossly mirrors that of the
arterial counterpart, with single anterior and dual posterior
spinal veins coursing through a pial surface plexus.
Medullary and radicular veins drain via transdural emissaries
to intervertebral, longitudinal efferent, and other level-spe-
cific venous channels.*

Historical Classification Schemes

Various proposed SVS CSs have been historically based on ana-
tomic, management, prognostic, or other considerations relevant
to the authors’ fields of expertise (Table 1).>° Modified versions
of earlier SVS CSs have also challenged the scope of included
lesions and/or degrees of subclassification.”®'* Although no pro-
posal has been universally adopted, the recent emergence of a
composite CS appears to seek a compromise.'?'? At the time of
this publication, the most widely referenced CS reflects the con-
tributions of multiple authors, beginning with types I-III of Di
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https://orcid.org/0000-0001-9579-8921
https://orcid.org/0000-0002-0843-0481
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FIG 1. A, Normal arterial anatomy: 1, intramedullary branches; 2, sulcal artery; 3, anterior spinal ar-
tery; 4, radial perforators; 5, pial arterial plexus; 6, posterior spinal arteries; 7, segmental artery; 8,
spinal artery; 9, dorsal branch of the dorsospinal artery; 10, ventral branch of dorsospinal artery; i,
ventral epidural plexus; 12, dorsal epidural plexus; 13, dural artery; 14, radicular artery; 15, ventral ra-
dicular artery; 16, dorsal radicular artery; 17, medullary artery. B, Normal venous anatomy: 1,
Intramedullary veins; 2, sulcal vein; 3, radial veins; 4, pial venous plexus; 5, anterior spinal vein; 6,
posterior spinal veins; 7, medullary vein; 8, ventral radicular vein; 9, dorsal radicular vein; 10, emis-
sary vein; T1, intervertebral vein; 12, branches from ventral epidural venous plexus; 13, branches

from dorsal epidural venous plexus.

Chiro et al’ based on angiographic morphology (1971). The pro-
posed type IV AVF addition of Heros et al® (1986); the further
subclassification by Gueguen et al,” of type IV into 3 subtypes
based on size and number of arterial feeders; and the proposed
subdivision by Spetzler et al® of type I AVF into subtypes A (sin-
gle arterial feeder) and B (multiple feeders).

Type I: Spinal Dural AVF. Spinal dural arteriovenous fistulas
(SDAVFs) account for 70% of all SVSs (Fig 24).>'> Approximately
80% of SDAVFs are found along the dorsal lower thoracic cord
surface between levels T6 and L2.®"? Anatomically, an SDAVF is
an anomalous intradural communication between a dural artery
and radicular vein within the intervertebral foramen without

an intervening capillary network.
Drainage is typically retrograde via a
medullary vein and the pial venous net-
work."»***'  SDAVFs are slow-flow
lesions, mostly acquired, possibly
related to chronic fibrosis and/or ve-
nous thrombosis."'® Arterial flow is
transferred to engorged venous collat-
erals, producing the angiographic “sin-
gle coiled vessel” appearance.”

Type II: Spinal Glomus AVM. Type II
spinal “glomus” arteriovenous malfor-
mations (SGAVMs) account for 19%-
45% of all SVSs. SGAVMs are congeni-
tal, high-flow lesions that may be tho-
racic (51%), cervical (29%), or lumbar/
conus (20%) (Fig 2B).M121722 Brom a
morphologic perspective, Di Chiro
et al® distinguished SGAVMs from
SDAVTFs by the presence of a “local-
ized vascular plexus confined to a
short cord segment.” This intra-
medullary and/or pial-based nidus
of abnormal vascular channels may
be supplied by =1 branch of the
ASA, PSA, vertebral arteries, dural
arteries, and/or vasocorona.>

Type lll: Spinal Juvenile AVM. Type
III spinal juvenile (metameric) arterio-
venous malformations (SJAVMs) are
312 type of SVS, with
estimated frequencies between 5.4%

the least common

and 9%. Most cases involve the tho-
racic spine, followed by the cervical
spine (Fig 20).16%

These voluminous,” high-flow lesions
are sometimes characterized as possess-
ing normal cord tissue within their inter-
22526 Besides the cord, these

lesions may involve the bony spine, para-

stices.

spinal tissues, and skin, sharing a com-
327

mon metameric tissue origin.
Type IV: Intradural Perimedullary AVF. The intradural peri-
medullary AVF (IPAVF) was first described by Djindjian et
al,?® in 1977, and later proposed as a type IV® addition to the
1971 CS of Di Chiro et al® (Fig 2D). IPAVF prevalence is
approximately 8%-19% of SVSs.'* The IPAVFs are pial-based
lesions supplied by the ASA and/or PSA, sometimes with a
small intervening nidus. In 1987, Gueguen et al’ proposed
IPAVF types I-III according to the size and number of arte-
rial feeders, now frequently referenced as subtypes IVa, IVD,
and IVc.
However, this morphologically based SVS CS is limited in scope
because some SVSs remain outside their descriptive criteria. Recent
proposals to address this limitation include a location-based CS
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Table 1: Historical spinal vascular shunt classification schemes

Authors Year Classification Summary
Di Chiro 1971 Type I: Single coiled vessel (AVF)
etal’ Type II: Glomus type (AVM)
Type llI: Juvenile (AVM)
Heros 1986 Type IV: Direct AVF (IPAVF) involving the
etal® intrinsic arterial supply of the cord
Gueguen 1987 3 Types of classification of IPAVF (type V)
etal’ 1) Single arterial feeder, small AVF
1) Multiple feeders, medium AVF
1) Multiple feeders, giant AVF
Spetzler 2002 AVF types (and subtypes):
etal® Extradural
Intradural (dorsal or ventral; and single (A)
or multiple (B) feeders)
AVM types (and subtypes):
Extradural-intradural
Intradural (intramedullary, intramedullary-
extramedullary, or conus medullaris)
Zozulya 2006 Type I: Intramedullary
etal’ Type II: Intradural or perimedullary
Type IlI: Dural
Type IV: Epidural
Type V: Intravertebral
Type VI: Combined
Takai'® 2017 Proposed the addition of

Type V: Extradural AVF, with subtypes
Va/Vb: with/without intradural venous

Type IV: Intradural Perimedullary
AVF. Although the clinical presentation
of IPAVF varies with subtype, approxi-
mately 93% of patients present with
neurologic deficits, among which 29%
are acute, typically resulting from sub-
arachnoid hemorrhage.'>* A 2013
meta-analysis' consisting of 213 cases
found subtype IVa to be more common
in males (male/female ratio=1.4:1),
with a mean age of 46.9 years. Mean
ages for subtypes IVb and IVc were
34.3 and 18.7years, both without sex
predilection.

Syndromic  associations  with
IPAVFs have been reported, includ-
ing Osler-Weber-Rendu, Proteus,
Klippel-Trenaunay, and Down syn-

3,6,15,22,34-37
dromes.

Imaging Findings
Type I: Spinal Dural Arteriovenous

drainage

Fistula. T2-weighted MR imaging
depicts  serpiginous perimedullary

consisting of 6 lesion types proposed by Zozulya et al’ and a type V
extradural AVF proposed by Takai.'

Clinical Symptomology

Type I: Spinal Dural AVF. The typical presentation is an older
(range, 55-60 years of age) man (male/female ratio = 5:1)" with a
history of nonspecific progressive myelopathic symptoms. The clini-
cal picture is sometimes referred to as Foix-Alajouanine syn-
drome** Symptoms are related to cord edema and ischemia
resulting from arterialized intravenous pressure competing with cord

drainage, though venous thrombosis has also been described.”**

Type II: Spinal Glomus AVM. Patients are typically in their second-
to-fourth decades of life (mean age, 28 years) without sex predilec-
tion."* Approximately 50%-75% of patients present with acute or
subacute symptoms related to subarachnoid hemorrhage or, less

10 23,2
commonly, venous thrombosis.”>*’

Type lll: Spinal Juvenile AVM. Although the low frequency of
SJAVMs limits available data, the typical presentation age is
younger than 15 years, with a slight male predominance (male/
female ratio = 1.7:1).">'%*® As reported in a 2014 meta-analysis of
51 cases of SJAVM,'® the most common presentation was a pro-
gressive neurologic deficit in 35%, followed closely by acute hemor-
rhage (31%) and an acute neurologic deficit without hemorrhage
(22%). Twelve percent of cases were incidental discoveries. Cobb
syndrome refers to the clinical manifestations of SJAVM involving
all tissues of the involved metamere.”
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flow voids, typically overlying the dor-
sal cord and conus, without an intra-
medullary nidus (Fig 3 and Table 2). Secondary congestive
myelopathy is also best-depicted on routine T2-weighted TSE
and STIR imaging as nonspecific, hyperintense signal within an
expanded cord.*®?° Contrast-enhanced T1 fat-suppression MR
imaging or CT may show cord enhancement related to chronic
venous congestion and compromise of the blood—spinal cord
barrier.** The presence of a thin T2 hypointense rim may be
more specific to SDAVFs, possibly due to the presence of deoxy-
hemoglobin within dilated peripheral capillaries of the distended
cord 14:39-41
First-pass MRA may depict the involved dural artery commu-
nicating with a prominent arterial network along the dural root
sleeve at the level of the fistula, with a prominent early filling ra-
dicular vein. Multiphase time-resolved MRA depicts progressive
enhancement through the same vascular structures and may
increase the rate of successful SDAVF localization.*?
Selective DSA injection of the involved segmental artery
shows shunted contrast advancing through the fistulous connec-
tion with retrograde reflux into a dilated radicular vein and peri-

38,39
medullary venous network.

Type IlI: Spinal Glomus AVM. The eccentric (not centered) nidus
of a SGAVM shows variable enhancement and may be partially
or completely intramedullary (Fig 4 and Table 2).'**
Surrounding T2-hyperintensity with regional cord expansion
may represent edema, gliosis, and/or ischemia.'"*® Subarachnoid
or intramedullary signal loss on gradient MR imaging may reflect
hemorrhage.*® The presence of prominent radicular venous out-
flow depicted as intra- and perimedullary flow voids on T2-
weighted MR imaging is variable.**



FIG 2. A, Type | spinal dural AVF: 1, Intercostal artery; 2, spinal artery; 3, dorsal/muscular branch; 4,
radicular artery, ventral branch; 5, radicular artery, dorsal branch; 6, radicular vein; 7, engorged peri-
medullary vein; 8, dural AVF. B, Type Il spinal glomus AVM: 1, anterior spinal artery; 2, feeding arterial
branch; 3, intramedullary glomus/nidus; 4, draining branch to pial venous network; 5, posterior spinal
veins; 6, pial venous network. C, Type lIl spinal juvenile/metameric AVM: 1, normal cord tissue within
the nidal interstices; 2, intramedullary elements of AVM; 3, extramedullary elements of AVM. D,
Type IV IPAVF: 1, anterior spinal artery; 2, fistula; 3, multiple dilated perimedullary veins; 4, multiple
contributing arterial feeders; 5, medullary artery; 6, ventral and dorsal radicular arteries.

Selective DSA injections typically show =1 feeding branch origi-
nating from the ASA, PSA, or vertebral arteries directed toward the
intramedullary nidus. Intranidal aneurysms may opacify in up to
one-third of cases. Drainage is typically via veins of the coronal and
epidural venous plexuses, which may or may not be engorged.**

Type lll: Metameric Spinal AVM. T2-weighted imaging depicts
extensive ectatic intramedullary flow voids with variable involve-
ment of the subarachnoid and epidural spaces, as well as sur-
rounding spinal elements and extraspinal tissues in a metameric
distribution (Fig 5 and Table 2).*> Parenchymal cord tissue may
be visible within the interstices of the nidus.>*>*® Cord compres-
sion from the markedly dilated extramedullary vascular architec-
ture is also best-depicted on MR imaging."*

Volume-rendered surface recon-
structions from CTA source data per-
mit further assessment of soft-tissue
involvement, particularly with regard
to the bony spinal elements, and are
useful for surgical planning.*®

Numerous ectactic high-flow intra-
and extramedullary shunts are typically
present with extremely rapid antegrade
drainage via the often-dilated perimed-
ullary and epidural venous pathways.*

Type IV: Intradural Perimedullary
AVF. T2-weighted MR imaging dem-
onstrates prominent perimedullary
flow voids typically along the ven-
tral cord surface, in contrast to
SDAVFs, which are typically dorsal
(Fig 6 and Table 2). Depending on
the degree of arterial and venous
ectasia, cord compression and dis-
placement may be present. Less
consistently, T2 signal hyperinten-
sity reflecting cord edema, ischemia,
and/or gliosis may be present, as
well as enhancement of the pia
arachnoid.*>*

The angioarchitectural findings of
IPAVFs depicted on CTA or MRA
depend on the subtype. Findings of sub-
type IVa lesions include enhancement
of a normal-caliber ASA branch and a
mildly dilated perimedullary vein along
the ventral surfaces of the conus medul-
laris or filum terminale.*>*¢

Subtypes IVb and IVc IPAVFs
both depict =1 arterial feeder and/or
shunt, with ectatic perimedullary
drainage. Subtype IVc generally has a
greater number and size of involved
vessels and shunts compared with sub-
type IVb.*® Selective DSA injection
may depict this shunt/vessel multiplic-
ity as an abrupt transition to a larger caliber vessel, with contrast
dilution from unopacified converging feeders.*” The rate of con-
trast progression through the vascular elements increases with
subtype order.”

Differential Diagnoses/Mimics

CSF Flow Artifacts. Sequences using short-TE, thinner slices, and
imaging planes perpendicular to the direction of CSF flow can
create signal voids mimicking the vascular flow voids related to
shunting (Fig 7A).” Heavily T2-weighted sequences are most
likely to distinguish vascular from CSF flow voids."*

Tortuous Redundant Roots. Severe thecal sac stenosis can result
in tortuous cauda equina roots appearing as serpentine areas of
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perimedullary low signal (Fig 7B).*® The close proximity of these
low-signal areas to the level of stenosis can help distinguish this
finding from vascular flow voids.

Spinal Vascular Masses. Vascular masses of the cord may exhibit
imaging features similar to the those of the nidus of a type II spi-
nal AVM (Fig 8A4)."**** For example, hemangioblastomas may
be accompanied by surrounding cord edema and a dilated drain-
ing vein. Distinction is made by lesion multifocality, avid

FIG 3. A 79-year-old man with a type | spinal dural AVF. A, Sagittal T2
MR imaging of the thoracic spine shows extensive intramedullary
edema as signal hyperintensity (white arrow) throughout the cord.
The thin peripheral hypointense rim (yellow rectangle) may reflect
deoxyhemoglobin within dilated peripheral capillaries. Serpiginous
perimedullary flow voids (blue arrow) are most conspicuous along
the dorsal aspect of the thoracic cord. B, Frontal view DSA injection
of the left L3 segmental artery (white arrow) shows early filling of an
ectatic spinal vein (black arrow).

Table 2: Imaging findings of spinal vascular shunts types I-IV

enhancement, or syndromic associations such as Von Hippel-
Lindau disease.”**°

Mass effect sometimes imparted by cavernous malforma-
tions may result in regional venous engorgement.*® However,
a thin rim of susceptibility signal loss related to hemosiderin
staining, as well as the characteristic “popcorn” signal pattern and
the angiographically occult nature, may distinguish a cavernous

malformation from a type II spinal AVM."*!

Collateral Venous Flow. Obstructive pathologies compromising
normal venous drainage with resulting collateral venous engorge-
ment may be difficult to distinguish from the vascular prominence
of SVS types lacking an intervening nidus.”* Recognizing charac-
teristic patterns of collateral venous engorgement and identifying a
source of obstruction can help distinguish this process from an
SVS.

Management

Type I: Dural AVF. Operative management involves ligation of
the fistulized vein through a laminectomy.”’ Endovascular
management typically involves cannulation of the involved seg-
mental artery followed by embolization of the fistula and draining
vein.

Type Il: Glomus AVM. Although the technique varies with
lesion location and operator preferences, multilevel laminec-
tomies typically afford sufficient lesion access*>>* for micro-
surgical resection of extramedullary SGAVM elements.
Presurgical embolization may achieve partial lesion oblitera-
tion and facilitate intraoperative localization via casting of
the embolic material.>*>?

Stereotactic radiosurgery is an emerging treatment strategy,
with 2 single-center studies demonstrating rates of lesion-size
reduction between 50% and 100%, with complete obliteration
rates up to 19%.'”%*

Shunt Type MRI

CTA/MRA DSA

| (SDAVF) T2 bright cord edema, * thin T2 dark rim May localize the involved dural Definitive shunt localization
Cord expansion artery along dorsal dural root Spinal arterial stasis in setting of
Prominent dorsal perimedullary flow voids sleeve cord edema
Prominent draining medullary vein
Il (SGAVM)  Eccentric intramedullary flow voids of nidus ~ Heterogeneous nidal enhancement  Delineation of arterial feeders
on T2WI May depict multiplicity of arterial Aneurysms in one-third of cases
T2 bright cord edema feeders *+ Engorged perimedullary veins
Cord expansion
*+ Prominent perimedullary flow voids
Il (SJAVM) Extensive, ectatic flow voids may involve Variable enhancement of the Numerous ectatic high-flow intra-
any tissues of a single metamere extensively involved vascular and extramedullary shunts
Normal cord tissue within nidal interstices structures Rapid antegrade drainage via intra-,
*+ Cord compression from large vascular or extramedullary venous
structures structures
IV (IPAVF) Prominent ventral perimedullary flow voids =] arterial feeder and draining Progressively increasing rates of
on T2 MR imaging veins of variable size based on flow with subtypes IVa—c
+ Cord compression from perimedullary subtype May depict dilation of small pial
venous ectasia * Pia arachnoid enhancement surface arteries or venous
*+ Cord edema/expansion on T2 MR aneurysms
imaging
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FIG 4. A 45-year-old man with a type Il spinal glomus AVM. A, Sagittal T2 MR imaging of the cervi-
cal spine shows serpiginous intramedullary and perimedullary flow voids (white arrow), with adja-
cent cord hyperintensity (blue arrow). B, Frontal view DSA injection of the right vertebral artery
(red arrow) shows opacification of a feeding arterial branch (black arrow) and nidal elements
(dashed outline). C, Lateral view DSA shows early filling of ectatic perimedullary veins (blue arrow).

FIG 5. A 14-year-old girl with a type Il spinal juvenile/metameric
AVM. A, Sagittal T2 MR imaging of the lumbar spine shows numerous
ectatic perimedullary and intramedullary flow voids (blue/white
arrow). B, Frontal view DSA injection of the right L2 lumbar artery
shows opacification of a prominent anterior spinal artery (red arrow),
intramedullary and extramedullary nidal elements (black arrow), and
early filing of an ectatic perimedullary vein (blue arrow).

Type llI: Spinal Juvenile AVM. SJAVMs are not frequently amenable

to intervention, and benefits are often brief, with high rates of addi-

d 1,26,34

tional procedures require When attempted, embolization is

generally regarded as first-line therapy
for SJAVMs due to high rates of intrao-
perative hemorrhage.

Type IV: Intradural Perimedullary
AVF. The treatment approach depends
on the number and size of the
involved arterial feeders and thus the
IPAVF subtype. Therapy generally
consists of endovascular embolization,
surgery, or a combination of both.

CONCLUSIONS

The relatively infrequent and anatomi-
cally complex nature of spinal vascular
shunts can present diagnostic and ther-
apeutic challenges to radiologic and
surgical teams. Assessment of these
lesions can be further complicated by
the lack of a universally accepted classi-
fication scheme. However, a working
knowledge of the 4 most frequently
described types of spinal vascular
shunts permits a useful initial evaluation of these lesions. Imaging
is critical, and radiologists play a pivotal role in suggesting a diag-
nosis and planning selective treatment options. Early diagnosis
improves outcomes, because patients may benefit from early
intervention.
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ious stages of degradation. There is normal signal in the adjacent cord (yellow arrow). B, A 42-
year-old woman with a history of Von Hippel-Lindau disease and cervical cord hemangioblasto- 39.
mas. Sagittal T2 MR imaging shows a small intramedullary mass (yellow arrow) with heterogene-
ous hyperintense internal signal and surrounding cord edema with cord expansion (blue arrow).
C, Sagittal contrast-enhanced T1 with fat saturation depicts intense enhancement (white arrows)
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Safety of Oral P2Y12 Inhibitors in Interventional
Neuroradiology: Current Status and Perspectives

ABSTRACT
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o~ =

LM. Camargo, ““'P.C.T.M. Lima, “*K. Janot, and

SUMMARY: In the field of interventional neuroradiology, antiplatelet agents are commonly used to prepare patients before the im-

plantation of permanent endovascular materials. Among the available drugs, clopidogrel is the most frequently used one, but resist-

ance phenomena are considered to be relatively common. Prasugrel and ticagrelor were recently added to the pharmacologic

arsenal, but the safety of these agents in patients undergoing neurointerventional procedures is still a subject of discussion. The cu-

mulative experience with both drugs is less extensive than that with clopidogrel, and the experience with patients in the neurology

field is less extensive than in the cardiology domain. In the present article, we provide a narrative review of studies that investi-

gated safety issues of oral P2Y12 inhibitors in interventional neuroradiology and discuss potential routes for future research.

ABBREVIATION: CYP = cytochrome P450

ntiplatelet agents are commonly used to prepare patients

before the implantation of permanent endovascular materials.
In the field of interventional neuroradiology, oral P2Y12 inhibitors
are used in combination with aspirin for dual-antiplatelet therapy.
Clopidogrel is the most frequently used P2Y12 inhibitor for this
kind of preparation. As a prodrug, it is transformed into its active
form by the liver and acts through an irreversible blockade of the
adenosine diphosphate receptor in the plasmatic membrane of pla-
telets."” There is evidence of a prophylactic effect in subjects with
a history of transient ischemic attack and ischemic stroke.*’
Clopidogrel use also reduces the occurrence of thromboembolic
adverse events during angioplasty and stent placement.”®'** In
some individuals, however, the use of clopidogrel does not have
the desired effect. Nonresponsive patients are usually classified as
drug-resistant.>'®"*!7 Because interventional neuroradiology
procedures not infrequently include the implantation of definitive
endovascular prostheses such as stents or flow diverters, resistance
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may lead to intrastent thrombosis with vessel occlusion or steno-
sis. > 11921 This increased risk seems to not only concern the per-
ioperative period but extends postoperatively as well.>>'*

Since the advice of the FDA on clopidogrel hyporesponsiveness
in 2010, alternative drugs have been studied at greater lengths.
In the context of both preoperative preparation and postoperative

antiaggregation, 2 other oral agents, prasugrel**~’

and ticagre-
lor,>>***® have been intensively discussed (Online Supplemental
Data). Prasugrel is a third-generation thienopyridine, a group of
drugs that irreversibly inhibits the P2Y12 receptor and, conse-
quently, adenosine diphosphate-dependent activation and platelet
aggregation.”*” Ticagrelor is a cyclopentyltriazolopyrimidine, which
is directly active after administration, thereby differentiating it from
thienopyridines.*® The cumulative experience with these 2 antipla-
telet agents in interventional neuroradiology is, however, less exten-
sive than with clopidogrel. In the present article, we provide a
narrative review of studies that investigated safety issues with oral
P2Y12 inhibitors (clopidogrel, prasugrel, and ticagrelor) in inter-
ventional neuroradiology and discuss potential routes for future
research.

Clopidogrel Resistance in Interventional Neuroradiology

Resistance to clopidogrel increases the risk of endovascular pro-
cedures, a phenomenon that was first described in the cardiology
literature,>>! H1416:1928294951 The criterion standard method to
identify resistant patients is laboratory light transmission aggreg-
ometry.> To detect poor responders promptly, point-of-care
tests have been developed and widely used both for their conven-
ience and speed. Specifically, they assess the action of the drug at
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bedside and make possible adjustments to the care of high-risk
patients. One of the most widely distributed is the VerifyNow
P2Y12 assay (Accumetrics), a portable device that enables mea-
surement in a blood sample without preparation or centrifuga-
tion.>” Tt presents the results initially in P2Y12 reactive units and
allows the calculation of the percentage of inhibition.

The values (either the number of units or the percentage of in-
hibition) can be used to classify the patient as a responder or non-
responder by applying a threshold defined by the operator. Many
authors consider >40% to be an adequate inhibition rate.>>*>>
However, because an intermediate response is observed above
20%, others propose to consider only patients with <<20% as resist-
ant."* The manufacturer presents 208 P2Y12 reactive units as the
target under which specific evidence of a pharmacodynamic effect
has been observed, being also associated with the reduction of
thrombosis and increase of bleeding rates. Neurointerventional
studies, however, have used different cutoffs in varied contexts,
varying from 208 to 295.'22%72*3405%4 A value of <60 was
reported to be associated with a higher risk of hemorrhagic com-
plications.”®* In a study of 279 patients under dual antiplatelet
therapy, a value of 175 was observed to discriminate patients with
hemorrhagic complications from those without.*" In another study
in 47 patients, focused on the bleeding risk of the 7 patients defined
as hyper-responders (=72% of platelet inhibition), 3 patients
(42.8%) had a major bleeding complication.”

An important clinical issue is the degree of platelet inhibition
obtained after a single loading dose—ie, a higher dose of the drug
that can be administered at the beginning of the treatment before
dropping to a lower maintenance dose. By means of 40% as a
threshold, up to 64% of patients exhibited a low response after
300 mg of clopidogrel.>>'"*>*® The absence of a precise defini-
tion of low response as well as the multiplicity of diagnostic
methods have contributed to the variation in the figures reported,
especially in the initial series. Some studies have suggested that
the drug resistance is related to genetic polymorphisms, but indi-
vidual factors, such as diabetes mellitus, age older than 65 years,
hypercholesterolemia, weight, adherence to treatment, and con-
comitant drugs also play a role.>*>%!>3¢

A typical example of genetic polymorphism is the alteration
of the enzyme cytochrome (CYP)2C19, which is involved in the
metabolism of clopidogrel. Altered alleles lead to high platelet
reactivity despite clopidogrel administration, but great variability
is noted within each genotype group.”” Genetic alterations
involving the P2Y12 receptor also occur."” Nevertheless, because
resistant individuals have less exposure to the active metabolite, it
is possible that the resistance is more associated with the concen-
tration of the active metabolite than with insufficient sensitivity
of the P2Y12 receptor.”® The effectiveness of clopidogrel depends
on factors that influence both the metabolite concentration and
final effect. The result is a variable response.”’

Specific genetic testing can identify patients with constitu-
tional alterations in clopidogrel metabolism.'* In clinical practice,
these tests are generally used after the patient shows a clinical or
laboratory manifestation of resistance. A particular difficulty is
the time these examinations usually demand (=5 days). It is also
known that a subject can present with the normal allele and be re-
sistant for other reasons. Conversely, a given patient who has the
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altered allele may have low platelet activity due to mechanisms
not yet fully elucidated, limiting the predictive value of genetic
testing.”” Considering the cost and impracticality of genetic test-
ing and the great variability of the causal factors, it has been pref-
erable in daily practice to perform tests that evaluate the final
drug effect, ie, platelet aggregation.”

Interest in the epigenetics of clopidogrel resistance has also
increased in the past years. Most studies focus on microRNA and
DNA methylation. MicroRNA molecules can bind to RNA and
interfere with transcription. MiR-26, miR-28, and miR-96 are
possible regulators of platelet activity through different mecha-
nisms.”>*® Considerable discussion exists regarding miR-223 as a
potential biomarker because higher miR-223 levels were associ-
ated with better platelet inhibition after clopidogrel administra-
tion.**®" Hypomethylation of a number of promoters, such as
abcl, abc3, and P2RY12 possibly decreases platelet reactivity, but
the results have not been homogeneous.*>* Decreased methyla-
tion of P2RY12 was associated with clopidogrel resistance in
patients with coronary artery disease.*>*>

The FDA has recommended considering alternative dosing
strategies for clopidogrel or using another antiplatelet drug in re-
sistant patients.”*** Although the increase in the loading dose
from 300 to 600 mg decreases the percentage of low responses in
general, doubling the dose in patients with the genetic mutation
did not significantly alter final aggregation rates.>>>”** Patients
with increased baseline levels of platelet aggregation are also
more susceptible to antiplatelet resistance; this issue is seen in
those presenting with diabetes mellitus or recent thrombotic
events.>*>*® An illustration of this issue is that low-dose aspirin
does not have the same antithrombotic effects if there is concomi-
tant arthritis, surgical stress, or diabetes mellitus.®® In this specific
situation, it is believed that the oxidative stress and elevated C-re-
active protein can compensate for and overcome the inhibitory
effect on cyclooxygenase 1.

Thromboembolic complications are multifactorial. Failure of
therapy may also be a result of drug interactions. Among the
main interactions, the use of proton pump inhibitors, particularly
omeprazole, has been described as a factor that decreases the
active metabolite of clopidogrel by altering the prodrug metabo-

lism.”™*

Ketoconazole is a potent CYP3A inhibitor and has also
been reported to reduce the plasma level of the active metabolite
of clopidogrel by about 50% in addition to reducing the antiplate-
let effect.*”” The same was observed to a lesser degree with
erythromycin and troleandomycin, which are CYP3A4 inhibi-
tors.%” Aspirin resistance, though less frequent, also increases the
risk of undesirable events in patients on dual-antiplatelet ther-
apy.®® On the other hand, rifamycin is acknowledged to be a
CYP3A4 inducer, capable of increasing the active metabolite for-
mation and antiplatelet effect of clopidogrel.*”* Similar observa-
tions have been made in smokers for reasons possibly related to
the CYPI1A-inducing effect of polycyclic aromatic hydrocar-
bons.”72

An inverse relationship between body mass and response to
clopidogrel has also been noted.>>'"'* In 2008, Lee et al® reported
an association between high body mass and a low response in a
population of patients with cerebrovascular disease. In 2014,
the results of 182 VerifyNow tests in a consecutive series of



interventional neuroradiology procedures were analyzed after a
300-mg loading dose."' In subjects weighing >60kg, significantly
lower percentages of antiaggregation and a higher prevalence of re-
sistance were observed, regardless of the cutoff (20% or 40%). This
phenomenon may have important implications regarding the way
we prepare patients for neuroendovascular treatment. Although
the exact mechanism is not yet understood, it is supposedly related
to the volume of distribution and pharmacokinetics of the drug, as
is the case with other antithrombotic agents (eg, heparin and plate-
let glycoprotein ITb/IITa inhibitors).”* For clopidogrel, dose adjust-
ment has not been regularly advocated in the past, and traditional
preoperative preparation protocols have usually recommended a
homogeneous single loading dose of 300 mg.>**

Some authors have observed an association between body
mass index and resistance to clopidogrel.”>”® This association
with the index, not just absolute values of body mass, favors
implicating metabolic phenomena, not just a pharmacokinetic
mechanism, in clopidogrel resistance. Wagner et al® hypothesized
that less exposure to the active metabolite may be a mechanism
of low response in overweight patients. It has been suggested that
overweight patients may have higher baseline platelet activity
compared with normal-weight patients. This difference is main-
tained under clopidogrel, with overweight subjects presenting
suboptimal responses more frequently.”*

It is important to distinguish truly resistant patients and those
for whom clopidogrel inefficacy is due to pharmacokinetics. In
individuals who are resistant due to pharmacodynamic factors,
dose changes would have no significant effect. For the other
patients, case-by-case dosage adjustment can be discussed.
Consequently, the use of the term “resistance” to describe every
therapeutic failure may not be appropriate because it would denote
a necessarily persistent situation. In patients undergoing coronary
stent angioplasty, increasing the standard dose was reported to
improve platelet inhibition without increasing the risk of bleeding.**
Nevertheless, these data should be interpreted with caution because
patients with cerebrovascular disease belong to a very different pop-
ulation, and hemorrhagic accidents are more frequent in neuroen-
dovascular procedures than in interventional cardiology. Interest in
tailoring doses was, however, first and more frequently addressed in
cardiology than in neuroradiology.**”*”” A loading dose of 600 mg
was reported to reduce the proportion of low responders, though

not all patients would benefit from such an increased dose.'>**

Novel Oral P2Y12 Inhibitors: Prasugrel and Ticagrelor
Prasugrel. In 1993, Japanese researchers claimed the patent for a
series of hydrothienopyridine derivatives with antithrombotic ac-
tivity.”®” Among these, prasugrel was shown to have a greater
antithrombotic effect than clopidogrel. Studies in rodents showed
that it had additional properties, such as a longer and more
intense effect.”® In 2009, the FDA approved prasugrel for use in
patients with acute coronary syndrome undergoing percutaneous
coronary intervention.*

Prasugrel is also a prodrug and must be metabolized to be
active. After being absorbed, it is rapidly esterase-hydrolyzed to
an inactive thiolactone, which, in turn, is oxidized in the liver by
CYP, leading to the formation of the active metabolite R-
138727.778 Despite being extensive, the metabolism of prasugrel

is rapid. The presence of the active metabolite in the plasma
approximately 15minutes after its administration is a conse-
quence of this phenomenon.®' Its half-life is around 7.4 hours,
the maximum plasma concentration occurs around 30 minutes,
667881 [t i

possible to obtain clinically meaningful levels of the active metab-

and the antiplatelet action lasts for about 96 hours.

olite with daily maintenance doses of 5 or 10 mg, much lower
than those used for clopidogrel (75 mg per day).”® The activation,
which occurs in 1 hepatic step, is different from that of clopidog-
rel, which requires a second oxidation stage.

Prasugrel is mainly converted by CYP3A4. Because it is con-
verted by a number of isoenzymes of the CYP complex, some stud-
ies have observed that when a single isoenzyme involved in the
formation of R-138727 is compromised, the others may fulfill the
need instead, ensuring the formation of the active metabolite.”® In
this case, it is possible that prasugrel is less subject to hyporespon-
siveness phenomena than clopidogrel.*” The use of prasugrel is con-
traindicated in patients with severe hepatic impairment due to their
metabolism by CYP, and the dose adjustment may be used in the
case of mild liver disease, though there is no clear evidence on the
subject.

Proton pump inhibitors, such as omeprazole and pantoprazole,
are known to reduce the effect of clopidogrel due to interference
with CYP2C19.” Interaction of these drugs with prasugrel was not
observed.”® Tt is believed that prasugrel does not require dosage
adjustment when administered concomitantly with drugs that are
metabolized by the CYP.*” The use of the antiretroviral ritonavir
has, however, been reported to inhibit the formation of the active
metabolite.®” Additionally, concomitant administration of ketoco-
nazole (a potent CYP3A5 inhibitor) decreased the maximum
active metabolite concentration of prasugrel by 46%, despite its
antiplatelet effect being preserved.®®”

Patients with diabetes mellitus have been reported to respond
favorably to prasugrel as part of dual-antiplatelet therapy.”*®* The
greater efficacy of prasugrel (a 60-mg loading dose and a 10-mg
daily maintenance dose) over clopidogrel (a 300-mg loading dose
and a 75-mg daily maintenance dose) in reducing the combined
rate of death from cardiovascular disease, nonfatal acute myocar-
dial infarction, and stroke after percutaneous coronary interven-
tion in patients with acute coronary syndrome was observed in the
Trial to Assess Improvement in Therapeutic Outcomes by
Optimizing Platelet Inhibition with Prasugrel-Thrombolysis in
Myocardial Infarction (TRITON-TIMI 38) study,ga’84 but prasu-
grel led to an increase in the rate of bleeding. In the secondary pre-
vention of recurrent stroke, a lower dose (3.75 mg) was assessed in
a clinical trial with 3747 Japanese patients, the comparison of
PRAsugrel and clopidogrel in Japanese patients with ischemic
STROke (the PRASTRO-I trial).®> The study failed to demonstrate
that this lower dose of prasugrel was noninferior to 75 mg of clopi-
dogrel because the relative-risk confidence interval exceeded pre-
defined margins. In the trial, the proportion of patients who
experienced bleeding was similar. This was also the case in the sub-
sequent study (PRASTRO-II), which compared 2.5 and 2.75 mg of
prasugrel with 50 mg of clopidogrel.*®

Prasugrel is similar in its structure and mechanism of action
to clopidogrel, but its greater potency and the faster onset may be
advantageous when a fast preoperative preparation or rescue
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antiaggregation is needed.”” Conversely, these characteristics
increase the severity of bleeding if it occurs. In addition, consider-
able discussion exists on whether they increase the risk of intra-
cranial hemorrhage per se.

A comparative study with 76 patients in neurology procedures
(n = 86) found a higher risk of bleeding with dual-antiplatelet
therapy when using a full dose of prasugrel (60-mg loading dose
and 10-mg/day maintenance) than when using clopidogrel.*
Hemorrhagic complications were observed in a total of 3.6%
patients treated with clopidogrel and aspirin and 19.4% of those
treated with prasugrel and aspirin. This observation suggests that
the antiplatelet regimen could be related to an increase in the rate
of bleeding. Various degrees of vascular injury may occur during
endovascular procedures, ranging from clinically insignificant ar-
terial wall damage to clear perforations with active extravasation.
The platelet inhibition obtained with prasugrel and aspirin may
facilitate occult bleeding progressing to a major, clinically signifi-
cant hemorrhagic event.”* For many authors, clopidogrel remains
the drug of choice. In cases of resistance, other antiplatelet agents
may be necessary. Patients under prasugrel in interventional neu-
roradiology series were mostly those who presented with resist-
ance to clopidogrel.**”® Moreover, sample sizes in interventional
neuroradiology have been relatively smaller.

With a 60-mg loading dose of prasugrel, approximately 50%
platelet inhibition is observed at 30 minutes and approaches the
maximum effect before 2 hours.”® A daily dose of 10mg also
results in a greater platelet inhibition than that achieved with the
usual 75mg of clopidogrel.*””® Patients taking clopidogrel who
switch to prasugrel do not lose the antiplatelet effects in the tran-
sition. Because prasugrel is an irreversible inhibitor, it takes 7-
10 days for the patient to experience normal platelet function.'>*’
The high risk of hemorrhage and the increasing use of prasugrel
in an at-risk population made it necessary for the FDA to issue a
warning.*’” It was recommended to prefer a reduced maintenance
dose (5mg/day) in patients weighing <60kg and to reserve this
drug for patients younger than 75 years of age in the presence of
a risk factor for thrombosis.

In 2013, a chart review of 16 cases of patients allergic or hypo-
responsive to clopidogrel who received prasugrel and underwent
neurointerventional procedures reported favorable results with
no cerebral ischemia or evident intracranial hemorrhage.’® In a
French study with 2 parallel groups of 100 patients, the use of
prasugrel in patients undergoing endovascular treatment of non-
ruptured cerebral aneurysms was not related to hemorrhagic
events.”” Prasugrel also potentially reduced, in comparison with
clopidogrel, the clinical consequences of thromboembolic com-
plications. In a retrospective study on 297 cases, a notable reduc-
tion in the frequency of procedure-related thromboembolism in
subjects with unruptured cerebral aneurysms was observed.””
The VerifyNow system showed lower values of P2Y12 reactive
units and higher inhibition percentages in the prasugrel group,
but the rate of hemorrhagic complications did not increase.

In a recent study, Higashiguchi et al,! in 2021, proposed a tai-
lored therapy in which prasugrel replaced clopidogrel when the
result of the VerifyNow assay was inferior to 240 P2Y12 reactive
units. They observed a reduction in the frequency of thromboem-
bolic complications after treatment of unruptured aneurysms (16%
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versus 6%, P < .048, n=217) after a 1-month follow-up without an
increase in the rate of hemorrhagic complications. It is, therefore,
clear that specific prospective studies on patients in neurovascular
procedures and larger samples are now necessary.”®

Ticagrelor. Ticagrelor is rapidly absorbed, has a half-life of 7-
12 hours, and reaches its maximum concentration approximately
2-3 hours after administration.*® A classic loading dose is 180 mg,
and the maintenance dose is 90 mg.*® The drug has a reversible
effect on P2Y12 receptors, making it a temporary allosteric antago-
nist. Thus, its effect can be assessed by VerifyNow.*” Because tica-
grelor does not require hepatic activation, it may be advantageous
in patients with a genetic mutation in the enzyme CYP2C19 or
when the situation calls for urgent antiaggregation.*® The preva-
lence of hyporesponsiveness appears to be extremely low.
Ticagrelor is known to be a substrate and a weak inhibitor of
CYP3A. Tt is extensively metabolized by CYP3A4 and, to a lesser,
extent by CYP3A5.° As a consequence, strong CYP3A4 inhibitors,
such as ketoconazole, increase ticagrelor exposure, and combined
use is not recommended.””*" Moderate inhibitors, however, such as
diltiazem are not contraindicated. Additionally, potent inducers of
CYP3A4 may reduce the efficacy of the drug. For example, rifampi-
cin may decrease its maximum concentration. Coadministration of
ticagrelor with CYP3A4 substrates with a narrow therapeutic index
is also not recommended because it can increase the exposure of
these drugs. Statins are metabolized by CYP3A4. Within an inter-
action study in healthy volunteers, an increase in the maximal con-
centration of simvastatin was observed when coadministered with
ticagrelor.”” Coadministration of ticagrelor with doses of simvastatin
or lovastatin of >40 mg/day could result in adverse effects caused
by the statins, such as gastrointestinal disorders and headache.”!
Ticagrelor leads to platelet inhibition faster and more intensively
than clopidogrel.” Tts effects also fade more quickly. Ticagrelor
coadministered with aspirin has been shown to lead to adequate
P2Y12 inhibition in patients resistant to clopidogrel.”> A random-
ized, double-blind trial comparing ticagrelor with clopidogrel in
patients with coronary artery disease found that ticagrelor was asso-
ciated with higher rates of inhibition, including in low responders

to clopidogrel.”

A multicentric trial of 18,624 patients with acute
coronary syndrome showed that ticagrelor was characterized as a
fast and potent antiplatelet agent, with an overall favorable safety
profile in patients in cardiology studies.*****> Compared with clas-
sic treatment regimens, the drug appears to be more effective in
preventing ischemic coronary events but comes with an increase in
the rate of non-procedure-related bleeding.***

In an interventional neuroradiology series in 2014, eighteen
subjects who did not respond to clopidogrel were treated with
ticagrelor.”® The result was favorable, in the sense that ticagrelor
could effectively replace clopidogrel, but 1 event is worth noting:
A patient nonresponsive to clopidogrel was forced to switch from
ticagrelor to clopidogrel after a flow-diverter placement due to a
shortage of the drug. This patient developed partial thrombosis
after his treatment was changed. This incident further suggests
the efficacy of ticagrelor but calls attention to the potentially seri-
ous consequences of stopping treatment with the drug. In this
context, ticagrelor may be considered an alternative antiplatelet

agent, but its indication should be evaluated on a case-by-case



basis. Chronic use of ticagrelor is associated with greater draw-
backs than clopidogrel.

Elderly patients have a higher drug exposure compared with
younger ones, and women have greater exposure than men.”"
Most interesting, elderly patients also have a lower platelet aggrega-
tion index, suggesting that platelets are less sensitive in this sub-
group. Despite these differences, no age- or sex-related dose
adjustment has been recommended. Renal insufficiency does not
seem to influence dosing needs to a significant degree.”’ However,
exposure is increased in patients with mild hepatic impairment.
Because changes in pharmacodynamics or tolerability are not sig-
nificant, dose adjustment in these groups does not seem necessary,
but caution must be used because there are still no available data
on patients with moderate or severe hepatic impairment.*®

Bleeding is the main safety concern. An increased risk of minor
bleeding with ticagrelor compared with clopidogrel was reported,
though there were few major bleeding events.”" Although the per-
centages were small, an increase in fatal intracranial bleeding with
ticagrelor compared with clopidogrel (0.1% versus 0.01%) was
noted in the PLATelet inhibition and patient Outcomes (PLATO)
trial in patients in a cardiology study.” Bleeding times also increase
in patients on ticagrelor compared with those on clopidogrel.”"
Dyspnea is another frequent adverse event, but the need to discon-
tinue therapy because of it does not seem to be very common.***!

Narata et al,*® in 2019, analyzed a consecutive series of 154
patients with unruptured aneurysms undergoing stent placement
or flow-diverter implantation procedures under aspirin and tica-
grelor. The authors observed more neurologic complications than
in previous neurointerventional reports that used aspirin with tica-
grelor or clopidogrel, but all observed deaths (n = 4) were related
to intracranial hemorrhaging. They reported that the number of
neurologic complications was lower when a lower dose of heparin
was used and indicated that more neurovascular studies comparing
clopidogrel with ticagrelor under different heparin regimens are
necessary.*® In the same year, Soize et al** reported a study of 80
patients undergoing aneurysm treatment with a flow diverter/dis-
rupter in which dual-antiplatelet therapy with aspirin and clopi-
dogrel was compared with aspirin and ticagrelor. After 1 month,
no significant difference was observed between groups regarding
thromboembolic complications or hemorrhage. After 3 months,
no delayed infarction or hemorrhage was observed.

In a 2020 study of 72 patients comparing rates of thromboemb-
olism after stent-assisted coiling for unruptured aneurysms, post-
procedural infarction was observed on diffusion-weighted imaging
more frequently in the ticagrelor group than in the aspirin-plus-
clopidogrel group.*' After multivariable logistic regression analysis,
however, the authors concluded that postprocedural infarction was
more associated with aneurysm type than antiplatelet medication
per se in their series.

In the Acute Stroke or Transient Ischaemic Attack Treated
with Aspirin or Ticagrelor and Patient Outcomes (SOCRATES)
trial, which compared ticagrelor with aspirin in 13,199 patients
with acute stroke or transient ischemic attack, ticagrelor was not
found to be superior to aspirin in reducing the rate of stroke,
myocardial infarction, or death at 90 days, and no increase in in-
tracranial bleeding was observed.”® Nevertheless, increased rates
of minor bleeding and dyspnea were noted. The rates of

discontinuation of treatment due to dyspnea or any bleeding were
6.2% and 1.3%, respectively, in the ticagrelor group and 1.4% and
0.3%, respectively, in the aspirin group. More recently, the Acute
Stroke or Transient Ischaemic Attack Treated with Ticagrelor and
Aspirin for Prevention of Stroke and Death (THALES) trial com-
pared ticagrelor and aspirin to aspirin alone for the same condi-
tions in a total of 11,016 patien‘[s.97 The risk of a stroke or death
within 30 days was lower with dual therapy, but there was no dif-
ference in the incidence of disability. Severe bleeding was more fre-
quent with ticagrelor (n=28, 0.5% of severe bleeding, 0.4%
intracranial bleeding). These rates of bleeding in the intracranial
space were within the range observed with patients taking clopi-
dogrel and aspirin in the Clopidogrel in High-Risk Patients with
Acute Nondisabling Cerebrovascular Events (CHANCE) trial
(0.3% with moderate and severe hemorrhage, 0.3% with hemor-
rhagic stroke) and the Platelet-Oriented Inhibition in New TIA
and Minor Ischemic Stroke (POINT) trial (0.9% with major hem-
orrhage, 0.2% with intracranial bleeding).*’

An important topic of discussion is the reversibility of the
effect of ticagrelor. It was reported that although the antiaggrega-
tion induced by aspirin could be efficiently reversed by platelet
transfusion, the same cannot be accomplished with ticagrelor.
Even in high doses, platelets do not seem to be a potent antidote.
Because the drug reversibly binds the P2Y12 receptor, the sug-
gested mechanism is that circulating ticagrelor and its active
metabolite inhibit the fresh platelets administered.”® In an in vitro
and ex vivo study, gel-filtered platelets from patients who had
received ticagrelor were shown to suppress donor platelet func-
tion after mixing, suggesting the transfer of ticagrelor to the do-
nor platelets without recovery of the responsiveness of the
patient’s platelets.”> Antibody-based strategies are emerging as a

potential pathway for achieving rapid drug reversal.'®

CONCLUSIONS

In the domain of interventional neuroradiology, antiplatelet
treatment is intended to reduce the risk of perioperative throm-
boembolic phenomena. For preoperative preparation, clopidogrel
is used very frequently and point-of-care aggregometry tests have
been developed. Nevertheless, in a considerable number of
patients, significant resistance to the drug is observed in associa-
tion with a risk for cerebral ischemia after implantation of intra-
cranial endovascular material. Prasugrel and ticagrelor are
proving to be promising drugs, given their effective use in
patients with resistance to clopidogrel. There remains, however, a
need for larger studies on patients in neurointerventional proce-
dures, in particular regarding treatment tailoring. The same is
true of reversal strategies, particularly for ticagrelor.
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The American Society of
Neuroradiology: Cultivating a
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a Stronger Organization
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J.A. Hirsch, ““M.H. Johnson, ““K.L. Lyp, ““E.P. Quigley,
N. Salamon, ““).E. Jordan, and “*'E.S. Schwartz

s an organization, the American Society of Neuroradiology

(ASNR) is committed to a welcoming environment for all
and encourages a culture of bystander allyship, positive mentor-
ship, and professional modeling." Central to achieving this wel-
coming environment is the need to acknowledge, respect, and
celebrate diversity in our organization and to actively include and
elevate the underrepresented. We believe embracing diversity
and inclusion is in the best interest of our patients, our specialty,
our Society, and ourselves, and we also expect that embracing di-
versity and inclusion will enhance our collective ability to achieve
quality and excellence.

As physicians and scientists in neuroradiology, our foremost
responsibility is the care of our patients. We are deeply con-
cerned by the well-documented disparities in health care access
and outcomes attributable to race and ethnicity,2 sexual orienta-
tion,® gender identity,* religion,” poverty,® aging,” and other fac-
tors. Neuroradiology is not exempt from these issues. There are
documented racial and ethnic differences in diagnostic imaging
use during US emergency department visits.® Disparities have
also been shown in a number of disease processes in which
neuroradiologists directly or indirectly provide clinical care,
including stroke,”'® dementia,'’ pain management including

1213 and head and neck can-

osteoporotic compression fracture,
cer."* Furthermore, pre-existing disparities have been further
exacerbated by the coronavirus disease 2019 (COVID-19) pan-

. 15-18
demic,

particularly in impoverished communities and com-
munities of color. Although the root causes of health disparities
are complex, they can be grouped into health system, patient,
and provider factors.?

Our committee has attempted to mitigate contributing pro-
vider factors through a series of educational webinars that do the
following: 1) highlight the existence of health care disparities in
the context of COVID-19 (Neuroradiology Updates & COVID-
19, August 5, 2020), artificial intelligence (Artificial Intelligence:
What the Neuroradiologist Needs to Know, October 7, 2020),
and back pain (Oh My Aching Back!: What the Neuroradiologist
Needs to Know about Back Pain in 2020, November 4, 2020); 2)
educate neuroradiologists about respectfully and compassionately
caring for vulnerable populations (Diversity & Inclusion Matters,
July 8, 2020; Understanding the Terminology and Making a
Difference, September 2, 2020; Imaging of the Transgender and
Gender Diverse Patient, March 31, 2021); and 3) define allyship

http://dx.doi.org/10.3174/ajnr.A7310
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as well as provide strategies for being an effective ally and speak-
ing up against microaggressions encountered in the professional
radiology setting (Understanding the Terminology and Making a
Difference, September 2, 2020). We are also committed to com-
bating “ableism,” which is defined as discrimination and social
prejudice against individuals with disabilities."

Diversity and inclusion are also critical to the long-term
health of our specialty. A diverse neuroradiology workforce not
only improves our ability to address health disparities by mitigat-
ing the negative effects of language barriers, mistrust, and cultural
misunderstandings®® but also positions us to benefit from
enriched collaborations, innovation, and grow‘[h.21 For example,
an age-inclusive workforce facilitates intergenerational learning
and has been linked to higher productivity, lower turnover, and
higher rates of creativity and innovation.”

Historically, neuroradiology has been a male-dominated
field.*>** Although more work is needed in neuroradiology to
achieve gender parity with the medical school graduate and
graduate medical education trainee pools, we are encouraged by
recent progress in gender equity within the ASNR leadership
ranks. More specifically, 5 of the 10 ASNR Presidents from 2010
to 2019 were women, and 3 of the 4 Presidents from 2020 to
2023 will be women, as opposed to just 2 female Presidents
from 1962 to 2009.%° Furthermore, there is strong female leader-
ship among ASNR staff, with 8 of the 10 departments at head-
quarters led by women as well as a female Managing Editor of
the American Journal of Neuroradiology. We celebrate the pro-
gress embodied by our Society’s record of recent female leaders
and the positive example the ASNR has set for other major med-
ical societies in this regard;26 however, we are also committed to
confronting other existing gender imbalances within the organi-
zation, including only 2 women having received the ASNR Gold
Medal and no female Editors-in-Chief of the American Journal
of Neuroradiology.

When thinking about the long-term health of our specialty
within the United States, societal demographics and demographic
trends are relevant. In 2016, minority groups, including African
Americans, Hispanics and Latinos, Asians, American Indians,
Alaskan Natives, Native Hawaiians, and Pacific Islanders accounted
for >38% of the United States population.”’ By 2045, white
Americans are projected to no longer be in the majority.”’”
However, underrepresented minority groups in medicine (African
Americans, Hispanics, Native Americans, Alaskan Natives, Native
Hawaiians, and Pacific Islanders) comprise only 6.5% of practicing
radiologists and only 8.3% of radiology residents, compared with
153% of medical school graduates.”® Shared race or ethnicity
between patients and physicians has been shown to positively affect
communication, patient satisfaction, compliance, and overall health
outcomes.”**> Furthermore, lack of diversity within radiology may
impair the ability of our field to address the underlying causes of
the previously described health care disparities related to radiology.
For these reasons, our committee supports existing radiology pipe-
line initiatives intended to expose and attract talented individuals
from backgrounds underrepresented in medicine to our specialty,
including the American College of Radiology’s Pipeline Initiative
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for the Enrichment of Radiology internship directed toward rising
second-year medical students. Additionally, we are actively explor-
ing the potential for similar pipeline programs specific to neurora-
diology and the ASNR.

Just as diversity strengthens our specialty, it also strengthens our
organization and should, therefore, be viewed as a strategic impera-
tive. It is well-documented that corporations that value and priori-
tize diversity perform better.® For example, organizations in the
top quartile with respect to racial and ethnic diversity are 35% more
likely to have above-median financial performance, and organiza-
tions in the top quartile for gender diversity are 15% more likely to
have above-median financial performance.** Organizational diver-
sity improves employee engagement, analytical thinking, and inno-
vation.” In problem-solving, groups composed of individuals with
a wide range of backgrounds, perspectives, and abilities outperform
groups of like-minded experts, particularly when problems are
unique or difficult.*®

The ASNR annual meeting program is one of the most highly
visible products of our organization, where the presence or ab-
sence of diversity is readily apparent. Thus, our committee priori-
tized the creation of an annual meeting programming diversity
checklist, encouraging diverse and inclusive representation in the
following areas: 1) geographic, including international; 2) institu-
tional; 3) gender and gender identification; 4) age and career
level; 5) race, ethnicity, culture, and nationality; 6) neuroradio-
logic subspecialty; 7) practice environment; 8) training institu-
tion; and 9) accommodations for all levels of abilities. Additional
initiatives intended to strengthen the ASNR as a diverse and in-
clusive organization include the Committee Chair Orientation
Toolkit and invitations to ASNR Committee Chairs to join
Diversity and Inclusion Committee calls and partner on aligning
strategic initiatives.

Cultural competence is not innate. Rather, this is a skill set
developed through interest and intentional effort facilitated by
education, travel, and experience. We are fortunate to inhabit a
fascinating world teeming with biologic diversity. A certain awe
for and desire to understand these diverse biologic processes and
leverage them for the benefit of humankind likely motivated
many of us to pursue a career in medicine. We suggest approach-
ing human diversity with this same sense of wonder, apprecia-
tion, and desire to understand, recognizing the tremendous
creativity and vitality that these differences may catalyze.

Finally, the committee views health equity for the patients we
serve as an extremely important endeavor for medicine in gen-
eral, as well as neuroradiology in particular. We must remain vig-
ilant regarding the social, environmental, economic, political, and
cultural frameworks that affect individual and population health.
It is becoming increasingly clear that radiology can play a pivotal
role in addressing these issues. For example, the American
College of Radiology recently convened the Radiology Health
Equity Coalition to advance awareness of health disparities and
equity in the delivery of health care in the United States.”” As the
pandemic has highlighted substantial inequities in health status
and health care, the American College of Radiology became con-
vinced that patient-centered care achieved through health equity
is good for patients and providers alike. At the request of the
American College of Radiology Commission on Neuroradiology,
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the committee recently recommended that the ASNR become a
member organization of the Coalition, and the ASNR Board of
Directors unanimously voted to join.

Although we hope that our shared responsibility to do what is
best for our patients would serve as sufficient motivation to
enthusiastically support the diversity and inclusion efforts of the
ASNR, we believe there are also very good reasons to participate
from the standpoints of our specialty, our society, and ourselves.
Please, come join us in this important work! There is not only
much to do but also much reason for excitement and optimism
about a better and stronger future together.

All Diversity and Inclusion webinars mentioned in this article are
available for on-demand viewing at ASNR Education Connection
(https://www.asnr.org/education/education-connection/).
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Deep Learning Enables 60% Accelerated Volumetric Brain
MRI While Preserving Quantitative Performance: A
Prospective, Multicenter, Multireader Trial

LN. Tanenbaum
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ABSTRACT

BACKGROUND AND PURPOSE: In this prospective, multicenter, multireader study, we evaluated the impact on both image quality
and quantitative image-analysis consistency of 60% accelerated volumetric MR imaging sequences processed with a commercially
available, vendor-agnostic, DICOM-based, deep learning tool (SubtleMR) compared with that of standard of care.

MATERIALS AND METHODS: Forty subjects underwent brain MR imaging examinations on 6 scanners from 5 institutions. Standard of care
and accelerated datasets were acquired for each subject, and the accelerated scans were enhanced with deep learning processing. Standard
of care, accelerated scans, and accelerated—deep learning were subjected to NeuroQuant quantitative analysis and classified by a neuroradi-
ologist into clinical disease categories. Concordance of standard of care and accelerated—-deep learning biomarker measurements were
assessed. Randomized, side-by-side, multiplanar datasets (360 series) were presented blinded to 2 neuroradiologists and rated for apparent
SNR, image sharpness, artifacts, anatomic/lesion conspicuity, image contrast, and gray-white differentiation to evaluate image quality.

RESULTS: Accelerated—deep learning was statistically superior to standard of care for perceived quality across imaging features de-
spite a 60% sequence scan-time reduction. Both accelerated—deep learning and standard of care were superior to accelerated
scans for all features. There was no difference in quantitative volumetric biomarkers or clinical classification for standard of care
and accelerated—deep learning datasets.

CONCLUSIONS: Deep learning reconstruction allows 60% sequence scan-time reduction while maintaining high volumetric quantifi-
cation accuracy, consistent clinical classification, and what radiologists perceive as superior image quality compared with standard
of care. This trial supports the reliability, efficiency, and utility of deep learning—based enhancement for quantitative imaging.
Shorter scan times may heighten the use of volumetric quantitative MR imaging in routine clinical settings.

ABBREVIATIONS: DL = deep learning; FAST = accelerated scan; HOC = hippocampal occupancy score; HV = hippocampal volumes; ILV = inferior lateral
ventricles; MCI = mild cognitive impairment; SLV = superior lateral ventricles; SOC = standard of care

D eep learning (DL) is a subset of machine learning that uses
convolutional neural networks to process large volumes of
data.'® While traditional reconstruction techniques can be lim-
ited by long scan times, SNR constraints, and motion artifacts,
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the recent application of DL to image reconstruction can enable
faster image acquisitions with equal or enhanced image quality.>?
While DL can boost SNR among other advantages over conven-
tional methods,”® concerns exist over whether postprocessing
can mask or alter pathology and whether the quantitative values
derived are consistent with those obtained from routine standard
of care (SOC) scans over the gamut of scanner vendors and
across field strengths.

MR imaging depicts brain anatomy with high spatial and con-
trast resolution, qualities crucial when applying anatomic seg-
mentation and quantitative volumetric analysis. Quantitative
volumetric analysis requires 3D radiofrequency spoiled gradient-
echo T1-weighted scans, and k-space acceleration opportunities
have limits. Reduced excitations and undersampling techniques
like compressed sensing accelerate scans at a cost of increased
image noise (reduced SNR). Acceleration via decreases in the
imaging matrix can improve both SNR and contrast resolution
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but reduce image sharpness. For this study, both undersampling
and reduced imaging matrices were used for the accelerated scans
(FAST), which were then processed with a commercially available
DL tool (SubtleMR; Subtle Medical) that provides both denoising
and sharpness enhancement (FAST-DL). Our goal was to match
or exceed SOC image SNR and spatial resolution while maintain-
ing clinical and quantitative integrity.”

In this prospective, multireader, multicenter study, we
explored the impact of DL-based enhancement of 60% acceler-
ated 3D T1-weighted brain MR image acquisitions. We found
that the DL-processed images demonstrated high volumetric
quantification accuracy and matched clinical disease status pre-
dictability and provided what readers perceived as superior image
quality compared with the longer SOC examinations, suggesting
good generalizability, accuracy, and potential utility of DL
enhancement in routine clinical settings.

MATERIALS AND METHODS

Participants

With Western Institutional Review Board approval and patient
consent, 40 consecutive subjects (mean age, 69 [SD, 17] years; 21
men, 19 women) undergoing clinically indicated brain MR imag-
ing examinations for subjective memory loss were prospectively
recruited during an 8-month period.

Image Acquisition

Imaging was obtained on 6 scanners (3T Skyra, Siemens; 3T
Discovery 750 and 3T Discovery 750w, 3T Signa Premier, and
1.5T HDxt, GE Healthcare; 3T Verio, Siemens) at 3T (n=32)
and 1.5T (n=38) from 5 different institutions in New York
(n = 8) and California (n = 32).

The image acquisitions consisted of paired 3D T1-weighted
sagittally acquired datasets: 1 SOC image set (mean scan time, 6
minutes, 56 seconds for 3T and 4 minutes for 1.5T), and 1 FAST
image set (mean scan time, 2 minutes, 44 seconds for 3T and 2
minutes, 40 seconds for 1.5T). Native sagittal images were acquired
and quantitatively postprocessed at 1-mm section thickness (for
3T) and 1.2-mm section thickness (for 1.5T). The spatial-resolu-
tion matrix was 256 x 256 for SOC and 128 x 256 for FAST.
Acquisition parameters included MPRAGE (flip angle = 9°, TI =
1100 ms, section thickness = 1.0-1.2mm); fast-spoiled gradient
recalled (flip angle = 8°, TI = 900 ms, section thickness = 1.0-
1.2mm); and BRAVO (GE Healthcare; flip angle = 12°, TI =
450 ms, section thickness = 1.0-1.2 mm). The average pooled (3T
+ 1.5T) 3D T1WI scan times for all 40 patients (n = 32/3T and
n = 8/1.5T) were 6 minutes, 1 second for SOC (range, 4-7
minutes) and 2 minutes, 43 seconds for the FAST dataset (range,
2-2 minutes, 50 seconds), representing a 60% sequence scan-time
reduction for the FAST acquisition.

Image Processing

FAST-DL was performed off-line using an FDA-cleared, vendor-
agnostic, DICOM-based, convolutional neural networks-de-
pendent deep learning artificial intelligence image-enhancement
software product, SubtleMR (Version 1.2). The training set
included hundreds of thousands of MR imaging datasets from a
variety of vendors (GE Healthcare, Philips Healthcare, Siemens,

Hitachi, and so forth), scanner models, field strengths, and clini-
cal sites, as well as a variety of disease states/clinical indications,
thus experiencing a range of tissue contrasts, acquisition parame-
ters, patient anatomies, and variable image quality.

The DL network was trained on paired low-/high-resolution
images to impart structure-preserving noise reduction and sharp-
ness enhancement to newly acquired images.” Processing does
not use proprietary raw k-space input (DICOM-based) and is,
thus, vendor-agnostic. For the study, DL processing required
<1 minute per series on a scanner-connected GPU server and
finished before the next sequence acquisition was completed,
thus not impacting overall examination time. Images were gath-
ered from different sites and presented to the reviewers on a com-
mercial DICOM viewer.

The SOC, FAST, and FAST-DL image sets were processed
with a machine learning-based FDA-cleared quantitative volu-
metric software product, NeuroQuant (Cortechs.ai). The hippo-
campal occupancy score (HOC), a biomarker to predict the
progression of neurodegenerative diseases, as well as the volumes
of the hippocampi (HV), superior lateral ventricles (SLV), and in-
ferior lateral ventricles (ILV) were analyzed for this study.

Radiologic Assessment

For the image-quality assessment, 2 experienced board-certified
neuroradiologists (>17years’ experience each) were presented
with 40 paired side-by-side multiplanar 3D T1-weighted series
datasets (360 series). The blinded datasets (SOC versus FAST,
SOC versus FAST-DL, FAST-DL versus FAST) were randomized
in disease classification, image plane, and left-right display order.
The readers evaluated 2 images side-by-side and provided a single
Likert scale ranking between 1 and 5 that described whether the
left or right image was superior (3 = both images were preferred
equally; 2 or 4=right/left mildly preferred; 1 or 5= right/left
strongly preferred) for the following: 1) perceived SNR; 2) per-
ceived spatial resolution (sharpness); 3) imaging artifacts; 4) ana-
tomic/lesion conspicuity; 5) image contrast; and 6) gray-white
matter differentiation. Anatomic conspicuity of brain structures
such as the deep gray nuclei was used in cases in which a lesion
was not conspicuous on the 3D T1-weighted images. Sample
lesions in our datasets included infarcts and prominent white
matter ischemic disease.

To assess clinical classification performance, we categorized
the quantitative biomarkers obtained from 80 datasets (40 SOC
and 40 FAST-DL) in a blinded, randomized fashion. Each dataset
was rated using a binary predictive classification system (healthy/
mild cognitive impairment [MCI] versus dementia) with ground
truth established according to the statistical significance of 3 bio-
markers falling >2 SDs from the mean: HOC (<5%), HV
(<5%), and ILV (>95%) based on an (n >4000) age- and sex-
matched normative data base, with 0/3 and 1/3 statistically signif-
icant biomarkers categorized as healthy/MCI; and 2/3 and 3/3
categorized as likely dementia.

Following qualitative feature ranking and quantitative analy-
sis, both readers were presented the SOC and FAST-DL datasets
in a side-by-side fashion, randomized in right-left orientation to
qualitatively assess the overall diagnostic quality of the 3D T1-
weighted images before postprocessing with NeuroQuant and

AINR Am J Neuroradiol 42:2130-37 Dec 2021 www.ajnr.org 2131



Table 1: Wilcoxon rank sum test results—both readers combined®

SOC vs FAST FAST-DL vs SOC FAST-DL vs FAST
Feature Mean P Value Mean P Value Mean P Value
Perceived SNR 4.1(sD, 0.8) <.001 3.5(SD, 13) <.001 43 (SD, 1.0) <.001
Sharpness 45 (SD, 0.7) <.001 3.5(SD, 1.5) .005 47 (SD, 0.9) <.001
Artifacts 3.9 (SD, 0.8) <.001 35 (SD, 1) <.001 41(SD, 0.9) <.001
Anatomic/lesion conspicuity 4.2 (SD, 0.7) <.001 3.3(SD, 17) .006 43 (SD, 0.7) <.001
Image contrast 4.0 (SD, 0.7) <.001 3.4 (SD, 11 .004 4.1(SD, 0.8) <.001
GM/WM differentiation 43(SD, 0.7) <.001 34 (SD,12) 009 45 (SD, 0.8) <.001

#SOC is superior to FAST for all criteria (P values <.001). Numbers higher than 3 represent preference for the first of the 2 sequences listed in the upper row. FAST-DL is
superior to SOC for all criteria (P values < .008), except for GM/WM differentiation. While this metric trended to be superior for FAST-DL versus SOC, it did not reach
statistical significance after Bonferroni correction (P=.009). FAST-DL is superior to FAST for all criteria (P values <.001).

Table 2: Paired t test for SOC versus FAST-DL?

Paired

SOC FAST-DL t Test

HOC (mean) 0.68 (SD, 016)  0.68 (SD, 0.16) 0.58

HV (mean) (cm’) 645(SD,170) 647 (SD, 1.69) 0.77

SLV volume (mean) 44.30 (SD, 20.60) 43.63 (SD, 20.35) <0.05
(cm?)

ILV volume (mean)  3.07 (SD,178)  3.04 (SD, 1.69) 0.27
(cm’)

@There is excellent agreement between SOC and FAST-DL for quantitative assess-
ment of HOC, HV, SLV volume, and ILV volume.

Table 3: Paired t test for SOC versus FAST®

Paired

SOC FAST t Test

HOC (mean) 0.68 (SD, 016)  0.68 (SD, 0.17) 0.63

HV (mean) (cm?) 6.45(SD,170)  6.56 (SD, 1.88) 0.60

SLV volume (mean) ~ 44.30 (SD, 20.60) 43.44 (SD, 20.01) <0.05
(cm?’)

ILV volume (mean) 3.07 (SD, 1.78) 3.17 (SD, 1.85) 0.93
(cm’)

?There is less optimal agreement between SOC versus FAST (compared with SOC
versus FAST-DL) for quantitative assessment of HOC, HV, SLV volume, and ILV
volume.

again after postprocessing with NeuroQuant, with the goal of vis-
ually assessing the quality of matched color-coded segmentation
of the latter. The FAST scans were excluded from this analysis
because they would not be typically used as input to quantitative
segmentation software given their lower spatial resolution.

Statistical Analysis

Wilcoxon rank sum tests were performed to assess the equiva-
lence or superiority of the image quality for each feature (Table
1). Statistically significant superiority for a feature was deter-
mined by a P value < .05.

Adjustment for significance tests for multiple comparisons
was made using the Bonferroni correction, which adjusts the sig-
nificance level to P < .05/.06 (0.00833).

Paired t test analysis was performed to test the equivalence
of quantitative data on both the SOC versus FAST-DL images
(Table 2) and SOC versus FAST images (Table 3). Linear regres-
sion graphs (Figs 1 and 2) and Bland-Altman analysis (Figs 3
and 4) were performed to assess quantitative volumetric bio-
marker equivalence of the datasets. The Spearman rank correla-
tion test was applied to assess interreader agreement between
the 2 neuroradiologists on image-quality ratings. Additionally,
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interrater reliability analysis was performed using an equal-
spacing weighted Cohen « statistic to measure the consistency
of the 2 readers’ evaluation of image quality.

RESULTS

Qualitative and Quantitative Performance

FAST-DL was statistically superior to SOC in subjective image
quality for perceived SNR, sharpness, artifact reduction,
anatomic/lesion conspicuity, and image contrast (all P values
< .008), despite a 60% reduction in sequence scan time. Both
FAST-DL and SOC were statistically superior to FAST for all ana-
lyzed features (all P values < .001). Wilcoxon rank sum statistical
results are collectively summarized in Table 1.

Paired ¢ test analysis demonstrated excellent agreement of
quantitative data on both the SOC and FAST-DL images (Table
2). As expected, there was less agreement between the SOC and
FAST datasets (Table 3) due to the lower spatial resolution of the
FAST images. There was no statistically significant difference
between mean HOC values in the SOC (0.68 [SD, 0.16]) and
the mean FAST-DL (0.68 [SD, 0.16]) datasets. The difference of
the HV, SLV volumes, and ILV volumes was also negligible
(<2%) for the SOC and FAST-DL datasets. The linear regression
graphs (Fig 1) and Bland-Altman plot graph analysis (Fig 3) fur-
ther demonstrated strong agreement between quantitative values
in each dataset across the range of conditions (normal, MCI,
Alzheimer disease) with the HOC ranging from 0.32 to 0.95 mL.
There was 100% agreement in clinical disease classification of
both the SOC and FAST-DL datasets (1 =29 healthy/MCI and
n=11 dementia). The cross-correlation factor and degree of scat-
ter was consistently worse for the SOC and FAST images com-
pared with the SOC and FAST-DL images as demonstrated on
the linear regression graphs (Fig 2) and Bland Altman plot graph
analysis (Fig 4).

There was excellent interreader agreement between the 2 neu-
roradiologists on the Spearman rank correlation test applied to
the Likert image quality ratings, with a Spearman p value of
0.725 (P <.01). The k value of 0.62 (P <.001) also confirms sub-
stantial interrater agreement on the Likert scale rankings.

Overall Diagnostic Quality

All SOC and FAST-DL datasets were rated of diagnostic quality by
both interpreting neuroradiologists. Both readers determined that
there was similar quality of segmentation for both the SOC and
FAST-DL datasets. Representative imaging examples for image-
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FIG 1. Linear regression results for SOC versus FAST-DL. The plot graphs demonstrate linear distribution without scatter, indicating consistent
concordance between SOC (x-axis) and FAST-DL (y-axis) in quantitative assessment of HOC (A), HV (B), SLV volume (C), and ILV volume (A).
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FIG 2. Linear regression results for SOC versus FAST. The plot graphs demonstrate a modestly linear distribution though some scatter is present,
indicating less optimal concordance of the cross-correlation factor between SOC (x-axis) and FAST (y-axis) (compared with SOC versus FAST-
DL) in a quantitative assessment of HOC (A), HV (B), SLV volume (C), and ILV volume (A).
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FIG 3. Bland-Altman results for SOC versus FAST-DL. The plot graphs demonstrate a linear distribution without significant scatter, indicating
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FIG 5. Representative axial 3D Tl-weighted images on a 3T scanner. Left to right, SOC (scan time, 4
minutes, 55 seconds), FAST (scan time, 2 minutes, 10 seconds), FAST-DL (scan time, 2 minutes, 10

seconds).

Morphometry Results — Standard Scan (Scan Time 5:01)

FIG 6. Representative 3D Tl-weighted multiplanar images with volumetric segmentation on a 3T
scanner. Left to right, Axial, coronal, sagittal T1-weighted images with SOC (scan time, 5 minutes,
01 second) on the upper row (A) and FAST-DL (scan time, 2 minutes, 37 seconds) on lower row (B).

quality analysis for SOC, FAST, and FAST-DL are shown in Fig 5.
Sample volumetric segmentation of the SOC and FAST-DL images
are shown in Fig 6.

DISCUSSION
DL enhancement of MR images is known to provide multiple
benefits, including increased SNR,>* but questions remain about
reliability in general clinical use.® The approach used in our mul-
ticenter, multivendor study explored the impact on the image
quality and consistency of quantitative volumetric analysis results
obtained with FAST-DL compared with that obtained with SOC
scans.

Quantitative volumetric MR imaging analytical tools are in
widespread clinical use for the evaluation of patients with demen-
tia, seizures, multiple sclerosis, traumatic brain injury, and

pediatric brain disorders. The software
segments, labels, and calculates the vol-
umes of substructures (including
lesions) in the brain. The derived quan-
titative values are compared with a
large normative age and sex-matched
data base, aiding in the diagnosis and
longitudinal follow-up of clinical con-
ditions such as Alzheimer’s disease.
Quantitative assessment reduces reader
subjectivity.” 2

MR imaging provides excellent ana-
tomic detail and superb contrast reso-
lution but involves trade-offs in SNR,
spatial resolution, and scan duration.”
While DL-based augmentation is a rec-
ognized solution for accelerated MR
imaging, it is important to validate the
reliability and generalizability of its
enhancement capabilities with quanti-
tative biomarker accuracy.”

The MR imaging experience is
uncomfortable and associated with
frank anxiety reactions in up to 30% of
patients.">'* Faster MR image acquisi-
tion can thus increase patient satisfac-
tion and may reduce motion artifacts.
Motion is a significant challenge in MR
imaging, occurring in 29% of inpatient/
emergency department examinations
and 7% of outpatient studies and can
lead to repeat portions of or even com-
plete examinations.”” Andre et al'®
found that 19.8% of all MR imaging
sequences need to be repeated due to
motion artifacts, a $592 revenue loss per
hour and $115,000 loss annually per
scanner due to motion artifacts. DL-
based reconstruction solutions promise
to enable shorter examinations with
decreased patient motion and improved
patient comfort.**

In our study, we achieved a scan-time reduction of 60% while
exceeding perceived routine 3D T1-weighted image quality. If DL-
enhanced fast protocols were used on all pulse sequences across ev-
ery study, one could anticipate a proportional increase in examina-
tion-based workflow efficiency for an imaging facility. One recent
trial explored DL enhancement across all pulse sequences in clinical
spine MR imaging, with preservation of quantitative features using
a structural similarity index measure as well as gains in perceived
SNR and artifact reduction, despite a 40% scan-time reduction.’
Future research could explore whether scan-time reduction of this
scale results in a true-positive impact on workflow, eg, the ability to
scan more patients per day.

In this trial, the SOC images serve as the standard for image
preference. Our randomized blinded assessment of the imaging
features is meant to reflect human subjective perception
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of comparative image quality. A radiologist’s qualitative assess-
ment of noninferiority is critical before a DL-enhanced alterna-
tive would be considered acceptable for clinical use. On the other
hand, processed images should satisfy both qualitative and quan-
titative measures to ensure that diagnostically relevant features
are not altered and the integrity of the processed image informa-
tion is maintained.

Concerns exist about DL postprocessing introducing instabil-
ities in an image, in which tiny perturbations in the sampling do-
main have been shown to be capable of translating into noticeable
artifacts on the reconstructed image.® This issue has been shown
for highly-contrived noise additions to k-space data, but it is
unclear whether such effects occur under normal operating condi-
tions. The current method starts from image-based DICOM data
rather than within the k-space and is likely less susceptible to this
effect.

To our knowledge, this is the first prospective, randomized,
multicenter study of DL reconstruction capabilities assessing the
impact on the integrity of quantitative volumetric analysis of clin-
ical brain MR imaging examinations. The DL tool applied in this
study shifts the usual MR imaging trade-off equation by imprint-
ing a boost in spatial resolution on the target FAST series, which,
due to inherently larger native voxel sizes, can have a higher SNR
and contrast-to-noise ratio than even the basis SOC series.”
Along with sharpness enhancement, DL offers structure-preserv-
ing denoising, contributing to statistically significant gains in per-
ceived SNR compared with SOC.

Blinded subjective assessment by the neuroradiologists found
that the 60% accelerated, DL-enhanced 3D T1-weighted brain MR
images delivered consistent clinical classification and were superior
to standard of care MR imaging across essentially all analyzed qual-
ity features (perceived SNR, perceived spatial resolution, artifact
reduction, anatomic/lesion conspicuity, and image contrast).
These findings offer confidence that DL processing can add value
and efficiency to clinical MR imaging brain examinations.

The quantitative biomarkers of HV, HOC, SLV volume, and
ILV volume were statistically equivalent for the FAST-DL
sequences and the SOC, supporting the absence of corruption by
DL processing and demonstrating the robustness of the DL tool
in maintaining quantitative integrity and enhancing image qual-
ity despite significant scan-time acceleration. Not unexpectedly,
the cross-correlation factor was inferior for the SOC versus the
lower resolution FAST dataset.

The strengths of this study include the use of a prospective,
randomized, multicenter, multireader study design with images
obtained on magnets from multiple vendors and of variable ages
and field strengths, with preserved accuracy of quantitative volu-
metric measures and clinical predictive categories. The results of
this trial support the use of DL enhancement to shorten clinical
MR imaging brain examinations, even when additional quantita-
tive tools such as volumetric analysis are applied.

Weaknesses include the small number of imaging subjects
and the use of only a single DL and quantitative brain-analysis
tool. The DL-enhancement tool used in this study is a vendor-
agnostic, DICOM-based, commercially available solution. It is
possible that alternative vendor-specific, k-space-based, commer-
cially available DL enhancement tools may perform differently,
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though preliminary data suggest observed gains in acceleration
and perceived quality with other DL-enhancement tools as
well.'”"® However, this is the first study that the authors are
aware of that specifically confirms the quantitative volumetric ac-
curacy and consistent clinical disease categorization of the DL-
enhanced dataset.

Future investigations might explore different methods and
tools. Another area of future research might include a similar
methodology applied to different clinical scenarios that demand
accurate segmentation but where scan time acceleration would be
desirable, such as in patients with multiple sclerosis, intracranial
metastases, epilepsy, and traumatic brain injury. Follow-up stud-
ies could also assess whether the difference between the FAST
and FAST-DL datasets was significant enough to impact the cor-
rect clinical diagnosis or alter the reader’s ability to detect a
lesion.

CONCLUSIONS

DL can enable 60% faster brain MR image acquisitions with
matched clinical disease status predictability and statistically
superior perceived image quality, while maintaining high quanti-
tative accuracy compared with the longer SOC examinations.
This trial supports the reliability, efficiency, and utility of DL-
based enhancement for quantitative imaging. Shorter scan times
may boost the use of volumetric quantitative MR imaging in rou-
tine clinical settings.
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ORIGINAL RESEARCH
ADULT BRAIN

Hemodynamic Analysis of Cerebral AVMs with 3D Phase-
Contrast MR Imaging

Y. Takeda, ““T. Kin, ““'T. Sekine, ““'H. Hasegawa, “*'Y. Suzuki, ““H. Uchikawa, ““T. Koike, ““’S. Kiyofuji, ““'Y. Shinya,
M. Kawashima, and ““'N. Saito
o.ia
ABSTRACT

BACKGROUND AND PURPOSE: The hemodynamics associated with cerebral AVMs have a significant impact on their clinical presen-
tation. This study aimed to evaluate the hemodynamic features of AVMs using 3D phase-contrast MR imaging with dual velocity-
encodings.

MATERIALS AND METHODS: Thirty-two patients with supratentorial AVMs who had not received any previous treatment and had
undergone 3D phase-contrast MR imaging were included in this study. The nidus diameter and volume were measured for classifi-
cation of AVMs (small, medium, or large). Flow parameters measured included apparent AVM inflow, AVM inflow index, apparent
AVM outflow, AVM outflow index, and the apparent AVM inflow-to-outflow ratio. Correlation coefficients between the nidus vol-
ume and each flow were calculated. The flow parameters between small and other AVMs as well as between nonhemorrhagic and
hemorrhagic AVMs were compared.

RESULTS: Patients were divided into hemorrhagic (n = 8) and nonhemorrhagic (n =24) groups. The correlation coefficient between
the nidus volume and the apparent AVM inflow and outflow was .83. The apparent AVM inflow and outflow in small AVMs were
significantly smaller than in medium AVMs (P <.001 for both groups). The apparent AVM inflow-to-outflow ratio was significantly
larger in the hemorrhagic AVMs than in the nonhemorrhagic AVMs (P =.02).

CONCLUSIONS: The apparent AVM inflow-to-outflow ratio was the only significant parameter that differed between nonhemorrhagic
and hemorrhagic AVMs, suggesting that a poor drainage system may increase AVM pressure, potentially causing cerebral hemorrhage.

ABBREVIATIONS: FDNG = flow distribution network graph; PCMR = phase-contrast MR imaging; VENC = velocity-encoding

atients with cerebral AVMs are at an increased risk of cerebral

hemorrhage, with the incidence of hemorrhage in these patients
being approximately 2%-4% annually, depending on several clinical
and angioarchitectural features."”” Moreover, the hemodynamic
changes associated with AVMs are also thought to contribute to
their pathophysiology and clinical presentations.” So far, various
modalities such as direct blood pressure measurement,*® transcra-
nial Doppler,> DSA,*'" and hemodynamic MR imaging'*"” have
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been used to investigate the hemodynamic features of AVMs. In
particular, several studies have suggested that an inadequate devel-
opment of the drainage system or hemodynamic imbalance in the
AVMs might lead to high blood pressure in the nidus, potentially
causing cerebral hemorrhage.* *>!"1%!” Therefore, measuring the
total AVM inflow and outflow may be important to estimate how
much pressure exists in the AVMs and to evaluate the risk of cere-
bral hemorrhage, but evidence is scarce.

Phase-contrast MR imaging (PCMR) is a type of hemodynamic
MR imaging that uses a bipolar gradient to create a phase shift of
blood flow proportional to its velocity. PCMR allows the noninva-
sive measurement of flow parameters, such as flow velocity and flow
rate, even in highly complex vessels such as AVMs.'® Currently,
electrocardiogram-gated 4D-flow MR imaging is the most com-
monly used MR imaging technique for hemodynamic analysis of in-
tracranial vascular diseases. However, 4D-flow MR imaging
requires a relatively long scan time, which impedes the implementa-
tion of this scan in routine clinical practice. Furthermore, 4D-flow
MR imaging with both high spatial resolution and dual velocity-
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encodings (VENCs), which are desirable for intracranial vessel flow
19-21

study, " is impractical in the clinical setting because these parame-
ters further increase scan time. Therefore, non-electrocardiogram-
gated 3D PCMR, which requires less scan time than 4D-flow MR
imaging, could be an alternative tool for analysis.

The aim of this retrospective study was to try to quantify the
AVM inflow and outflow using 3D PCMR with dual VENC and
to elucidate whether the hemodynamic imbalance between the
AVM inflow and outflow was associated with cerebral hemor-

rhage in patients with AVMs.

MATERIALS AND METHODS

Patient Population

This retrospective study was approved by the Ethical Review
Committee of the University of Tokyo (IRB No. 12057). At the time
of initial treatment, written informed consent was obtained from all
patients for future use of their clinical data for research purposes.

Between March 2016 and November 2020, sixty-seven
patients with supratentorial AVMs who had previously received
no treatment underwent 3D PCMR at our institution. Most
patients in this cohort were referred to our hospital for gamma
knife surgery, except for a few cases of direct surgery. During this
period, 35 patients were excluded because of insufficient MR
imaging data because the circle of Willis was not covered
(n=23). In addition, patients with a faint nidus with extremely
low-flow draining veins that could not be evaluated (n =4) and
those with involvement of perforating feeder vessels from Al,
M1, and P1 segments (n=23); occlusion of the MCA (n=2);
feeding arteries arising from bilateral sides (n=2); and multiple
nidi (n=1) were also excluded because of the difficulty in main-
taining an apparent AVM inflow.

For analysis, 32 patients were included in the study and were
divided into 2 groups: nonhemorrhagic (n = 24) and hemorrhagic
(n=38). The nidus diameter and volume in each AVM were
measured using the gamma knife planning software, Leksell
GammaPlan (Elekta), for classification into small (<30 mm), me-
dium (30-60 mm), or large (>60 mm) AVMs, depending on the
diameter.”” The mean duration between the gamma knife surgery
and the onset of hemorrhage was 62 days (median, 68 days; range,
24-91days). All patients had undergone DSA before gamma
knife treatment. The patients in the hemorrhagic group, with the
exception of 3 patients, had also undergone DSA during the acute
phase of cerebral hemorrhage (<3 weeks). The interval time
from the onset to the imaging in the hemorrhage group was
43 days (range, 6-87 days; median, 36 days), except in 2 patients
for whom the interval was unknown. These 2 patients had
obvious findings of old hemorrhage on MR imaging in accord-
ance with the location of the nidus. Their estimated interval time
from onset to imaging was at least 6 months, because the duration
between the date when the patients were found to have AVMs
and the imaging date was longer than 6 months.

MR Imaging Protocol and Definition of Flow Parameters

3D PCMR was performed with a 3T scanner (Magnetom Skyra;
Siemens) without a contrast agent, using a 20-channel head array
coil. The imaging parameters for the 3D PCMR were TR/TE,
37.7/5.46 ms; number of excitations, 2 (until July 2019) and 1

(since August 2019); flip angle, 10° generalized autocalibrating
partially parallel acquisition factor, 3; FOV, 199 x 220 mm; ma-
trix, 348 x 384; voxel size, 0.57 X 0.57 X 1 mm; slices, 64 (until
July 2019) and 128 (since August 2019); and bandwidth, 365 Hz/
pixel. The scan matrix was 174 x 194, and zero-filling and low-
pass filter were applied for the reconstruction of the matrix. The
purpose of the reconstruction was to keep the signal-to-noise ra-
tio as high as possible at a high resolution. The image data were
corrected for Maxwell terms in online reconstruction. We set 2
different VENCs, 50 and 100cm/s, in 3 directions (anterior-
posterior, right-left, and superior-inferior) in all cases. The total
scan time was approximately 15 min.

We measured the apparent AVM inflow, AVM inflow index,
apparent AVM outflow, AVM outflow index, and the apparent
AVM inflow-to-outflow ratio as an indicator of divergence
between apparent AVM inflow and outflow. The apparent AVM
inflow was calculated using the following formula:'*'®"”

(Ipsilateral A2 Segment + M1 Segment + P2 Segment),

(Contralateral A2 Segment + M1 Segment + P2 Segment).

If feeding perforators from the ICA existed, these flow rates
were re-added. The apparent AVM outflow was defined as the total
flow rate of each draining vein in the nidus. The AVM inflow and
outflow indices were calculated by the following formula:'®

AVM Inflow Index = Apparent AVM Inflow (mL/min)
/Nidus Volume (mL),

AVM Outflow Index = Apparent AVM Outflow (mL/min)/
Nidus Volume (mL).

Image Processing and Flow Analysis

First, all phase and magnitude data from the 3D PCMR were
transferred to commercially available image-processing software,
Amira (Thermo Fisher Scientific). A 3D surface-rendering using
the magnitude images was created with the software to visualize
the general vasculature of the AVM and identify every draining
vein (Fig 1). We also referred to DSA to confirm the number and
approximate location of the draining veins, which allowed easy
identification of the draining veins in the PCMR. If there was ve-
locity aliasing on the phase images from the 100-cm/s VENC, a
correction for velocity aliasing was performed as follows:

If V, is the velocity at a voxel that shows the velocity aliasing
and V_ is the corrected velocity at the voxel, the velocity aliasing
was corrected as follows:>

V.=2 x VENC- |V,

All procedures were performed by the first author, who is
a board-certified neurosurgeon with 10 years of experience.

Second, the processed data were transferred to flow-analysis
software, IV-FLOW (Maxnet). IV-FLOW automatically dis-
plays the centerline of the vessel and allows users to measure
the vessel flow rate at any point by setting the perpendicular
plane on this line. The segmentation and flow measurement of
A2, M1, and P2 were conducted by the 100-cm/s VENC data.
Meanwhile, the segmentation of draining veins was conducted
by the 50-cm/s VENC data. The flow measurement of draining
veins was conducted by the 100 cm/s VENC data simultane-
ously with the flow measurement of A2, M1, and P2. The mea-
surement points of draining veins were adjacent to the nidus
(Fig 1).
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FIG 1. A representative case (No. 22) from the hemorrhagic group. A,
3D PCMR with streamline visualization using Amira shows vessel flow
rates at A2, M, P2 and the nidus in the right temporal lobe. B and C, A
3D surface-rendering model with texture processing shows the corti-
cal artery including feeding arteries (red), the draining veins (blue), and
the nidus (dark red). The 4 asterisks on the draining veins indicate the
measurement points of cerebral AVM outflow in this case. D, 3D
PCMR with streamline visualization from the same angle as in B and C
shows vessel flow rates at the draining veins. The asterisks in D corre-
spond to those in B and C.

Statistical Analysis

All statistical analyses were conducted using JMP15 (SAS Institute
Inc). To verify the credibility of the apparent AVM inflow and out-
flow, we calculated the Pearson correlation coefficient scores
between the nidus volume and each flow rate in the whole cohort.
Next, the 5 flow parameters, including 2 flow rates, 2 flow indices,
and the apparent AVM inflow-to-outflow ratio were compared
between the small and medium AVMs and between the nonhemor-
rhagic and hemorrhagic AVMs using the Wilcoxon rank sum test.
Moreover, a multivariate regression model was used to determine
whether hemodynamics had an independent effect on the presenta-
tion of hemorrhage. The model included the risk factors for cere-
bral hemorrhage, associated arterial aneurysms, exclusively deep
venous drainage, nidus volume, and apparent AVM inflow-to-out-
flow ratio. The Pearson correlation coefficient scores between the
nidus volume and the apparent AVM inflow-to-outflow ratio was
also calculated. A P value < .05 was considered significant.

RESULTS

There were 17 cases (71%) of small AVMs in the nonhemorrhage
group and 6 cases (75%) in the hemorrhage group, whereas there
were no cases of large AVMs in the entire cohort. Spetzler-
Martin grades were I-IV in each cohort.”> There were no signifi-
cant differences in patient demographics and AVM characteris-
tics, except for the associated arterial aneurysm (Table 1).

The correlation coefficient between the nidus volume and the
apparent AVM inflow as well as outflow was 0.83 (Fig 2). The
apparent AVM inflow and outflow were significantly smaller in
the small AVMs compared with the medium AVMs (P <.001,
respectively) (Fig 3). The details of the flow according to AVM size
are summarized in Table 2. The apparent AVM inflow and outflow
between nonhemorrhagic and hemorrhagic AVMs were not signif-
icantly different (P =.95 and .40, respectively) (Fig 4). The AVM
inflow index was higher and the AVM outflow index was lower in
the hemorrhagic than in the nonhemorrhagic AVMs, but the dif-
ference was not significant (P=.09 and .47, respectively) (Fig 4).
The apparent AVM inflow-to-outflow ratio was significantly larger
in the hemorrhagic AVMs than in the nonhemorrhage AVMs
(P=.02) (Fig 4). A comparison of the above-mentioned flow pa-
rameters is summarized in Table 3. The multivariate regression

Table 1: Comparison of patient demographics and angioarchitectural features between nonhemorrhage and hemorrhage groups

Characteristic Nonhemorrhage (n = 24) Hemorrhage (n = 8) P Value

Age (mean) (range) (yr)? 36 (8-72) 38 (15-62) 76
Sex, female® 10 (50%) 3 (38%) 69
Spetzler-Martin grade® .89

| 3 1

Il 12 5

11l 8 2

V-V 1 0
Mean AVM volume (median) (range) (mL)* 5.6,4.2 (0.6-19.3) 4.5,2.9 (0.2-15.6) 31
Small size (<30 mm)® 17 (71%) 6 (75%) 1.00
Eloquent location® 14 (58%) 4 (50%) 70
Venous drainage®

Exclusively deep 3 (13%) 2 (25%) .58

Any deep 11 (46%) 5 (63%) 69
Associated arterial aneurysm® 1(4%) 3 (38%) .04

@ Calculated by Wilcoxon rank sum test.
® Calculated by the Fisher exact test.
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FIG 2. Correlations between nidus volume and each flow rate, apparent cerebral arteriovenous malformation inflow, and outflow. The scatter-
plot between the nidus volume and each flow, apparent AVM inflow (A), and outflow (B) shows high correlation (correlation coefficient scores =

0.83 for both flows).

Other Hemodynamic Parameters

In the hemorrhage group, rupture of
the associated arterial aneurysm was
the cause of hemorrhage in 3 patients,
and the mean apparent AVM inflow-
to-outflow ratio of these patients was
1.26. It was <2.44 in the remaining 5
patients with rupture of the nidus. The
apparent AVM inflow-to-outflow ra-
tio was significantly larger in the 5
patients with rupture of the nidus
than in the nonhemorrhage group
(P=.005). The mean apparent AVM
inflow and nidus volume in the whole
cohort were 441 mL/min and 54 mL,

FIG 3. Boxplots comparing cerebral AVM inflow and outflow between small and medium AVMs.
The apparent AVM inflow (A) and outflow (B) in small AVMs are significantly smaller between
nonhemorrhagic and hemorrhagic AVMs compared with medium AVMs using the Wilcoxon rank

respectively. The mean blood flow rate
of the MCA on the opposite side of

sum test (P <<. 001, for both groups).

Table 2: Comparison of flow parameters between small and medium AVMs

the AVM in patients older than
20years of age was 158 mL/min. The
mean cerebral blood flow rate (A2 seg-
ment + MI segment + P2 segment)

Small AVMs Medium AVMs p on the opposite side of the AVM in
Parameters® (n=23) (n=9) Value the whole cohort was 317 mL/min,
Median apparent AVM inflow (range) 280 (18-732) 817 (296-1347) <.001 and 291 mL/min in patients older than
(m.L/ min) 20 years of age (Table 4).
Median apparent AVM outflow (range) 203 (11-646) 698 (263-990) <.001
(mL/min)
®Data are calculated by the Wilcoxon rank sum test. DISCUSSION

model demonstrated that the associated arterial aneurysm and
the apparent AVM inflow-to-outflow ratio were significant fac-
tors (P=.02 for both), while the exclusively deep venous drain-
age and the nidus volume were not significant (P=.51 and 0.72,
respectively). The Pearson correlation coefficient score between
the nidus volume and the apparent AVM inflow-to-outflow ra-
tio was —0.26.

Several hemodynamic studies have

been conducted to elucidate the patho-
physiology of AVMs. One of the strengths of our study is the eluci-
dation of the association between the hemodynamic status of
AVMs and hemorrhagic presentation based on the AVM size. As
expected, larger AVMs had a higher apparent inflow and outflow.
In contrast, the apparent AVM inflow and outflow showed no sig-
nificant difference between the nonhemorrhagic and hemorrhagic
groups in our cohort without size bias. Incidentally, whether
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FIG 4. Boxplots comparing apparent cerebral AVM inflow and outflow (A and B), AVM inflow and outflow indices (C and D), and the cerebral
AVM inflow-to-outflow ratio (E) between nonhemorrhagic and hemorrhagic AVMs. E, The apparent AVM inflow-to-outflow ratio is significantly
larger in hemorrhagic AVMs than in nonhemorrhagic AVMs (P =. 02), according to the Wilcoxon rank sum test.

Table 3: Comparison of flow parameters between nonhemorrhage and hemorrhage groups

Parameters® Nonhemorrhage (n = 24) Hemorrhage (n = 8) P Value
Mean apparent AVM inflow (median) (range) (mL/min) 422, 431 (30-965) 499, 386 (18-1347) 95
Mean apparent AVM outflow (median) (range) (mL/min) 377, 317 (19-918) 354, 144 (11-990) 40
Mean AVM inflow index (median) (range) 87,76 (33-161) 128,108 ( 62-251) .09
Mean AVM outflow index (median) (range) 77, 82 (29-126) 70, 58 (36-135) 47
Mean apparent AVM inflow-to-outflow ratio (median) (range) 117,117 (0.57-1.86) 2.00, 1.69 (1.08-3.68) .02

?Data are calculated by the Wilcoxon rank sum test.

Table 4: Mean blood flow of the middle cerebral artery and cerebral blood flow

Whole Cohort
(n=32)

Older Than 20 Years of Age
(n=25)

Mean blood flow of the middle cerebral artery (median) (range) (mL/min)

Mean cerebral blood flow (median) (range) (mL/min)

170,160 (60-323)
317, 289 (169-557)

158, 147 (60-323)
291, 270 (169-557)

hemorrhagic AVMs have an increased or decreased inflow
compared with nonhemorrhagic AVMs is a controversial
. 4-69-11,13,16,17,24-26 o .
topic. One of the reasons for this disagreement is
likely derived from size bias, because several previous hemodynamic
studies comprised hemorrhage cohorts with mostly small AVMs,
while their nonhemorrhage cohorts mostly comprised medium or

large AVMs.**'%* These results do not correlate with ours.
2142 Takeda
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The AVM inflow index in the hemorrhagic group was larger
than that in the nonhemorrhagic group, though the difference
was not statistically significant. The AVM outflow index showed
no significant difference between the 2 groups. These results
imply that the AVM inflow in hemorrhagic AVMs might increase
to a greater extent than expected for its size, but the AVM out-
flow might increase proportional to its size. Moreover, the



apparent AVM inflow-to-outflow ratio was significantly larger in
the hemorrhagic group compared with the nonhemorrhagic
group. The apparent AVM inflow-to-outflow ratio is a newly
defined indicator and signifies that the higher the apparent AVM
inflow-to-outflow ratio is, the larger the hemodynamic imbalance
in the AVM will be. Our results of the apparent AVM inflow-to-
outflow ratio are comparable with those in previous hemody-
namic studies using other modalities such as DSA. Todaka et al’
reported that the mean transit time ratio of draining vein to feed-
ing artery on DSA was significantly larger in hemorrhagic-
versus-nonhemorrhagic AVMs. Likewise, Lin et al*® demon-
strated that a higher stasis index of the most dominant drainage
vein was associated with hemorrhage of AVMs. They commonly
inferred that the imbalanced hemodynamics in AVMs caused ve-
nous congestion, resulting in rupture of the AVMs. Our results
support their conclusion, and we also infer that quantitative anal-
ysis of both the AVM inflow and outflow may be required for
risk measurement of AVM rupture.

Confounding factors for cerebral hemorrhage may exist in the
current study. There were concerns that the nidus volume could
be a confounding factor because the apparent AVM inflow and
outflow showed a very high correlation with the nidus volume.
Therefore, the multivariate regression model was used to deter-
mine whether hemodynamics had an independent effect on the
presentation of hemorrhage. As a result, the multivariate regres-
sion model demonstrated that the associated arterial aneurysm
and the apparent AVM inflow-to-outflow ratio were significant
risk factors for cerebral hemorrhage. The correlation between
nidus volume and the apparent AVM inflow-to-outflow ratio was
weak. However, consideration should be given to the small cohort
used for multivariate regression modeling, which may result in
an unstable model.

To the best of our knowledge, this is the first study to focus on
the measurement of the total AVM inflow and outflow using a
non-electrocardiogram-gated 3D PCMR with dual VENC.
Electrocardiogram-gated 2D PCMR and electrocardiogram-gated
4D-flow MR imaging have been the mainstream modalities for the
hemodynamic study of AVMs. However, 2D PCMR is not suitable
for the identification of draining veins because of the lack of 3D
volume data. 4D-flow MR imaging can be used for the identifica-
tion of draining veins, but drawbacks include relatively low spatial
resolution and long scan times. Meanwhile, 3D PCMR can offer
3D volume data with high spatial resolution and a reasonable scan
time. Recently, Rijnberg et al*” reported on hemodynamic evalua-
tion of the Fontan pathway using 2D-, 3D-, and 4D-flow MR
imaging and demonstrated that 3D PCMR could obtain time-
averaged flow rates with good-to-excellent agreement with 2D and
4D-flow, but with a 10-fold reduction in scan time. 3D PCMR also
significantly improved image quality compared with 4D-flow MR
imaging. In the current study, we used 3D PCMR with a high spa-
tial resolution (0.57 x 0.57 x 1 mm) for hemodynamic evaluation
of AVMs, and the apparent AVM inflow and outflow had a very
high correlation with the nidus volume. This result seems to be
reasonable from a clinical perspective and suggests that 3D PCMR
with high spatial resolution may be a good application for cerebral
vascular hemodynamic studies involving small vessels for improv-
ing the image quality.

Our work also benefited from the low VENC data regarding
the segmentation of the draining veins. Schnell et al*® demon-
strated that the low VENC and dual VENC data showed less
noise, fewer artifacts, and a superior vessel depiction than the
high VENC data with not much difference in vessel depiction of
the venous system between the low and dual VENC data.
Therefore, we used the low VENC data instead of the high VENC
data in the segmentation of the draining veins. On the other
hand, Schnell et al also demonstrated that the Bland-Altman
analysis of high-versus-dual VENC confirmed the underestima-
tion of the net flow of the high VENC acquisition. However, the
error was not large in absolute value. In our preliminary survey,
the differences in flow values of the draining veins between the
50- and 100-cm/s VENC data were also trivial. Therefore, the
high VENC data were adopted for flow quantification of draining
veins instead of the low VENC data to improve the efficiency of
the workflow.

However, the MR imaging protocols in the current study were
not state-of-the-art. 3D PCMR was acquired with the generalized
autocalibrating partially parallel acquisition acceleration factor of
3,% and 2 VENCs were acquired with 2 back-to-back scans. In
contrast, there have been emerging research sequences for
decreasing the scan time without major drawbacks. For example,
4D-flow MR imaging with non-Cartesian sampling, such as radial
acquisitions, can be acquired with an isotropic spatial resolution
of 0.7mm in about 7minutes covering the whole head.*
Additionally, using a total of 7 encodings instead of 8 for dual-
VENC acquisitions allows a reduction in scan time in a elegant
way with no apparent drawbacks.?**!

Furthermore, there are still more interesting methods with a
4D-flow MR imaging. Aristova et al'® showed the feasibility of
flow distribution network graph (FDNG) analysis by quantifying
and comparing flow, peak velocity, and the pulsatility index
between healthy controls and patients with AVMs. In performing
the flow analysis of complex neurovascular lesions, FDNG could
be a more robust approach than conventional approaches such as
ours because FDNG can reconstruct the flow distribution by sim-
ply using graph theory. In addition, the flow-conservation rule
can be used as a metric of internal validation in the absence of
ground truth with FDNG. When we considered these remarkable
developments in AVM evaluation with 4D-flow MR imaging, if
the aim of the flow analysis is to focus on the quantification of
time-averaged parameters such as time-averaged flow rate, the
combination of time-averaged 3D PCMR with the accelerated
techniques and FDNG would provide dependable results.

There should be no difference between the “true” AVM inflow
and outflow. However, in this study, a difference was observed
between the “apparent” AVM inflow and outflow. Furthermore,
the apparent AVM inflow-to-outflow ratio was significantly
larger in the hemorrhagic AVMs than in the nonhemorrhagic
AVMs. The method of measuring apparent AVM inflow and out-
flow in the current study has the possibility of overestimating
AVM inflow and underestimating AVM outflow. Ideally, AVM
inflow is calculated by totaling the flow rate of every single feed-
ing pedicle to the AVM nidus, instead of calculating the differ-
ence between the ipsilateral and contralateral cerebral blood flow
rates. However, this method is unfeasible because of the difficulty
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in identifying every feeding pedicle in 3D PCMR and it being a
time-consuming procedure. Concerning AVM outflow, although
3D PCMR with the lower VENC allowed us to measure the
draining veins with low flow rates, there is still the possibility of
underestimation because not all sources of venous drainage may
have been identified. Even if these limitations are taken into con-
sideration, our results of the apparent AVM inflow-to-outflow ra-
tio being larger in the hemorrhagic AVMs than in the
nonhemorrhagic AVMs are of interest. There is a possibility that
the underestimation of AVM outflow in the hemorrhagic group
may be increased because of the increase in the flow rate in small
draining veins adjacent to the AVM nidus. Sato et al*> demon-
strated in their pathologic study that a perinidal dilated capillary
network was connected not only to the nidus, feeding arteries,
and draining veins via arterioles and venules but also to normal
capillaries, arterioles, and venules. The perinidal dilated capillary
network plays an important role in a compensatory mechanism
for increased pressure in ruptured AVMs. However, this could
not be well-captured in PCMR and might contribute to the
underestimation of AVM outflow because the network drains
blood from the AVM nidus directly before the measurement
points of draining veins. Therefore, the apparent AVM inflow-to-
outflow ratio may be an indicator of how much pressure exists in
AVMs.

Notably, the apparent AVM inflow in the current study was
higher than that in previous studies.'®'” The mean apparent
AVM inflow (441 mL/min) in the whole cohort was higher than
(316 mL/min) in the previous study by Shakur et al,'® and the
mean nidus volume (5.4mL) in the current study was equal to
that (5.4 mL) of the same previous study. Our exclusion criteria
for AVMs fed by the perforating artery might be related to this
inconsistency regarding apparent AVM inflow. The perforating
feeding artery arising from the A1, M1, and P1 segments disturbs
the accuracy of apparent AVM inflow, contributing to the smaller
apparent AVM inflow. On the other hand, the mean cerebral and
middle cerebral artery blood flow rates on the opposite side of the
AVM in patients older than 20 years of age were 291 and 158 mL/
min, respectively. These flow rates were equivalent to those
reported in previous surveys of cerebral blood flow in healthy
adults using a 2D PCMR.****

Limitations

There were several limitations to this study. First, there was a rel-
atively large selection bias among the patients in the study.
Although we started to perform 3D PCMR on patients with
AVMs in our institution, the FOV of MR imaging was confined
to only 64 mm along the Z-axis with the intention of focusing on
the nidus alone. Therefore, we had to exclude 23 patients at an
early stage due to insufficient MR imaging data due to the circle
of Willis not being covered because the flow rates at A2, M1, and
P2 were needed for calculating AVM inflow. Second, we could
not determine whether the difference in the apparent AVM
inflow-to-outflow ratio between the nonhemorrhagic and hemor-
rhagic AVMs is the cause or the result of cerebral hemorrhage
due to the retrospective design of our study. A prospective hemo-
dynamic study would provide the answer to this question, but it
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may lack feasibility because of the low prevalence of AVMs and
the low incidence of cerebral hemorrhage in patients with AVMs.

Third, the optimal approach for quantifying AVM inflow vol-
ume is to sum up the flow volumes of all the feeding pedicles to
the AVM nidus. At first, we tried to quantify the AVM inflow
volume using this method. However, it was practically unfeasible
for multiple technical reasons. One reason was that the feeding
pedicles were winding in most patients, making reproducible
flow measurements difficult due to a slight difference in the mea-
surement points in the winding vessels, which led to a large dif-
ference in the flow volume. The other reasons were that false
recognition of the feeding pedicles could occur because AVMs
have very complex structures and the number of feeding pedicles
to the AVMs often exceeded 10, which can result in flow analysis
taking several hours in each case.

Fourth, 3 patients with associated arterial aneurysms in the
hemorrhage group showed a lower apparent AVM inflow-to-out-
flow ratio than the remaining 5 patients with rupture of the
nidus. These results might be because the etiology of the rupture
was different between the rupture of the associated arterial aneu-
rysm and the AVM nidus. However, our study had a relatively
small sample size, which did not allow us to draw strong conclu-
sions. Fifth, we reported hemodynamic evaluation of AVMs
using a non-electrocardiogram-gated 3D PCMR, which is less
commonly used than the 2D- or 4D-flow MR imaging. The high
correlation between the nidus volume and the apparent AVM
inflow and outflow in the current study seems to be reasonable
from a clinical perspective. Also, the mean cerebral and middle
cerebral blood flow rates on the opposite side of the AVM in
patients older than 20 years of age in the current study were com-
patible with those in previous studies.*>** Therefore, we believe
that the 3D PCMR could be an alternative option for blood flow
analysis of AVMs. However, comparative investigation of 3D and
other phase-contrast MR imaging is warranted.

Finally, correction of P values for multiple comparisons might
have been ideal because 5 parameters were tested in the current
study. However, it remains controversial whether the strict cor-
rection of the P value is necessary in exploratory studies such as
the present study.”>*® The strict correction of P values for multi-
ple comparisons was not performed in this study to prevent false-
negative results. Our results, particularly the significance of the
apparent AVM inflow-to-outflow ratio, need further validation.

CONCLUSIONS

The apparent AVM inflow and outflow seem irrelevant to the
presentation of cerebral hemorrhage in patients with AVM. The
apparent AVM inflow-to-outflow ratio is the only significantly
differing parameter between nonhemorrhagic and hemorrhagic
AVMs, suggesting that a poorly developed drainage system may
increase AVM pressure, potentially causing cerebral hemorrhage.
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ORIGINAL RESEARCH
ADULT BRAIN

Decreased CSF Dynamics in Treatment-Naive Patients with
Essential Hypertension: A Study with Phase-Contrast Cine
MR Imaging

L. Ma, ““W. He, ““X. Li, ““X. Liu, ““H. Cao, ““L. Guo, ““X. Xiao, “’Y. Xu, and ““Y. Wu

O=

ABSTRACT

BACKGROUND AND PURPOSE: Arterial sclerosis resulting from hypertension slows CSF transportation in the perivascular spaces,
showing the intrinsic relationship between the CSF and the blood vasculature. However, the exact effect of hypertension on
human CSF flow dynamics remains unclear. The present study aimed to evaluate CSF flow dynamics in treatment-naive patients
with essential hypertension using phase-contrast cine MR imaging.

MATERIALS AND METHODS: The study included 60 never-treated patients with essential hypertension and 60 subjects without sympto-
matic atherosclerosis. CSF flow parameters, such as forward flow volume, forward peak velocity, reverse flow volume, reverse peak ve-
locity, average flow, and net flow volume, were measured with phase-contrast cine MR imaging. Differences between the 2 groups were
assessed to determine the independent determinants of these CSF flow parameters.

RESULTS: Forward flow volume, forward peak velocity, reverse flow volume, reverse peak velocity, and average flow in the patients with
hypertension significantly decreased (all, P <<.05). Increasing systolic blood pressure was significantly associated with lower forward flow vol-
ume (B = —044mL/mL/mm Hg 95% Cl, —0.83 to —0.06 mL/mL/mm Hg), forward peak velocity (8 = —0.50cm/s/mm Hg, 95% Cl,
—0.88 to —0.12 cm/s/mm Hg), reverse flow volume (8 = —0.6mL/mL/mm Hg; 95% Cl, —0.97 to —0.26 mL/mL/mm Hg), reverse peak ve-
locity (B = —0.55cm/s/mm Hg, 95% Cl, —0.91—0.18 cm/s/mm Hg), and average flow (8 = —0.50 mL/min/mm Hg, 95% Cl, —0.93 to
—0.08 mL/min/mm Hg).

CONCLUSIONS: The CSF flow dynamics in patients with hypertension are decreased, and increasing systolic blood pressure is
strongly associated with lower CSF flow dynamics.

ABBREVIATIONS: AF = average flow; DBP = diastolic blood pressure; FFV = forward flow volume; FPV = forward peak velocity; RFV = reverse flow vol-
ume; NFV = net flow volume; PCC-MRI = phase-contrast cine MR imaging; PP = pulse pressure; RPV = reverse peak velocity; SBP = systolic blood pressure

he brain consists of 4 fluid compartments: CSF, interstitial ~ and the subarachnoid space to its ultimate sites of reabsorption

fluid, intracellular fluid, and blood. In mammals, CSF com- into the bloodstream via arachnoid villi of the dural sinuses, along

prises 10% of the total fluid volume within the cranial cavity." CSF
formed in the choroid plexi flows through the cerebral ventricles
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cranial nerve sheaths and the spinal nerve root or through the
nasal lymphatics.> This conventional view, however, has been
challenged by the new findings in a recent study: Subarachnoid
CSF rapidly enters the brain parenchyma along with arterial peri-
vascular spaces, and this flow plays a vital role in driving the clear-
ance of metabolic waste from the interstitial fluid at more
downstream locations.”?> Furthermore, a study in mice demon-
strated that arterial sclerosis resulting from hypertension disrupts
this pump of CSF transportation in the perivascular spaces and
sharply slows interstitial fluid waste removal.* These studies have
shown that an intrinsic relationship lies between the 2 brain fluid
compartments, CSF and blood vasculature. At present, however,
the exact effect of hypertension on human CSF dynamics is
unclear. Accurate assessment of CSF dynamics characteristics in
patients with hypertension may have both potential clinical value
and scientific significance.
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FIG 1. Flow chart of the study population.

The relative inaccessibility of the subarachnoid space impedes
the pace of investigations in this area. To date, invasive techniques,
such as spinal puncture with the introduction of contrast medium,
have been the mainstay of the investigation of CSF flow dynamics.
Phase-contrast cine MR imaging (PCC-MRI) is extremely sensitive
even to very slow flow. Studies have shown that PCC-MRI can
give quantitative and qualitative information noninvasively and
within a short analysis time on CSF flow physiology without the
need for injection of contrast agent and x-ray exposure.”® PCC-
MRI has played an important role in the diagnosis of communica-
tion hydrocephalus, obstructive hydrocephalus, spontaneous intra-
cranial hypotension/hypertension, and many other diseases.>'*"'*

To the best of our knowledge, however, there are no studies in
the literature concerning the impact on CSF flow dynamics on
established hypertension. Therefore, we hypothesized that PCC-
MRI can assess the effect of hypertension on human CSF dynam-
ics. In this study, PCC-MRI was used to evaluate the CSF flow dy-
namics in patients with hypertension.

MATERIALS AND METHODS

Study Participants

This prospective study received ethics approval from the local
Medical Ethics Committee and informed consent was obtained for
all patients. We studied 100 patients with hypertension visiting the
outpatient clinic of our hospital (Nanfang Hospital Southern
Medical University), and eventually, 60 patients were enrolled (Fig
1) (31 men; 55-70years of age; mean age, 61.24 years [SD, 8.93]
years; disease duration [from the onset of hypertension to the date
of brain MR imaging] 492 [SD, 2.72] years) with never-treated

essential hypertension. Patients reported
that their blood pressure was found ele-
vated either by medical personnel dur-
ing a routine annual checkup or by
themselves accidentally. Patients with
(n=1),
hypertension (n = 7), cerebral infarction

arachnoid  cysts secondary
(n=10), specific types of brain atrophy
(Alzheimer disease, n=12, and nor-
mal-pressure hydrocephalus, n = 3), di-
abetes mellitus (n = 3), as well as those
patients under medication for noncar-
(n=3)
excluded from the study. Patients with

diovascular  diseases were
contraindications to MR imaging (ie,
pacemaker and claustrophobia) were
also excluded (n=1).

We studied 78 patients visiting the
outpatient clinic of our hospital, and
eventually, 60 control subjects were en-
rolled (Fig 1) (33 men; 55-70 years of
age; mean age, 60.38 [SD, 7.54] years)
without symptomatic atherosclerosis or
abnormalities on MR imaging and
MRA of the brain who were matched
for age and sex with the patients.
Patients older than 70 years of age or

younger than 55 years of age (1 = 10) and those with cerebral infarc-
tion (n=2) and symptomatic atherosclerosis (n = 6) were excluded
from the study.

All patients with hypertension and controls were subject to 3
office blood pressure measurements.

Office Blood Pressure Measurement

Morning office blood pressure was measured with the patient in
the supine position by the wrist electronic blood pressure moni-
tor (EW3005, Panasonic) in the operating room 30 minutes
before the MR imaging examination, approximately at the same
morning hour of the day, by the same cardiologist with a mer-
cury sphygmomanometer (first and fifth phases of Korotkoff
sounds taken as systolic blood pressure [SBP] and diastolic
blood pressure [DBP], respectively) after the subjects had rested
for 5-10 minutes in a sitting position. Three measurements
were taken at 1- minute intervals, and the average was used to
define clinical SBP and DBP. Office pulse pressure (PP) was cal-
culated as SBP-DBP."> Hypertension was diagnosed with the
patient having SBP >140 mm Hg or DBP >90 mm Hg accord-
ing to the Seventh Report of the Joint National Committee on
Prevention, Detection, Evaluation and Treatment of High Blood
Pressure guidelines.'® Subjects were required to avoid smoking
or drinking coffee at least for 2 hours before the examination.

MR Imaging Acquisition

MR imaging was performed with a clinical 3T imaging unit
equipped with an 8-channel head coil (Achieva; Philips
Healthcare). Each subject underwent both conventional MR

AINR Am J Neuroradiol 42:2146-51  Dec 2021 www.ajnr.org 2147



FIG 2. lllustration of the location of phase-contrast MR imaging
planes. The midline sagittal TIWI MR image shows the phase-contrast
MR imaging planes (solid line) located at the ampulla level of the cere-
bral aqueduct and perpendicular to its long axis (dotted line).

FIG 3. Placement of ROI to contain the whole aqueduct.

imaging and PCC-MRI; the controls underwent MRA in the
same session.

Conventional MR images included axial FLAIR (TR/TI/TE =
11,000/2200/125 ms, voxel size = 0.7 x 0.7 X 6 mm°, 20 slices), axial
T2WI (TR/TE = 3000/80 ms, voxel size = 0.5 x 0.7 X 6 mm?>, 20 sli-
ces), axial TIWI (TR/TE = 2000/20 ms, voxel size= 0.5 X 0.9 X 6
mm>, 20 slices), and sagittal TIWI (TR/TE= 2000/20 ms, voxel
size= 0.7x09x 6 mm’ 20 slices). Each healthy subject also
underwent MRA. Parameters for the MRA pulse sequence were
TR/TE = 23/3.5 ms, voxel size = 0.45 x 0.68 X 1.2 mm°, 140 slices.

Parameters for the PCC-MRI pulse sequence were the follow-
ing: velocity encoding = 10 cm/s, FOV = 150 x 150 mm, section
thickness = 4 mm, matrix = 256 x 178, TR = 24 ms, TE = 14 ms,
flip angle = 15°, and 16 frames per cardiac cycle with peripheral
retrospective pulse gating. The scans were obtained on sagittal
T1-weighted imaging perpendicular to the CSF flow direction at
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the ampulla of the aqueduct (Fig 2). The “craniocaudal flow
direction” was defined as positive, and the “caudocranial flow
direction” was defined as negative. The scanning time for each
patient was approximately 5 minutes.

Imaging Analysis

All the MR imaging analyses were performed in a blinded manner.
Two neuroradiologists (L. M. and Y. W., with 7 and 20 years of ex-
perience, respectively) reviewed the MR images. No obvious abnor-
malities were found on conventional MR imaging and MRA in the
controls and conventional MR imaging in patients with hyperten-
sion. Quantitative measurements of CSF flow at the ampulla of the
aqueduct were processed using the Philips Q-flow software on the
EWS MR imaging workstation. CSF flow quantification was per-
formed on phase images showing maximum velocity, flow values,
and velocity-time curves, which can change during the cardiac cycle
using ROI measurements. The ROI measurement was performed
by one of the authors on the independent console (Fig 3). Any type
of dispute was resolved through consensus. The 16 axial sections,
crossing the ampulla of the aqueduct and obtained in a cardiac
cycle, were opened with Q-flow software. The ROI placement on
the ampulla of the aqueduct was performed manually for each of 16
axial sections to obtain a quantitative measurement, separately.
During the cardiac cycle, the software automatically calculated the
forward flow volume (CSF flow volume toward the fourth ventricle)
(FEV), reverse flow volume (CSF flow volume toward the third ven-
tricle) (RFV), net flow volume flowing through the cerebral aque-
duct in each cardiac cycle (NFV) (in milliliters), forward peak
velocity (maximum velocity toward the fourth ventricle) (FPV), and
the reverse peak velocity (maximum velocity toward the third
ventricle, centimeters/second) (RPV) in each cardiac cycle.
Additionally, the software automatically calculated the average flow
(average of the absolute values of the bidirectional flow) (AF)
through the cerebral aqueduct per minute (milliliter/minute).

Statistical Analysis

All descriptive and statistical analyses were performed using SPSS
(Version 20.0; IBM). All the CSF flow parameters (FFV, FPV, REV,
RPV, AF, and NFV) between patients and control subjects were
compared using the Student unpaired ¢ test. In the hypertension
group, univariate linear regression was performed for determinants
of these parameters. To ascertain independent determinants of
these parameters, we performed multiple linear regression analysis
after evaluating whether the continuous variables were normally
distributed. For each factor, we calculated the adjusted regression
coefficients (), which yielded the slope of the regression that was
fitted by the model and indicated the increase (positive value) or
decrease (negative value) in these parameters. For the test results,
95% confidence intervals are given.'” A 95% CI that did not include
the value of 0 had a P value < .05.

RESULTS
Characteristics of the study population are summarized in Table
1. There were no significant differences in age (P=.84) or sex
(P=.71) between the 2 groups.

CSF flow parameters between the patients with hypertension
and the control group are given in Table 2. FFV, FPV, RFV, RPV



Table 1: Clinical characteristics of patients with essential hypertension and healthy subjects

Characteristics Patients Controls P Value
No. 60 60
Age (mean) (yr) 61.24 (SD, 8.9) 60.38 (SD, 7.54) 84
Male 31 33 7
PP (mean) (mm Hg) 5378 (SD, 14.86) 42.43 (SD, 4.36) <.001
SBP (mean) (mm Hg) 148.54 (SD, 13.55) 123.40 (SD, 6.06) .001
DBP (mean) (mm Hg) 94.76 (SD, 7.72) 80.97 (SD, 2.42) <.001
Disease duration (mean) (yr) 4.92 (SD, 2.72) 0 <.001
Table 2: Comparison of mean CSF flow parameters in the hypertension and control groups

Group FFV (mL) FPV (cm/s) RFV (mL) RPV (cm/s) AF (mL/min) NFV (mL)
Patients 0.054 (SD, 0.021) 5338 (SD,2.024)  0.042(SD, 0.019) 4.837 (SD, 2196)  7.480 (SD, 3.221) 0.012 (SD, 0.005)
Controls ~ 0.080 (SD, 0.040) 6197 (SD, 2394)  0.070 (SD, 0.042) 5823 (SD,2.82])  9.824 (SD, 5435)  0.010 (SD, 0.0)
P value <.001 .04 .005 .04 .006 12

FIG 4. Flow curves of the essential hypertension and control groups.
Flows are plotted during the successive phases of a cardiac cycle
time (millisecond) and expressed in milliliter/minute. Each flow curve
for both groups represents average flow values. Positive deflections
represent craniocaudal flow (CSF systole), and negative deflections
represent caudocranial flow (CSF diastole).

and AF in patients with hypertension were significantly lower than
in the control subjects (all, P <.05). On the other hand, the NFV
for the patients with hypertension and control subjects was not sig-
nificantly different (P=.12). Figure 4 plots the AF curves in a car-
diac cycle of the 2 groups, demonstrating a global decrease in AF
values in the patients with hypertension compared with the control
group.

In the hypertension group, univariate linear regression
showed that increasing disease duration, PP, and SBP were asso-
ciated with lower FFV, FPV, RFV, RPV, and AF (all, P <.05).
However, no significant associations between these CSF flow pa-
rameters and DBP, age, or sex were found (all, P> .05) (Table 3).
Multiple linear regression analysis showed a negative correlation
between SBP and CSF flow dynamics (all, P <.05) (Table 4).

DISCUSSION

Our study used PCC-MRI to evaluate CSF dynamics in subjects
with hypertension. We found that the FFV, FPV, RFV, RPV, and
AF of CSF in patients with hypertension were obviously

decreased; that disease duration, SBP, and PP significantly nega-
tively correlated with these CSF dynamic parameters; and that
SBP was more strongly negatively associated with CSF dynamics
compared with disease duration or PP.

The brain is contained within a rigid skull and composed of
the brain, CSF, and blood. According to the Monro-Kellie doc-
trine, any volume change in one intracranial component requires
a compensatory change in another. During the systole, there is ar-
terial inflow into the cranium, which initiates a cascade of cranio-
caudal CSF flush through the cerebral aqueduct (then to the
fourth ventricle, subarachnoid space, and arachnoid villi, and
finally to the venous sinus) to maintain homeostatic pressure in
the cranium, while during the diastole, CSF flows through the aq-
ueduct caudocranially.'®*! Therefore, blood circulation is closely
related to CSF circulation. Hypertension can lead to atherosclero-
sis, which reduces the elasticity of cerebral vessels and restricts
blood flow to the brain during the systole.">**"® To the best of
our knowledge, however, there has been no study on CSF dynam-
ics in patients with hypertension. In our present study, a signifi-
cant decrease of FFV and FPV of CSF during the systole; RFV
and RPV of CSF during the diastole; and AF throughout the
whole cardiac cycle was observed in patients with hypertension,
respectively. This finding indicates that the CSF flow dynamics of
patients with hypertension is generally in a state of decline."

In recent years, a so-called glymphatic system was found in
the brain, ie, a paravascular pathway facilitating CSF flow through
the brain parenchyma and the clearance of interstitial solutes."
In 2018, Mestre et al* pointed out that arteriosclerosis in hyper-
tensive mice disrupts the above glymphatic flow and sharply
slows CSF transportation in the perivascular spaces. This finding
might suggest that arteriosclerosis may affect the circulation of
CSF and cause changes in the CSF dynamics of the aqueduct in
humans. Our study preliminarily investigated the changes of CSF
dynamics in patients with hypertension but not the changes of
CSF and the insulin sensitivity factor in the perivascular spaces.
Therefore, the relationship between them remains unclear and
needs further study.

In this study, SBP, PP, and disease duration were negatively
correlated with CSF flow dynamics. SBP was more significantly
correlated with CSF dynamics than PP. Our results highlight a
major limitation of PP, which is “floating” and has no relation to
an absolute blood pressure level. For example, a PP of 60 mm Hg
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Table 3: Univariate linear regression coefficients for relationships between hypertension parameters and CSF flow parameters®

Variables FFV (mL)® FPV (cm/s)° RFV (mL)° RPV (cm/s)° AF (mL/min)°
Duration ~ —0.81 (—0.98 to —0.64)° —0.83 (—0.99 to —0.67)° —0.84 (—0.99 to —0.68)° —0.83 (—0.99 to —0.67)° —0.77 (—0.95 to —0.58)°
PP —076 (—0.95 to —0.57)° —0.73 (—1.01to —0.7)° —0.74 (—0.94 to —0.55)° —0.25 (—1.01—0.03) —074 (—0.94 to —0.54)°
SBP —0.86 (—1.01to —071)° —0.86 (—0.97 to —0.62)° —0.88 (—1.02 to —0.75)° —0.87 (—0.75 to —0.72)° —0.83 (—0.99 to —0.67)°
DBP 0.05 (—0.33—0.25) —0.10 (—0.39-0.19) —0.12 (—0.41-0.17) —0.11 (—0.40—0.18) 0.04 (—0.33—0.25)
Age —0.13 (—0.42—0.16) —0.05 (—0.34—0.24) —0.11 (—0.40—0.18) —0.09 (—0.38—0.20) —0.07 (—0.36—0.22)
Sex —0.09 (—0.38—0.20) —0.10 (—0.38—0.19) —012 (—0.41-0.17) —0.11(—0.40—0.18) —0.14 (—0.43—0.15)

“Numbers in parentheses are 95% Cl.

® Crude regression coefficients indicative of increase (positive value) or decrease (negative value) in CSF flow parameters.

P <.05.

Table 4: Multiple linear regression coefficients for relationships between hypertension parameters and CSF flow parameters®

Variables FFV (mL)® FPV (cm/s)® RFV (mL)° RPV (cm/s)° AF (mL/min)°
Duration  —0.34 (—0.61to —0.07)° —0.37 (—0.64 to —0.10)° —0.31(—0.56 to —0.07)° —0.35 (—0.61 to —0.09)° —0.25 (—0.55—0.05)°
SBP —0.44 (—0.83 to —0.06)° —0.50 (—0.88 to —0.12)° —0.61(—0.97 to —0.26)° —0.55 (—0.91to —0.18)° —0.50 (—0.93 to —0.08)°
PP —0.25 (—0.43—0.13)° —016 (—033-022)°  —011(—0.26—0.25°  —0.23(—0.30—0.24)°  —0.34 (—0.45—0.17)

?Numbers in parentheses are 95% Cl.

® B, adjusted regression coefficients indicative of an increase (positive value) or decrease (negative value) in CSF flow parameters.

P <.05.

could be associated with a blood pressure of 180/120 mm Hg or
120/60 mm Hg. Of note, in addition, SBP is more strongly associ-
ated with arteriosclerosis.””

In this study, CSF dynamics parameters in the control group
were slightly different from those in the previous litera-
ture.'®14292830 Thjs finding may be related to the scan level of
the aqueduct and velocity encoding. Anatomically, the cerebral
aqueduct is divided into 3 parts, namely, the pars anterior,
ampulla, and pars posterior. The pars posterior has the narrowest
lumen of the cerebral aqueduct, while the ampulla has the widest
lumen.” Because the cerebral aqueduct is very small, partial vol-
ume errors can result in falsely lower peak velocities and falsely
higher mean flows. Positioning perpendicular to the imaging
plane and adjusting the ROI size of the cerebral aqueduct help to
minimize this potential source of error. Therefore, in our study,
we measured CSF dynamics at the site of ampulla of the aque-
duct, the largest part of the lumen. Previous studies measured
CSF flow dynamics at a variety of different locations other than
the cerebral aqueduct; their results were different from ours.”
Also, velocity encoding is an important parameter determining
the sensitivity of flow velocity in the examined area. The CSF
flow velocity should be the same as or slightly lower than the
selected velocity encoding to obtain the optimal signal,>’ CSF
flow velocities greater than velocity encoding can produce alias-
ing artifacts, whereas velocities much smaller than velocity
encoding can result in a weak signal. In a previous study with a
3T Achieva scanner (Philips Healthcare), velocity encoding was
set at 10 cm/s.*® In our study, we set velocity encoding to 10 cm/s
because the maximum velocity was about 7 and 9 cm/s in the hy-
pertensive and control groups, respectively.

Our study has several limitations. First, the sample size was
relatively small. Therefore, a larger cohort study is needed to vali-
date these results. Second, we did not measure cerebral arterial
and venous blood flow. Third, only untreated patients were
included in this study. It was reported that cerebral blood flow
will recover after blood pressure is controlled in patients with
hypertension.23 In further studies, we will continue to focus on
the changes in CSF flow after treatment in patients with
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hypertension. Also, patients with SBP =180 mm Hg were not
included in the study because they usually take medicine early
due to related symptoms, which did not meet an inclusion crite-
rion of our present study. Last, we did not quantify small white

I32

matter lesions on T2WI.”* We will study the potential role of

these lesions in CSF dynamics in the future.

CONCLUSIONS

Our study used PCC-MRI to evaluate CSF flow dynamics in
treatment-naive patients with essential hypertension. We found
that FFV, FPV, RFV, RPV, and AF of CSF in patients with hyper-
tension were significantly decreased. SBP is more strongly nega-
tively associated with these parameters compared with disease
duration and PP.
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ORIGINAL RESEARCH
ADULT BRAIN

Identification of BRAF p. V600E-Mutant and Wild-Type by
MR Imaging in Pleomorphic Xanthoastrocytoma and
Anaplastic Pleomorphic Xanthoastrocytoma

W. Huang, ). Cai, ““'N. Lin, Y. Xu, ““H. Wang, ““Z. Wu, and ““'D. Kang

O=

ABSTRACT

BACKGROUND AND PURPOSE: Compared with BRAF p. V60OE wild-type pleomorphic xanthoastrocytoma, BRAF p. V600E-mutant pleo-
morphic xanthoastrocytoma showed a higher survival rate. In this study, we focused on finding preoperative MR imaging differences
between BRAF p. V60OE mutant and wild-type in pleomorphic xanthoastrocytoma and anaplastic pleomorphic xanthoastrocytoma.

MATERIALS AND METHODS: Twenty-three patients with pathologically confirmed pleomorphic xanthoastrocytoma or anaplastic
pleomorphic xanthoastrocytoma in our hospital were retrospectively analyzed from January 2015 to December 2020. They were di-
vided into a BRAF p. V600E-mutant group (including 6 pleomorphic xanthoastrocytomas and 5 anaplastic pleomorphic xanthoastro-
cytomas) and a wild-type group (including 8 pleomorphic xanthoastrocytomas and 4 anaplastic pleomorphic xanthoastrocytomas).
The preoperative MR imaging characteristics of these groups were statistically compared.

RESULTS: The wild-type pleomorphic xanthoastrocytoma group presented with more aggressive conventional and advanced MR
imaging features than the mutant pleomorphic xanthoastrocytoma group, including greater mean maximum tumor diameter (3.1
[SD, 0.9]cm versus 1.7 [SD, 0.4] cm, P <.05), more frequent heterogeneous contrast enhancement of solid portions (100% versus
0%, P <.001), more obvious peritumoral edema (mean, [2.1 SD, 0.7] cm versus 0.6 [SD, 0.2] cm, P <.01), and lower mean minimum rel-
ative ADC (896 [SD, 86] versus 988 [SD, 73], P <.05) and mean relative ADC (1060 [SD, 159] versus 1248 [SD, 116], P <.05) on DWI.
However, there was no significant difference in either conventional or advanced MR imaging features between the wild-type ana-
plastic pleomorphic xanthoastrocytoma group and the mutant anaplastic pleomorphic xanthoastrocytoma group.

CONCLUSIONS: Neurosurgeons should carefully interpret MR images before an operation and select appropriate surgical strategies
according to genotype prediction.

ABBREVIATIONS: ADCmean = mean relative ADC; ADCmin = minimum relative ADC; APXA = anaplastic pleomorphic xanthoastrocytoma; PXA = pleomor-

phic xanthoastrocytoma; WHO = World Health Organization

leomorphic xanthoastrocytoma (PXA) is an infrequent glioma
affecting 1% of patients with brain tumors, thought to originate
from subpial astrocytes or their precursors and usually occurring in
children and adolescents." PXA was first described by Kepes et al,*
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in 1979. In 1993, it was officially included in the World Health
Organization (WHO) Classification System for Tumors of the
Central Nervous System as a grade II tumor.’ Although PXA
is classified as a WHO grade II tumor, “PXA with anaplastic fea-
tures” comprise 15%-50% of these lesions.*” According to the
2016 WHO classification system, PXA is divided into 2 distinct
entities based on histopathologic characteristics: WHO grade II
PXA and WHO grade III anaplastic PXA (APXA).>® APXA is
defined as the presence of 5 mitoses per 10 high-power fields.
Patients with PXA can undergo only total resection, while patients
with APXA require total resection and adjuvant therapy.™'® In
addition, APXA has been reported to have a worse prognosis than
PXA, with a 5-year overall survival rate of 57.1%.>'"'?

The most frequently found mutant gene in PXA is BRAF p.
V600E, which encodes an intracellular component of the MAPK
pathway.">'® BRAF p. V600E-mutants were found in 70% of
typical PXAs but appeared less commonly in APXA (17%-
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65%).>'>17!® BRAF p. V600OE-mutant may divide these tumors
into 2 clinically relevant subsets, both associated with natural
history and response to treatment.'” Compared with the wild-
type, BRAF p. V600E-mutant PXA showed a higher survival
rate.>?>*! BRAF p. V600E-mutant PXA has also shown a
response to BRAF-targeted therapy,®” though no prospective
comparative trials have been conducted in this patient
population.

APXA can present with more aggressive conventional and
advanced MR imaging features, mimicking high-grade astrocytoma
at initial diagnosis, than PXA.?> However, there have been few
reports on the MR imaging characteristics of PXA with BRAF p.
V600E-mutant, especially its differentiation from BRAF p. V600E
wild-type PXA. Therefore, the purpose of this study was to investi-
gate the MR imaging characteristics of BRAF p. V600E-mutant
PXA and BRAF p. V600E wild-type PXAs to determine whether
there are differences in the imaging characteristics of these 2 entities
to aid in planning a treatment strategy and predicting prognosis.

MATERIALS AND METHODS

Case Selection

The study was approved by the Branch for Medical Research and
Clinical Technology Application, Ethics Committee of the First
Affiliated Hospital of Fujian Medical University and informed
consent was signed. Of 317 astrocytic tumor cases from January
2015 to December 2020, twenty-eight (0.89%) with diagnoses
containing the term “pleomorphic xanthoastrocytoma” or “ ana-
plastic pleomorphic xanthoastrocytoma” on first surgical resec-
tion were extracted. Three (of 28) cases lacked MR imaging data
before the first operation and were excluded. Twenty-five adult
patients with PXA were included in this study, and a review of all
their clinical and radiologic records was performed. The analyzed
clinical information included sex, age, and symptoms (seizures,
increased intracranial pressure, and neurologic deficits). These
data were obtained from the electronic medical record system.

Histopathologic and Molecular Sequencing

Paraffin-embedded tumor tissue was cut into 4-mm sections and
stained with H&E, and 10-mm sections were used for molecular
sequencing. All histologic specimens were reviewed by our insti-
tutional neuropathologist (with 15 years of experience in neuro-
pathology), who reclassified PXA (WHO grade II) and APXA
(WHO grade III) according to the 2016 WHO classification of
central nervous system tumors and the Consortium to Inform
Molecular and Practical Approaches to CNS Tumor Taxonomy
(cIMPACT-NOW) update 6.** The diagnostic criteria included
tumors demonstrating a relatively solid growth pattern composed
of spindle-shaped, pleomorphic, and multinucleated cells associ-
ated with both pale and bright eosinophilic granular bodies to be
diagnosed as PXA. Anaplastic features, which included a mitotic
index of 5 of 10 high-power fields with or without necrosis and en-
dothelial proliferation, were diagnosed as APXA. Twenty-five
patients were studied. Of these, 10 PXA and 13 APXA specimens
were confirmed. We excluded 2 cases: One was reclassified as “dif-
fuse astrocytoma, IDH wild-type with pleomorphic/PXA-like fea-
tures,” and the other was previously diagnosed as “pleomorphic
xanthoastrocytoma with anaplastic features” and reclassified as

“giant cell glioblastoma.” All 23 cases were available for molecular
sequencing. Molecular analyses were performed to test the pres-
ence of the BRAF p. V600E-mutant, which was confirmed by
sequencing. Of these, 11 BRAF p. V600E-mutant PXAs (including
6 cases of PXA and 5 cases of APXA) and 12 BRAF p. V600E wild-
type PXAs (including 4 cases of PXA and 8 cases of APXA) were
confirmed.

Preoperative MR Imaging Techniques

All patients underwent MR imaging on 3T scanners (Magnetom
Verio or Magnetom Skyra; Siemens) or a 1.5T scanner (Signa
TwinSpeed; GE Healthcare). The retrospective nature of this
study resulted in variability in MR images and imaging protocols.
Conventional MR imaging protocols included an axial T2-
weighted sequence, nonenhanced axial and sagittal T1-weighted
sequences, and 3 orthogonal plane contrast-enhanced TI1-
weighted sequences. An FOV of 22 cm?, imaging matrix of 256 x
256, and section thickness of 5 mm were uniformly applied in all
sequences.

DWI was performed in 10 patients with PXA and 13 patients
with APXA using an axial echo-planar sequence according to the
following technique parameters: TR/TE = 8200/102 ms, FOV =
22 x 22cm, section thickness/gap = 5/1 mm, diffusion gradient
encoding = b = 0, 1000 s/mm”. The diffusion gradient was used
in 3 orthogonal directions. ADC maps were automatically calcu-
lated using a monoexponential model.

MR Imaging Analysis

All images were reviewed in consensus by 2 radiologists (readers 1
and 2 with 20 and 8 years of experience in neuroimaging, respec-
tively) to make a factual comparison and minimize the confound-
ing effects. The readers were blinded to tumor histology and
recorded the following tumor characteristics: 1) tumor location
(frontal, occipital, temporal, or parietal; superficial or deep); 2) tu-
mor size (largest diameter, in centimeters); 3) the presence of cystic
degeneration; 4) enhancement characteristics of the solid compo-
nent (heterogeneous or homogeneous); 5) the presence and degree
of peritumoral edema (largest diameter, in centimeters); 6) lepto-
meningeal contact; and 7) the presence of restricted diffusion,
defined as high signal on DWI and corresponding low signal on
ADC maps compared with contralateral normal brain parenchyma.

Tumor size was defined by the maximum diameter as meas-
ured on contrast-enhanced TIWI. The extent of peritumoral
edema was defined by a region of very bright signal intensity on
T2 surrounding the enhanced tumor on contrast-enhanced
TIWI. The tumor location was defined as main lobe involvement
when >1 lobe was involved.

For quantitative ADC evaluation, MR images were postpro-
cessed as follows: 1) identification of the axial DWI and corre-
sponding ADC image section displaying the lowest ADC values
within solid tumor tissue components; 2) definition of a circular
ROI of 6-mm diameter, manually drawn within the perceived
lowest ADC solid tumor component, recording the minimum
relative ADC (ADCmin) and mean relative ADC (ADCmean)
values of this tumoral ROI (the ROI was systematically moved
within the solid tumoral area, as depicted by conventional MR
imaging, to measure regions with the lowest ADC values); 3)
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Table 1: Demographic data and conventional MR imaging characteristics of PXA and RESULTS
APXA Clinical Data and Conventional
PXA APXA P Value MR Imaging

Clinical data According to molecular analysis, 10
Male sex (No)) (%) 3 (30%) 6 (46.1%) 363 cases of PXA were divided into a
Mean age (yr) 34 (SD, 10) 41(SD, 10) 232 BRAF p. V600E-mutant PXA grou

Presenting symptoms (No.) .899 P . grop
Seizures 6 9 (n=6) and a wild-type PXA grouP
Headache or increased ICP 2 2 (n=4); 13 cases of APXA were di-
Neurologic deficit 2 2 vided into a BRAF p. V600E-mutant

BRAF.p‘ V600E-mutant 6 (60%) 5 (38.5%) 273 APXA group (n=>5) and a wild-type

“ecEidion (Vo) 526 APXA group (n=38). Clinical data,
Frontal lobe 0 3 lecul is. locati d
Temporal lobe 5 5 molecular analysis, location, and con-
Occipital lobe 1 1 ventional imaging features of PXA
Parietal lobe 2 3 and APXA are summarized in Table 1.
Insula ) _ ! 20 1 . All 23 tumors were in the supratento-
Superﬁqal locatpn (No.) (%) 8 (80%) 11 (84.6%) 596 rial region. Eight PXAs (8/10, 80%)

Conventional MR imaging 0
Mean size (Cm) 22 (SD, 09) 32 (SD, 06) <01 and 11 APXAs (11/13, 84.6 A)) were su-
Presence of cystic degeneration (No.) (%) 6 (60%) 9 (69.2%) 490 perficial (on the surface of the brain
Peritumoral edema (mean) (cm) 1.2 (SD, 0.8) 2.1(SD, 0.9) .021 parenchyma). There was no significant
Heterogeneous enhancement (No.) (%) 4 (40%) 11(84.6%) <.001 difference in tumor location between
Leptomeningeal contact (No.) (%) 8 (80%) 11 (84.6%) 596

Note:—ICP indicates intracranial pressure.

definition and assessment of the reference region minimum and
mean ADC values, by placing a similar ROI on the normal-appear-
ing thalamus (because it is a readily identifiable structure on ADC
maps and is considered generally resistant to changes related to hy-
drocephalus);*® and 4) finally, the mean and minimum ADC values
of the tumoral ROIs with the lowest ADC value were normalized
with their corresponding reference region, obtaining ADCmean
and ADCmin. This computation was performed because ADC val-
ues of normal brain vary with age,®® and the contrast achieved
between tumor and surrounding tissue depends on this ratio; at the
same time, this computation allowed data comparison of brain MR
imaging performed with different scanners.

Statistical Analysis

The normality of all continuous parameters was initially assessed
using the Kolmogorov-Smirnov test. Characteristics of the patients
were summarized with means or medians and SDs or ranges for
continuous data (as appropriate) and with frequencies and percen-
tages for categoric data. The Fisher exact test was used to assess the
differences in the categoric variables (age, sex, location, cystic
degeneration, enhancement characteristics, and leptomeningeal
contact) between the different groups. The Mann-Whitney U test
was used to assess the differences in continuous variables (edema,
tumor size, and ADC values) between the different groups because
they did not conform to the normal distribution.

The MR imaging differences between the BRAF p. V600E-
mutant PXA group and the BRAF p. V600E wild-type PXA group
and the BRAF p. V600OE-mutant APXA group and the BRAF p.
V600E wild-type APXA group were statistically analyzed. Statistical
analysis was performed with the Statistical Package for the Social
Sciences (SPSS 24.0 Version for Windows; IBM). All reported P val-
ues were double-tailed, and P values less << .05 were regarded as
statistically significant.
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the PXA and APXA groups. The pres-
ence of heterogeneous enhancement of
solid portions was observed less fre-
quently in patients with PXA than in
patients with APXA (4/10 versus 11/13, P < .001). Leptomeningeal
contact was seen in 8 PXA cases and 11 APXA cases. In preopera-
tive images, the lesion was significantly larger in patients with
APXA than in patients with PXA (mean, 3.2 [SD, 0.6] cm versus
2.2 [SD, 0.9] cm, P < .01). The average maximum diameter of peri-
tumoral edema in the APXA group was larger than the average
maximum diameter of peritumoral edema in the PXA group (2.1
[SD, 0.9] cm versus 1.2 [SD, 0.8] cm, P=.021) (Fig 1).

Table 2 and Table 3 summarize the clinical data, localiza-
tion, and conventional imaging features of BRAF p. V600E
subtypes of PXAs and APXAs, respectively. There was no sig-
nificant difference in location between the BRAF V600E mu-
tant and wild-type groups for either PXAs or APXAs. In
preoperative images, the presence of heterogeneous enhance-
ment of solid portions was observed less frequently in patients
with BRAF p. V600E-mutant PXA than in patients with wild-
type PXA (0/6 versus 4/4, P <.001). However, there was no
significant difference in the presence of heterogeneous
enhancement of the location of solid portions between the 2
groups in APXAs (5/5 versus 6/8, P=.359). The mean tumor
size (the maximum diameter represents the size of the tumor)
was significantly larger in patients with BRAF p. V600E wild-
type PXA than in patients in the group with mutant PXA (3.1
[SD, 0.9] cm versus 1.7 [SD, 0.4] cm, P=.038). The maximum
diameter of peritumoral edema in the BRAF p. V600E wild-
type PXA group was significantly larger than the mutant PXA
group (mean, 2.1 [SD, 0.7]cm versus 0.6 [SD, 0.2]cm,
P <.01). However, there was no significant difference in either
mean tumor size (3.3 [SD, 0.7] cm versus 3.2 [SD, 0.5] cm,
P=.943) or the mean maximum diameter of peritumoral
edema (2.4 [SD, 0.9]cm versus 1.8 [SD, 0.4]cm, P=.3)
between the BRAF p. V600E-mutant type APXA group and the
wild-type APXA group (Fig 2).



FIG 1. Boxplots representing tumor size and the presence and degree of peritumoral edema of PXA and APXA. A significant difference (P <<.05)
between PXA and APXA is demonstrated with both tumor size and the presence and degree of peritumoral edema.

Table 2: Demographic data and conventional MR imaging characteristics of BRAF p.

V600E-mutant and BRAF p. V600E wild-type PXA

ADCmean (974 [SD, 92] versus 925
[SD, 131], P=.724) values between the

BRAF p. V600E-  BRAF p. V60OE Wild- P 2 groups in APXAs (Fig 4, Tables 5
Mutant PXA Type PXA Value and 6). Representative cases are shown
Clinical data in Figure 5.
Male sex (No.) (%) 2 (33.3%) 1(25%) 667
Mean age (yr) 32 (SD, 8.6) 37(SD, 13) 762
Presenting symptoms (No.) .870 DISCUSSION
Sei 4 2
Hizzgi;e or increased ICP 1 To the best of our knowledge, few stud-
Neurologic deficit 1 ies have evaluated and compared the
Location (No.) 405 imaging features of BRAF p. VG600E
Frontal lobe 0 0 wild-type PXA and BRAF p. V600E-
Tem'ppral lobs 3 2 mutant PXA. Our results show that
Occipital lobe 0 1 . .
parietal lobe 2 0 PXAs with BRAF p. V600E wild-type
Insula 1 1 show more aggressive MR imaging
Superficial location (No.) (%) 4 (66.6%) 4 (100%) 333 features than those with the BRAF p.
Conventional MR imaging V600E-mutant according to MR imag-
Mean size (cm) 17 (SD, 0.4) 3.1(SD, 0.9) .038 ine features. namely. lareer tumor size
Presence of cystic degeneration 2 (33.3%) 4 (100%) 071 J ’ Y, farg ’
(NoJ) (%) more heterogeneous contrast enhance-
Peritumoral edema (mean) (cm) 0.6 +02 21+ 07 <.01 ment, obvious peritumoral edema, lower
Heterogeneous enhancement 0 (0%) 4 (100%) <.001 ADCmin, and lower ADCmean ratio
(No) (%) on DWL
Leptomeningeal contact (No.) (%) 6 (100%) 2 (50%) .03

Note:— ICP indicates intracranial pressure.

Advanced MR Imaging Findings

Table 4 and Figure 3 summarize the features of PXAs and APXAs
with DWI. Both mean ADCmin values (755 [SD, 77] versus 951
[SD, 88]; P<.001) and ADCmean values (956 [SD, 106] versus
1173 [SD, 159], P<<.001) were significantly lower in the whole
APXA group than in the PXA group. Both mean ADCmin values
(896 [SD, 86] versus 988 [SD, 73], P<.05) and ADCmean values
(1060 [SD, 159] versus 1248 [SD, 116], P <.05) were significantly
lower in the whole group of BRAF p. V600E wild-type PXA than in
mutant-PXA group. However, there was no significant difference
in mean ADCmin (750 [SD, 73] versus 762 [SD, 92], P=1) and

PXA is histologically classified as a
grade II astrocytoma according to the
2016 WHO classification of the central
nervous system.® The outcomes in
cases of PXAs are relatively favorable,
with 5- and 10-year overall survival rates of 75%-81% and 67%-
70%, respectively, after total resection.”?” APXA is more likely to
be derived from a previous PXA with the development of anaplas-
tic histologic features.?® In the present study, APXA accounted for
56.5% of PXAs and showed anaplastic features. Findings compara-
ble with the results reported by Hirose et al® were that approxi-
mately 50% of PXAs showed anaplastic features.

The BRAF p. V600E-mutant is a distinctive genomic alteration
of PXA and APXA.'”?** Previous studies demonstrated that
BRAF p. V600E-mutant status is an independent prognostic factor
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after adjusting for anaplasia, age, sex, and initial symptoms.'* In
the present study, approximately 60% of PXAs and 38.4% of
APXAs showed a BRAF p. V600E-mutant, findings comparable
with the results reported by Dias-Santagata et al'’> that BRAF p.
V600E-mutants are found in 70% of typical PXAs but appear less
commonly in APXAs.

Most large case series have reported no sex predilection.
However, the proportion of women in our series was much
higher than the proportion of men. PXA most frequently
occurred in young adults in our study, consistent with previous
studies.">*’ APXA was reported to be more common in older
adults with a median age of 40-65 years.”"">* In our series, 9 of 13
patients with APXA were middle-aged adults with a mean age of

Table 3: Demographic data and conventional MR imaging characteristics of BRAF p.

V600E-mutant and BRAF p. V600E wild-type APXA

44.67 years at their first presentation, which is consistent with
findings in previous studies.””

The most common tumor location of PXA was the temporal
lobe (50.0%), which is in accordance with findings in previous stud-
ies.**** Our results show that the principal initial manifestation was
seizures, which were observed in 60% and 69.2% of patients with
PXA and APXA, respectively. These results correspond to findings
that seizures were obviously related to tumor involvement of the
temporal lobe in PXA.'? Almost all PXA and APXA tumors in our
series showed a superficial location in the cerebral hemispheres
with leptomeningeal contact. Both PXA and APXA are believed to
develop from subpial astrocytes, which partly explains why these 2
tumors preferably arise from superficial cortical sites.”

In our study, we found that APXA
shows more aggressive MR imaging
features than PXA, namely, larger tu-

BRAF p. V600E- BRAF p. V600E p mor size, more heterogeneous contrast
TR AP Wild-Type APXA  Value enhancement, and obvious peritu-
Crl\iAnilcal dat(?\l )¢9 3 (60%) 3 (37.5%) s moral edema, consistent with previ-
ale sex (No.) (% % 5% . . 23
Mean age (yr) 33(sD, 13) 43(SD, 6) 84 ously reported findings.”> BRAF p.
Presenting symptoms (No.) 850 V600E-mutant PXAs have been
Seizures 3 6 reported to show histologic heteroge-
:eada;:hg o;ir;quased ICP } : neity and display pleomorphic giant
Logiggno((?\llco)e c 276 cells, xanthomatous changes, and fas-
Fremial lobe~ 0 3 ’ cicular and storiform growth pat-
Temporal lobe 2 3 terns."> Purkait et al*® also proposed
chipital lobe 1 0 the possibility of a morphologic spe-
IPa”Tfa' lobe (2) } ctrum of BRAF p. V600E-mutant
nsula .

Superficial location (No.) (%) 4(80.0%) 7 (87.5%) 641 tumors with astroblastoma at one end
Conventional MR imaging and PXA at the other. We found that
Mean size (cm) 3.2 (SD, 0.5) 3.3 (SD, 0.7) 943 BRAF p. V600E wild-type PXA showed
P{e;ence of cystic degeneration (No.) 3 (60%) 6 (75%) 343 significantly different imaging charac-
% - . .

teristics fr tant PXA, includ
Peritumoral edema (mean) (cm) 1.8 (SD, 0.4) 24 (SD, 0.9) 354 crstes from Tnu an Heudng
Heterogeneous enhancement (No.) (%) 5 (100%) 6 (75%) 359 larger tumor size, more heterogeneous
Leptomeningeal contact (No.) (%) 4 (80%) 7 (87.5%) 641 contrast enhancement, and obvious

Note:— ICP indicates intracranial pressure.

peritumoral edema, which suggests that

FIG 2. A significant difference (P <.05) between the BRAF p. V60OE-mutant type PXA group and the BRAF p. V60OE wild-type PXA group is
demonstrated with both tumor size and the presence and degree of peritumoral edema. However, there was no significant difference in both
tumor size and the maximum diameter of peritumoral edema between the BRAF p. V600E-mutant type APXA group and BRAF p. V600E wild-

type APXA group.
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BRAF p. V600E wild-type PXA may be more similar to high-grade
gliomas in morphology. This conclusion may provide clinicians
with strategies for tumor resection: For tumors identified by preop-
erative MR imaging such as BRAF p. V600E wild-type, more
aggressive and expanded resection may be performed. For BRAF p.
V600E-mutant tumors judged by preoperative MR imaging, a rela-
tively conservative treatment strategy should be adopted, especially
if the tumors are located in functional areas.

Table 4: Advanced MR imaging characteristics of the PXA and
APXA groups

PXA APXA P Value
ADCmin (x10~® mm%/s)  951(SD, 88) 755(SD,77)  <.00I
ADCmean (x10~¢ mm?%/s) 1173 (SD,159) 956 (SD,106)  <.001

In the present study, we demonstrate that the rate of water diffu-
sion of APXA, as reflected by the ADC ratio, was significantly lower
than the rate of water diffusion of PXA, consistent with previous
studies. Compared with BRAF p. V600E-mutant PXA, the ADC
value of wild-type PXA was significantly lower. These results might
be due to markedly high cellularity and a high nuclear/cytoplasmic
ratio. Therefore, our findings reveal that ADC could be a useful
imaging parameter for assessing the differences between BRAF p.
V600E-mutant PXA and wild-type PXA. Only a few prior studies
in the literature evaluated PXA using DWL>” The results of this
study underline the usefulness of this simple imaging biomarker for
radiogenomic correlation. However, future investigations are
needed to better define the relationship between DWI features of
BRAF p. V600OE-mutant PXA and tumoral microarchitecture.

FIG 3. Boxplots representing ADCmin and ADCmean of PXA and APXA. A significant difference (P <.05) between PXA and APXA is demon-

strated with both ADCmin and ADCmean.

FIG 4. A significant difference (P <.05) between the BRAF p. V60OE-mutant type PXA group and the BRAF p. V60OE wild-type PXA group is
demonstrated with both ADCmin and ADCmean. However, there was no significant difference in both ADCmin and ADCmean between the
BRAF p. V600E-mutant type APXA group and BRAF p. V60OE wild-type APXA group.
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Table 5: Advanced MR imaging characteristics of the BRAF p.
V600E-mutant PXA and BRAF p. V600E wild-type PXA groups

BRAF p. BRAF p.
V600E- V60OE Wild- P
Mutant PXA  Type PXA  Value
ADCmin (x10~® mm%/s) 988 (SD,73) 896 (SD, 86)  .047

ADCmean (x10~® mm?/s) 1248 (SD,116) 1060 (SD,159)  .049

Table 6: Advanced MR imaging characteristics of the BRAF p.
V600E-mutant APXA and BRAF p. V600E wild-type APXA groups

BRAF p.
V600E- BRAF p.
Mutant V600E Wild- P
APXA Type APXA  Value
ADCmin (x10® mm%/s)  762(SD,92)  750(SD,73) 1

ADCmean (x10°° mm?/s) 925(SD,13])  974(SD,92) 724

FIG 5. Conventional and advanced MR images of BRAF p. V60OE-
mutant and wild-type PXA. Upper row: A 27-year-old female patient
with a BRAF p. V600E-mutant pleomorphic astrocytoma. T2WI (A)
and contrast-enhanced TIWI (B) show a homogeneous contrast-
enhancing solid tumor with mild perilesional edema located in the
temporal lobe. C, A correlative ADC map shows the tumor with an
elevated ADC value (ADCmin = 1089). Second row: A 53-year-old
male patient with a BRAF p. V60OE wild-type pleomorphic astrocy-
toma. T2WI (A) and contrast-enhanced TIWI (B) show a heterogene-
ous contrast-enhancing tumor with cystic degeneration and marked
perilesional edema located in the insula. C, A correlative ADC map
shows the lesion with a decreased ADC value (ADCmin = 875). Third
row: A 46-year-old female patient with a BRAF p. V60OE wild-type
anaplastic pleomorphic astrocytoma. T2WI (A) and contrast-
enhanced TIWI (B) show a heterogeneous contrast-enhancing tumor
with cystic degeneration and marked perilesional edema located in
the insula. C, A correlative ADC map shows the lesion with diffusion
restriction (ADCmin = 704). CE indicates contrast-enhanced.

We did not find any MR imaging differences between the
BRAF p. V600E-mutant APXA and the wild-type, whether using
conventional or advanced imaging, possibly because the imaging
features of APXA itself, similar to the imaging features of high-
grade astrocytomas, mask the differences caused by BRAF p.
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V600E-mutant. Vuong et al*® previously proposed that BRAF p.
V600E only showed a significant improvement in patient survival
in low-grade tumors. These results illustrate the limitations of the
BRAF p. V600OE-mutant on MR imaging morphologic and clinical
outcomes of APXA.

Several potential limitations of this study should be men-
tioned. First, our research is a single-center observational retro-
spective study. The influence caused by the deviation of the
retrospective study cannot be excluded. Second, although
the sample size included in this study is relatively large among
the reports on PXA thus far, the number of patients in our study
remained limited, whether it was PXA or APXA, BRAF p.
V600E-mutant or wild-type. Therefore, the conclusions should
be interpreted with caution. Third, because ADC values were not
used to guide the biopsy in this retrospective study, it was not
possible to evaluate the correlations between regions of lower
ADC in PXA and hypercellularity point to point. These correla-
tions should be performed in our future study. Larger multicenter
prospective studies are necessary to perform an accurate analysis
of the relationship between imaging features and genomic char-
acteristics of this rare tumor.

CONCLUSIONS

BRAF p. V60OE wild-type PXA can present with more aggres-
sive conventional and advanced MR imaging features, mim-
icking high-grade astrocytomas at initial diagnosis, than
BRAF p. V600E-mutant PXA. Greater maximum tumor di-
ameter, heterogeneous contrast enhancement, obvious peri-
tumoral edema, and lower ADCmin and ADCmean are more
common features in BRAF p. V600E wild-type PXA com-
pared with BRAF p. V600E-mutant PXA. Neurosurgeons
should carefully interpret MR images before an operation in
cases that may be considered PXA and select an appropriate
surgical strategy according to the prediction of BRAF p.
V600E genotype.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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ORIGINAL RESEARCH
ADULT BRAIN

Idiopathic Intracranial Hypertension is Associated with a
Higher Burden of Visible Cerebral Perivascular Spaces:
The Glymphatic Connection

O. Jones, ““). Cutsforth-Gregory, ‘). Chen, ““’'M.T. Bhatti, ““'J. Huston, and ““'W. Brinjikji

ABSTRACT

BACKGROUND AND PURPOSE: Research suggests a connection between idiopathic intracranial hypertension and the cerebral glym-
phatic system. We hypothesized that visible dilated perivascular spaces, possible glymphatic pathways, would be more prevalent in
patients with idiopathic intracranial hypertension. This prevalence could provide a biomarker and add evidence to the glymphatic
connection in the pathogenesis of idiopathic intracranial hypertension.

MATERIALS AND METHODS: We evaluated 36 adult (older than 2lyears of age) patients with idiopathic intracranial hypertension
and 19 controls, 21-69 years of age, who underwent a standardized MR imaging protocol that included high-resolution precontrast
T2- and Tl-weighted images. All patients had complete neuro-ophthalmic examinations for papilledema. The number of visible peri-
vascular spaces was evaluated using a comprehensive 4-point qualitative rating scale, which graded the number of visible perivascu-
lar spaces in the centrum semiovale and basal ganglia; a 2-point scale was used for the midbrain. Readers were blinded to patient
diagnoses. Continuous variables were compared using a Student t test.

RESULTS: The mean number of visible perivascular spaces overall was greater in the idiopathic intracranial hypertension group than
in controls (4.5 [SD, 1.9] versus 2.9 [SD, 1.9], respectively; P =.004). This finding was significant for centrum semiovale idiopathic in-
tracranial hypertension (2.3 [SD, 1.4] versus controls, 13 [SD, 11], P=.003) and basal ganglia idiopathic intracranial hypertension (1.7
[SD, 0.6] versus controls, 1.2 [SD, 0.7], P =.009). There was no significant difference in midbrain idiopathic intracranial hypertension
(0.5 [SD, 0.5] versus controls, 0.4 [SD, 0.5], P = .47).

CONCLUSIONS: Idiopathic intracranial hypertension is associated with an increased number of visible intracranial perivascular spaces.
This finding provides insight into the pathophysiology of idiopathic intracranial hypertension, suggesting a possible relationship between
idiopathic intracranial hypertension and glymphatic dysfunction and providing another useful biomarker for the disease.

ABBREVIATIONS: IIH = idiopathic intracranial hypertension; PVS = perivascular spaces

diopathic intracranial hypertension (ITH), formerly known as
pseudotumor cerebri and benign intracranial hypertension, is a
disease of increased intracranial pressure without an identifiable
cause.”” Recently, a number of groups have postulated that the
primary insult resulting in ITH could be dysfunction in CSF clear-
ance via glymphatic pathways in the brain parenchyma.>™®
Briefly, the glymphatic system is a pseudolymphatic network
in the brain performing a waste-clearance function via move-
ment of CSF and interstitial fluid. Much of the glymphatic clear-
ance is dependent on perivascular spaces (PVS). CSF is
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produced by the choroid plexus and exits the ventricular system
via the foramina of Magendie and Luschka to the subarachnoid
space. From the subarachnoid space, it enters the periarterial
spaces (ie, PVS), traveling from the cortex toward the deep
white matter along the courses of pial and perforator arteries in
a centripetal distribution.” From the periarterial spaces, CSF is
driven into the brain interstitium via aquaporin channels,
mostly formed by the footplates of astrocytes.'® CSF influx
drives existing interstitial fluid back into the perivenous spaces
surrounding large-caliber draining veins (Fig 1).” How CSF is
reabsorbed at the large-caliber veins remains unclear, but a
dural lymphatic pathway and a venous outflow pathway have
been proposed, using dural lymphatic channels and arachnoid
granulations, respectively.*

It has been hypothesized that in ITH, there is congestion of
the lymphatic CSF outflow pathway of the glymphatic system.>*


https://orcid.org/0000-0003-1002-974X
https://orcid.org/0000-0002-5689-4424
https://orcid.org/0000-0003-3644-7528
https://orcid.org/0000-0001-7190-5630
https://orcid.org/0000-0003-0584-9460
https://orcid.org/0000-0001-5271-5524
mailto:brinjikji.waleed@mayo.edu
mailto:@wbrinjikji

In other words, there may be impaired transport of interstitial
fluid from the glymphatic system to the venous blood of the
dural venous sinuses, triggering a cascade of events resulting in
ITH.

A multitude of brain and orbital MR imaging findings have
been associated with ITH.""' The most sensitive MR imaging cor-
relate is transverse sinus stenosis.'> Other findings include the
appearance of an empty sella (>50% CSF filling of the sella with
pituitary displacement), flattening of the posterior globes, pro-
trusion of the optic nerve discs, and CSF enlarged/tortuous
optic nerve sheaths.'""?

One imaging finding that has not been studied in association
with ITH is the presence of dilated PVS, which have been pro-
posed to be a component of the glymphatic pathway and can be
dilated in a number of disease states associated with glymphatic
disease, including small-vessel disease, dementia, multiple sclero-
sis, and other autoimmune diseases.'* 2> As discussed by others,
we hypothesize that there is an element of glymphatic dysfunc-
tion in ITH. Because PVS have been shown to be a part of the
glymphatic clearance pathway, we hypothesize that dilated PVS
visible on T2-weighted MR imaging sequences are associated
with ITH. Demonstrating this connection could provide valuable
evidence toward glymphatic dysfunction contributing to the
pathophysiology of ITH. This may serve as a both a useful imag-
ing biomarker for the disease as well as a potential therapeutic
target.

FIG 1. CSF-glymphatic flow chart. CSF is produced in the choroid
plexus and takes a periarterial and/or a transependymal course into
the interstitial space, displacing pre-existing interstitial fluid into corti-
cal perivenous spaces where it is absorbed by arachnoid granulations
and/or dural lymphatics. ISF indicates interstitial fluid.

MATERIALS AND METHODS

Patient Population

Adult patients with ITH were included if they met the diagnostic
criteria put forth by Friedman et al'® and had ophthalmologic
evidence of papilledema.

Age-matched patients (SD, 2 years) in the control group were
enrolled in accordance with the following criteria: a completed
MR imaging examination without a diagnosis of intracranial
hypertension as established by the above-mentioned criteria and
without abnormalities on MR imaging. Patients with incomplete
or poor-quality MRIs were excluded.

Imaging Protocol

The MR imaging protocol included high-resolution T2 and T1
MPRAGE precontrast images on various (GE Healthcare) 3T
scanners with an 8-channel head coil. Some but not all patients
underwent FLAIR imaging. Patients were scanned without seda-
tion. The parameters for fast spin-echo T2-weighted imaging
were the following: TR = 5234ms; TE = 95.744 ms; section
thickness =4 mm without a gap; FOV = 220 mm; and matrix
size = 320 x 320. All patients also underwent a 2D-TOF MR
venography with TR = 29, TE = 3.3, number of excitations = 1,
and matrix size = 256 x 256.

Imaging Evaluation

Two radiologists, a neuroradiology fellow and a staft radiologist,
quantified the number of PVS using a comprehensive qualitative
rating scale that has been shown to have good observer agree-

ment and was validated by Potter et al.**

The radiologists rated
the following sites: basal ganglia, centrum semiovale, and mid-
brain PVS. Basal ganglia and centrum semiovale PVS were rated
0 (none), 1 (1-10), 2 (11-20), 3 (21-40), and 4 (>40), and mid-
brain PVS were rated 0 (nonvisible) or 1 (visible). T2-weighted
images were used to quantify the PVS. T1-weighted images and
FLAIR images (if available) were used to differentiate between

PVS and other lesions.

Statistical Analysis

We calculated « statistics for rating, assessed the consistency in
the use of categories of PVS (Bhapkar test), and reviewed sources
of discrepancy.

RESULTS

The visible number of overall PVS was higher in patients with ITH
than in the control group (IIH mean total, 4.5 [SD, 1.9] versus
controls, 2.9 [SD, 1.9]; P=.004). Findings are summarized in Table
1. This was true for all sites quantified except the midbrain: ITH
centrum semiovale (2.3 [SD, 1.4] versus control centrum semiovale,
1.3 [SD, 1.1], P=.003); ITH basal ganglia (1.7 [SD, 0.6 ] versus con-
trol basal ganglia, 1.2 [SD, 0.7], P=.009); and ITH midbrain (0.5

Table 1: Quantification of perivascular spaces by site in patients with IIH versus controls

Location IIH Mean No. of Dilated PVS (SD)  Control Mean No. of Dilated PVS (SD) P Value  k Value (mean) (range)
Centrum semiovale 23 (14) 13 (1) 003 0.58 (0.51-0.67)
Basal ganglia 17 (0.6) 12(07) .009 0.85 (0.81-0.89)
Midbrain 0.5 (0.5) 04 (0.5) 47 0.47 (0.40-0.54)
Total 45 (19) 29 (19) 004 0.71(0.65-0.76)
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FIG 2. Fast spin-echo T2-weighted high-resolution images showing dilated PVS in the midbrain in
a patient with IIH (upper row) and a healthy control (lower row). Elongated CSF-filled structures
(arrows) are seen in the expected locations: centrum semiovale supratentorial white matter (left),

basal ganglia (middle), and midbrain (right).

Table 2: Baseline characteristics®

IIH Control P Value
No. 32 21
Age (yr) 34.8(9.2) 37.8 (13.5) 38
No. (%) female sex 30 (93.8) 15 (71.4) .03
Papilledema 32 (100.0) 0 (0.0) <.0001
Headaches 31(96.9) 7 (333) <.0001
Pulsatile tinnitus 25 (75.0) 3(143)  <.0001
Highest opening pressure 360 (133.5) 185 (35.3) .01

?The average age between patients with IIH and healthy controls was similar.
Most patients with IIH were women. More patients with IIH had papilledema,
headaches, and pulsatile tinnitus. CSF opening pressure was lower in patients with
IIH.

[SD, 0.5] versus control midbrain, 0.4 [SD, 0.5], P=.47).
Interobserver agreement for the measurement of PVS was good
(k =0.71 overall). By region, the « statistic for the centrum semi-
ovale was 0.58, for the basal ganglia, it was 0.85, and midbrain, 0.47.
An example of dilated PV in a patient with ITH and a healthy con-
trol is shown in Fig 2.

Baseline characteristics between the IIH group and healthy
controls are in given Table 2. Average age was similar between
the ITH group and healthy controls (ITH, 34.8 versus controls,
37.8 years; P=.38). There were more women in the IIH group
(ITH, 30, versus controls, 15; P=.03). Papilledema, headaches,
and pulsatile tinnitus were present in most of the ITH group and
in a few healthy controls (P < .0001). Average highest opening
pressure was 360 cm of water in the IIH group and 185 in the
control group (P <.01). Four of 21 patients in the control group
had evidence of venous sinus stenosis compared with 31 of 32
patients with ITH (P <.0001).

DISCUSSION
We found an increased number of dilated PVS in patients with
IIH compared with controls. This correlation suggests a

2162 Jones Dec 2021 www.ajnr.org

pathophysiologic role of the glym-
phatic system in IIH. Such a connec-
tion has been hypothesized in prior
work on the roles of the glymphatic

in CSF accumulation and
4,9,10

system
regulation.

The presence of dilated PVS has
been correlated with other disease states
and is hypothesized to represent glym-
phatic disease. Glymphatic function is
mediated by perivascular channels lined
with aquaporin-4, cerebrovascular pul-
satility, and metabolic waste clearance.
Mestre et al*® hypothesized that impair-
ment of these components may have
implications for the pathophysiology
of small-vessel diseases. Perivascular
spaces and their aquaporin-4 compo-
nents must be structurally and func-
tionally sound for proper glymphatic
function, as confirmed by Iliff et al,?°
who used in vivo 2-photon imaging
of small fluorescent tracers showing
impaired glymphatic flow and function in animals lacking aqua-
porin-4. Impaired clearance of fluorescent-tagged amyloid 8 was
also found, which may be significant for understanding Alzheimer
disease. Iliff et al hypothesize that bulk perivascular CSF flow is
impaired by glymphatic dysfunction due to vascular remodeling,
enlarged perivascular spaces, aggregation of amyloid B in
Alzheimer disease, and aggregation of granular osmophilic material
in CADASIL. Of note, the largest observed CSF influxes, as demon-
strated by fluorescent glymphatic flow imaging, are along the ven-
tral perforating arteries of the basal ganglia, a common site for
enlarged perivascular space formation.”**” Enlarged PVS are ubiq-

28-30

uitous in almost all small-vessel diseases™ " and are independently

associated with risk factors for small-vessel diseases, including
hypertension and advanced age.”’ **

Lenck et al* hypothesized that ITH appears to be related to
glymphatic system overload. They hypothesized that overflow of
the lymphatic CSF outflow pathway results in venous CSF out-
flow pathway restriction. In other words, if one pathway fails, the
other must compensate. We speculate that impairment of inter-
stitial fluid transport from the glymphatic system to dural venous
sinus blood may trigger the hydrodynamic cascade of IIH. The
degree of raised intracranial pressure may depend on the effi-
ciency of the glymphatic system to compensate with augmented
CSF reabsorption. Consequently, MR imaging signs of CSF
hypertension such as transverse sinus stenosis and CSF dilated
optic nerve sheaths may be a direct consequence of the over-
loaded glymphatic system and impaired CSF reabsorption.

Bezerra et al,” similarly, hypothesized that glymphatic dys-
function is a major contributor to the development of ITH. They
hypothesized that diffuse interstitial fluid retention is a result of
impaired glymphatic function from either augmented arterial
perivascular space overflow into the interstitial fluid, impaired
outflow of the interstitial fluid into the PVS, or both. In other
words, the problem may be one of excessive inflow and/or



deficient outflow within the glymphatic pathway schematized in
Fig 1. This hypothesis is supported by the fact that IIH-related
vision loss is related to excessive fluid in the optic nerve sheaths,
likely owing to impaired dural pathway glymphatic outflow along
the glymphatics of the cranial nerves. Most interesting, patients
with obesity, who have higher rates of ITH in general, are known
to have a higher burden of perivascular and lymphatic dysfunc-
tion; this finding could lend further support to the glymphatic
dysfunction hypothesis of ITH.

Patients with IIH have a substantially increased volume of
extraventricular CSF and interstitial fluid,>* including the PVS.A
If glymphatic congestion increases interstitial and perivascular
space fluid volume, this increase should contribute to increased
intracranial pressure by the Monro-Kellie hypothesis. CSF-filled,
dilated PVS may serve as a potential marker for the disease.

Our study has several limitations. First, ours is a hypothesis-
generating study. Given the connection between an increased
number of dilated PVS and glymphatic dysfunction demon-
strated with other diseases and the growing number of groups
hypothesizing that ITH is, in some respect, a glymphatic disorder,
we sought to identify a biomarker that could allow testing of this
hypothesis and lead to further study. Additional limitations
include the small number of patients included, possible con-
founding in matching healthy controls for sex and body mass
index, lack of automation in quantifying PVS, and a possible
slight variance in imaging quality between studies due to patient
and technical factors. Future studies with patients will be needed
to confirm the association between an increased number of
dilated PVS, glymphatic dysfunction, and IIH. An automated seg-
mentation for quantifying dilated PVS such as that used by Potter

et al**

may be useful in eliminating interobserver variability.
However, 2 observers were involved in this study with good inter-
observer variability. All patients received the same imaging proto-
col as it relates to quantifying the number of PVS, so variability

related to technical factors was limited.

CONCLUSIONS

ITH is associated with dilated intracranial PVS, which may be
detected with high-resolution T2-weighted MR imaging. These
findings could provide valuable insight into the pathophysiology
of ITH as it relates to glymphatic dysfunction. Future studies are
needed to clarify whether the number of perivascular spaces is a
biomarker in ITH disease.
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ORIGINAL RESEARCH
ADULT BRAIN

Changes in Ventricular and Cortical Volumes following Shunt
Placement in Patients with Idiopathic Normal Pressure
Hydrocephalus

P.M. Cogswell, ““’M.C. Murphy, “/M.L. Senjem, ““H. Botha, ““'J.L. Gunter, ““B.D. Elder, ‘). Graff-Radford, “’D.T. Jones,
J.K. Cutsforth-Gregory, ““C.G. Schwarz, ““F.B. Meyer, ““). Huston Ill, and “*’CR. Jack Jr
e &
ABSTRACT

BACKGROUND AND PURPOSE: While changes in ventricular and extraventricular CSF spaces have been studied following shunt
placement in patients with idiopathic normal pressure hydrocephalus, regional changes in cortical volumes have not. These changes
are important to better inform disease pathophysiology and evaluation for copathology. The purpose of this work is to investigate
changes in ventricular and cortical volumes in patients with idiopathic normal pressure hydrocephalus following ventriculoperito-
neal shunt placement.

MATERIALS AND METHODS: This is a retrospective cohort study of patients with idiopathic normal pressure hydrocephalus who
underwent 3D Tl-weighted MR imaging before and after ventriculoperitoneal shunt placement. Images were analyzed using tensor-
based morphometry with symmetric normalization to determine the percentage change in ventricular and regional cortical vol-
umes. Ventricular volume changes were assessed using the Wilcoxon signed rank test, and cortical volume changes, using a linear
mixed-effects model (P <.05).

RESULTS: The study included 22 patients (5 women/17 men; mean age, 73 [SD, 6] years). Ventricular volume decreased after shunt
placement with a mean change of —15.4% (P <.001). Measured cortical volume across all participants and cortical ROIs showed a
mean percentage increase of 1.4% (P <<.001). ROIs near the vertex showed the greatest percentage increase in volume after shunt
placement, with smaller decreases in volume in the medial temporal lobes.

CONCLUSIONS: Overall, cortical volumes mildly increased after shunt placement in patients with idiopathic normal pressure hydro-
cephalus with the greatest increases in regions near the vertex, indicating postshunt decompression of the cortex and sulci.
Ventricular volumes showed an expected decrease after shunt placement.

ABBREVIATIONS: DESH = disproportionately enlarged subarachnoid space hydrocephalus; HCTS = high-convexity or midline tight sulci; iNPH = idiopathic

normal pressure hydrocephalus

diopathic normal pressure hydrocephalus (iNPH) is a clinicora-
diologic syndrome of gait dysfunction, cognitive decline, and
urinary incontinence, with a poorly understood etiology.' In
recent years, a subtype of iNPH has been described, dispropor-
tionately enlarged subarachnoid space hydrocephalus (DESH),
characterized by the imaging findings of ventriculomegaly, tight
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high-convexity sulci, and enlarged Sylvian fissures.>”> DESH is
thought to represent morphologic changes related to disordered
CSF dynamics and is part of the Japanese criteria for the diagno-
sis of INPH.®

The symptoms of iNPH, particularly gait impairment, may be
treated with CSF diversion, most commonly ventriculoperitoneal
shunt placement.” Some of the morphologic features of iNPH
and, in particular DESH, have also been shown to change after
shunt placement. As expected, the ventricles decrease in size fol-
lowing shunt placement.*® Additionally, the supra-Sylvian CSF
spaces that are narrowed in patients with DESH increase in size
with shunt placement, while the total brain parenchyma has been
shown to undergo no change or slight expansion.”'°

Although changes in total brain parenchymal volume have
been studied after shunt placement,” specific changes in cortical
volume and how changes vary in different brain regions have not.
Knowledge of changes in cortical volume is of interest to provide
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further insight into morphometric disease-related changes and to
better inform evaluation of cortical volumes in iNPH. We
hypothesized that with decreases in ventricular volume after
shunt placement, cortical volumes would increase secondary to
decreased mass effect or crowding of the sulci at the vertex. We
sought to investigate changes in ventricular volumes and regional
changes in cortical volume in patients with iNPH following shunt
placement.

MATERIALS AND METHODS

Patients

Patients with a diagnosis of iNPH and MR imaging with 3D
TIWI performed before and after ventriculoperitoneal shunt
placement from July 2015 through January 2021 were identified
retrospectively. Patients were excluded if the 3D TIWI was not
performed on a machine from the same MR imaging vendor,
with the same field strength before and after shunt placement.
Patients with suspected secondary hydrocephalus (eg, congenital
outflow obstruction or prior intracranial intervention) based on
imaging findings and review of the medical history were
excluded. The study was performed under institutional review
board approval.

MR Imaging

Imaging was performed on a 1.5T or 3T scanner (GE Healthcare)
with a standard 8-channel head coil; by design, the field strength
remained constant for each patient. Both 1.5T and 3T data were
included because these field strengths have been shown to pro-
vide similar and reliable results for the morphometric analyses
described below, as long as the field strength is constant within
each individual. The 3D T1WI was performed with an MPRAGE
sequence with the following 3T acquisition parameters: TR/TE =
6.3/2.6 ms, TT = 900 ms, FOV = 260 x 260 mm?, matrix = 256 x
256, section thickness = 1.2mm, sensitivity encoding Ry= 2.
Acquisition parameters for 1.5T MPRAGE were TR/TE = 10.0/
4.1 ms, TI = 1000 ms, FOV = 240 x 240 mm?, matrix = 192 x
192, section thickness = 1.2 mm. If multiple imaging examinations
were available, the MR imaging examination performed before
and nearest to the date of shunt placement was chosen as the pre-
shunt MR imaging examination. All eligible postshunt MR imag-
ing examinations were included.

Qualitative Assessment for HCTS

Because we hypothesized that cortical volume would increase after
shunt placement secondary to the resolution of mass effect from
high-convexity or midline tight sulci (HCTS), a feature of DESH,
the presence of HCTS was qualitatively determined. Two readers
(P.M.C, J.G.R) individually reviewed the preshunt MR imaging
examinations for each patient to determine whether HCTS was
present. Disagreement was settled by consensus review.

Measurement of Ventricular and Cortical Volume
Changes

Tensor-based morphometry with symmetric normalization'" was
used to determine the percentage change in ventricular and re-
gional cortical volumes between MR imaging examinations for
each patient. In this technique, all possible pairs of MR imaging
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examinations for a patient are coregistered and warped to each
other to reduce measurement variability, improve accuracy in
longitudinal measurements, and allow improved power to detect
more subtle changes compared with an analysis of independently
calculated volume measurements for each time point.'' ™ Before
analysis, quality control was performed to exclude examinations
with motion or failed segmentation.

For the tensor-based morphometry with symmetric normal-
ization analysis, first, each TIWI was run through the statistical
parametric mapping (SPM12; http://www.fil.ion.ucl.ac.uk/spm/
software/spm12) unified segmentation'* pipeline to obtain tissue
(gray matter, white matter, and CSF) segmentations as well as
bias-corrected gray-scale images. For each patient, all included
TIWI was rigidly coregistered to that patient’s common mean
using SPM12 and run through an in-house-developed differe-
ntial bias-correction algorithm. The differential bias-correction
algorithm-processed images were once again registered to their
mean and resampled to 1-mm isotropic resolution. For each pair
of MR imaging dates, the “MR imaging late” image was warped
to the “MR imaging early” image, and the “MR imaging early” to
“MR imaging late” image using Advanced Normalization Tools
(ANTs) software (http://picsl.upenn.edu/software/ ants/)">  to
derive a symmetric nonlinear deformation, which defines a map-
ping between the 2 images. These deformations were applied in
each direction, and the resulting warped images were averaged
with their original counterparts to create a “synthetic early” and a
“synthetic late” image. An image of the log-transformed Jacobian
determinants or voxelwise measure of local expansion or contrac-
tion of volume was formed for the deformation in each direction,
and the synthetic early and synthetic late images were each run
through SPM12 unified segmentation to get revised tissue proba-
bility maps in both the early and late image domains. The log-
transformation (natural logarithm) of the Jacobian determinants
was used for display purposes because it centers change about
zero with values that approximately correspond to the percentage
change.

The ventricles and cortical regions were segmented on the basis
of the MCALT ADIRI122 atlas (https://www.nitrc.org/projects/
mcalt/),'® by warping the MCALT template to the space of each
early and late image. The ventricle atlas included the lateral and
third ventricles. The cortex was parcellated into 43 regions (Online
Supplemental Data) in each cerebral hemisphere for a total of 86
regions. Including only gray matter and CSF voxels for cortical
and ventricle regions, respectively, the log-Jacobian images were
parcellated into individual ROIs, and the mean log-Jacobian was
computed within each ROIL For each RO, the mean log-Jacobian
value from the “late to early” deformation was averaged with the
inverse of the log-Jacobian value in the “early to late” direction to
estimate regional percentage change in volume. For primary analy-
ses, the comparison of change between the preshunt MR imaging
and the last available postshunt MR imaging was used. Surf Ice
(https://www.nitrc.org/projects/surfice/) was used to visualize re-
gional cortical volume changes.

Change in Ventricular and Cortical Volumes with Time
To evaluate the temporal profile of ventricular and cortical vol-
ume changes, we plotted the percentage change versus time. For
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FIG 1. Tl-weighted MR imaging and overlaid Jacobian maps of estimated changes between pre-
and postshunt imaging for a representative patient, a 66-year-old man with iNPH. Sagittal, coro-
nal, and axial slices of pre- (A) and postshunt (B) TIWI after registration to the patient’s common
mean and differential bias correction. C, Map of voxelwise Jacobian determinants overlaid on
the preshunt TIWI to demonstrate changes that occurred after shunt placement by warping the
late-to-early image: The ventricles contracted (blue) and CSF spaces at the vertex and surround-
ing parenchyma expanded (red and orange). Although changes in parenchymal volume are not
visibly apparent on the TIWI, the coronal images demonstrate decreased crowding of the sulci
at the vertex after shunt placement (orange arrows), corresponding to regions that showed an
increase in cortical volume after shunt placement. The callosal angle measurement is demon-

strated in the coronal image in row A (white lines).

these analyses, the date of the shunt placement was considered to
be time zero because it is assumed that the volume changes being
assessed are primarily the effect of shunt placement and that no
discernible changes occurred in the patient’s ventricle size or
cortical volume from the date of the preshunt MR imaging to the
date of shunt placement. The time (months) for each postshunt
MR imaging was calculated as the time between shunt placement
and the MR imaging examination. For this analysis, the calcu-
lated percentage change between each sequential set of MR imag-
ing examinations was used.

To evaluate the degree of change that occurs in ventricular
and gray matter volume in the first few months after shunt place-
ment versus those that occur later, we computed the change in
volume that occurred between the preshunt MR imaging and
postshunt MR1 and the change between postshunt MR1 and
MR?2 in patients with 2 postshunt MR imaging examinations.

Posterior Callosal Angle

As a secondary analysis, the posterior
callosal angle was evaluated because it is
a more widely accessible and studied
measure than ventricular volume, with
an angle <90° considered suggestive of
iNPH."” The posterior corpus callosal
angle was measured on the TIWI using
a multiplanar reformatting tool (Visage,
Version 7.1.14; Visage Imaging) as pre-
viously described®'” and is demon-
strated in Fig 1A. The pre- and
postshunt TIWI were coregistered. The
anterior/posterior commissure plane
was identified in the sagittal plane, and
the callosal angle was measured on the
coronal image perpendicular to the an-
terior/posterior commissure plane line
at the posterior commissure for each of
the pre- and postshunt images.

Statistical Analyses
Analyses were performed in Matlab
(Version R2018a; MathWorks). A linear
mixed-effects model was used to test for
a significant change in cortical volume
in the set of ROIs spanning the cerebral
cortex. A 1-sided Wilcoxon signed rank
test was used to evaluate a decrease in
ventricular volume and an increase in
the posterior callosal angle between the
preshunt and latest MR imaging exami-
nation. For patients with 2 postshunt
MR imaging examinations, the differ-
ence in volume changes between the
preshunt and postshunt MRI and the
postshunt MR1 to postshunt MR2 was
assessed using the Wilcoxon matched
pairs signed rank test. Percentage
change in ventricular and cortical vol-
umes was summarized for patients with-
versus-without HCTS, but statistical analysis was not performed
due to low number of patients in the “without HCTS” group.

Pair-wise comparisons of associations in imaging metrics
were assessed using the Spearman correlation. We evaluated the
following associations: percent change in ventricular volume
versus mean percent change in cortical volume, percent change
in ventricular volume versus change in callosal angle, and
change in callosal angle versus mean percent change in cortical
volume.

Additional analyses were performed to assess the effect of
shunt valve type and location on volume measurements. The
Wilcoxon rank sum test was used to assess differences in ventric-
ular volume and mean cortical volume change between patients
with Codman Certas Plus (Integra LifeSciences) and Delta
(Medtronic) valves and to compare cortical volume changes in
the right-versus-left cerebral hemisphere for each cortical region,
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FIG 2. Voxelwise maps of estimated mean percentage change in volume from pre- to postshunt
MR imaging across all patients. Axial, coronal, and sagittal slices of the mean estimated percent-
age change in volume (log-Jacobian, which is centered at zero) for all voxels within the total in-
tracranial volume mask. In this display, the tissue class (CSF, gray matter, white matter) is not
considered. After shunt placement, there was an expansion or increase in CSF and parenchymal
volumes primarily near midline at the vertex (red). Contraction or decrease in volume occurred
in the ventricles, extraventricular CSF spaces such as the Sylvian fissures, and anterior-inferior

frontal and temporal convexities (blue).

because all patients had a right-sided shunt placement. For all sta-
tistical tests, P <.05 was considered significant.

RESULTS

Patients

We identified 26 patients with eligible pre- and postshunt MR
imaging examinations. Two patients were excluded due to sus-
pected secondary hydrocephalus in the setting of prior craniot-
omy for tumor resection. Two patients with iNPH were excluded,
one due to image motion and one due to failed tissue-class
assignment on the preshunt MR imaging examination. The study,
thus, included 22 patients (5 women/17 men; mean age, 73 [SD,
6] years; range, 61-84years). Preshunt MR imaging was per-
formed, on average, 2.0 (SD, 2.4) months before shunt placement.
There were 17 patients with 1 postshunt MR imaging examina-
tion, and the other 5 had 2 postshunt MR imaging examinations.
With the date of shunt placement as time zero, the latest post-
shunt imaging was performed, on average, 7.0 (SD, 7.0) months
(range, 1-25months) after shunt placement. Although robust
clinical metrics suitable for research purposes were not consis-
tently available in this cohort, 20/22 patients reported sustained
improvement in at least one of the clinical domains of gait, cogni-
tion, and incontinence during imaging follow-up.

Global Volume Changes

Pre- and postshunt TIWI with overlaid Jacobian determinant
maps are shown for a representative patient in Fig 1. The esti-
mated mean voxelwise percentage change in volume (log-
Jacobian) from pre- to postshunt MR imaging among all patients
is shown in Fig 2; the scale is compressed relative to the Jacobian
maps in Fig 1, to better show regional parenchymal changes. The
voxelwise maps demonstrated the global changes that occurred
after shunt placement throughout the brain parenchyma, ven-
tricles, and CSF spaces, including regions not specifically eval-
uated in regional analyses. The CSF spaces and parenchyma near
the midline vertex expanded after shunt placement. The ven-
tricles and Sylvian fissures contracted after shunt placement, and
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there were regions of parenchymal con-
traction at the anterior-inferior frontal
and temporal lobes.

Percentage Change in Ventricular
Volume

The mean percentage change in ventricu-
lar volumes across all patients was —15.4%
(SD, 9.4%) (P < .001), while the degree of
ventricular volume change varied among
patients with a range of 1.1%—41.5% (Fig
3). For those patients with 2 postshunt
follow-up MR imaging examinations
(n=05), there was a continued decrease in
ventricular volume during the 2 examina-
tions. On average, the mean percentage
change in ventricular volume was similar
between the preshunt MR imaging and
the first postshunt examination (—9.4%
[SD, 1.3%] at a mean of 2.1 [SD, 0.9] months), and in the first-to-sec-
ond postshunt examinations (—10.5% [SD, 6.4%] from, on average,
3 months to 8.9 [SD, 3.4] months postshunt; P = .81).

Percentage Change in Cortical Volume

Measured cortical volume across all participants and cortical ROIs
showed a statistically significant mean percentage increase of 1.4%
(SD, 1.3%) (P <.001), with a range in mean cortical volume change
among patients of —2.3%—3.7% (Fig 3). Consistent regional varia-
tions in percentage change in gray matter volume were seen in
patients (Fig 4 and Online Supplemental Data). ROIs near the ver-
tex showed the greatest increase in volume after shunt placement
(eg, 4.1%-7.4% at the parietal superior, frontal superior, precuneus,
parietal inferior, and paracentral lobule regions). Regions around
the CSF spaces in the inferior brain showed, on average, small
decreases in cortical volume after shunt placement (eg, —1.1% to
—2.6% in the insula, amygdala, and hippocampal regions).

In the 5 patients with >1 postshunt MR imaging, the mean
percentage change in cortical volume showed greater change from
time zero (shunt placement) to the first postshunt examination
than from the first-to-second postshunt examination, though the
differences did not reach statistical significance (1.2% [SD, 1.3%]
versus —0.01% [SD, 1.1%], P=.19). One of these patients showed a
small average decrease in cortical volume from pre- to postshunt
MR imaging. The other 4 patients showed an overall increase in
cortical volume from the preshunt to the first postshunt MR imag-
ing, with smaller, variable degrees of positive and negative changes
from the first-to-second postshunt MR imaging. Of the 2 patients
with initial increases in cortical volume followed by small decreases
in cortical volume, one had a continued decrease in ventricular
size from the first-to-second postshunt MRI and one had a rela-
tively stable ventricular size between those time points.

Shunt Valve

Of the 22 patients, the first 9 had right-frontal-approach Delta 1.0
valve ventriculoperitoneal shunts, and the last 13 had right-parietal-
approach Codman Certas Plus programmable valves. Differences in
approach and types of shunts were due to the evolving



FIG 3. Percentage volume change by patient after shunt placement. Percent change in ventricu-
lar (A) and mean cortical (B) volume across all ROIs versus time. Each patient is represented by a
separate line; patients with 1 postshunt MR imaging are represented by a solid line, and patients
with 2 postshunt MRIs are represented by a dotted line. Time zero is the date of shunt placement.

After excluding the right-inferior and
midoccipital regions, which were obscured
by artifacts in patients with the Codman
Certas Plus valve, there was no statistically
significant difference between the right
and left sides for any of the cortical
regions. Patients with a Codman Certas
valve and a Delta valve showed similar
changes in mean ventricular (—15.0% [SD,
10.3%] and —15.9% [SD, 8.6%], respec-
tively, P=.64) and cortical volumes (1.2%
[SD, 1.0%] and —1.5% [SD, 1.5%], respec-
tively, P=.50).

Qualitative Assessment of HCTS

The readers agreed on the presence or ab-
sence of HCTS and judged HCTS to be
present on the preshunt MR imaging exami-
nation in 20/22 (91%) patients. The 2 partic-
ipants on which readers disagreed had
ventriculomegaly with midline and convex-
ity sulci that were relatively narrowed
though not effaced. Although statistical
comparison was not performed between
patients with-versus-without HCTS due to
the low number, on average, those without
HCTS showed less change in ventricular
and cortical volumes than those with HCTS
(mean ventricular volume, —9.8% [SD,
3.0%)] versus —15.9% [SD, 9.7%] and mean
cortical volume change, 1.0% [SD, 0.5%]
versus 1.4% [SD, 1.4%]).

Change in Callosal Angle

The callosal angle, on average, increased
by a mean of 16.4° (SD, 11.8°) (P <.001)
after shunt placement (69.0° [SD,19.7°]
preshunt to 85.4° [SD, 20.6°] postshunt).

In general, ventricular volumes decreased and mean cortical volume increased after shunt place-

ment. In the patients with 2 postshunt MRIs, there was a continued decrease in ventricular volume
from postshunt MRI1 to MR2 and a small variable change in cortical volume during that interval.

neurosurgical practice and surgeon preference. For all patients with
the programmable valve, the initial shunt setting was 6, which was
chosen as a conservative starting point to avoid overdrainage,'® and
the shunt setting was reduced to 5 within the first several months of
follow-up.

The Delta valve did not produce any susceptibility artifacts or
obscure adjacent parenchyma. The Codman Certas Plus valve caused
susceptibility artifacts that occurred primarily in a portion of the
image that was not classified as gray matter, with the exception of the
right-inferior and mid-occipital and cerebellar regions, which are not
of primary focus in the results of this study. There were no cases of
failed processing secondary to shunt-related artifacts.

Association between Changes in
Imaging Metrics

The mean cortical volume increased with
decreases in ventricular volume (p =
—0.44, P=.04). The change in callosal
angle was not as strongly associated with the mean percentage
change in cortical volume (p = 0.21, P=.34). The callosal angle
increased (or normalized) with a decrease in ventricular volume,
though the association of these metrics did not reach statistical sig-
nificance (p = —0.40, P=.06). These associations are shown in the
Online Supplemental Data.

DISCUSSION

We investigated changes in ventricular and regional cortical vol-
umes after ventriculoperitoneal shunt placement in patients with
iNPH. Along with decreases in ventricular volumes after shunt
placement, there were changes in cortical volumes, with the
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FIG 4. Regional cortical mean percentage volume change. Surface-renderings of mean percent-
age change in cortical volume among all participants by cortical region in the ADIRI22 atlas.
These data are a subset of the data shown in Fig 2, considering only voxels determined to be
cortical gray matter and demonstrating ROl-wise results, the main analytic method used in this
work. Red indicates an increase in volume or expansion from pre- to postshunt MR imaging
examinations and is primarily present at the midline vertex regions. Blue indicates a decrease in
volume or contraction and is seen adjacent to the temporal horns and Sylvian fissures as well as
related to Codman Certas Plus valve artifacts (right occipital). The first column shows right-hemi-
sphere lateral and medial views. The second column shows left-hemisphere lateral and medial

views. The third column shows top and bottom views.

greatest increases in cortical volume at regions near the midline
vertex.

The ventricles showed an anticipated decrease in size after
shunt placement. The mean percentage decrease in ventricular
volume of 15% in this study was similar to approximately 14% at
3-8 months after shunt placement in the study by Virhammar et
al® Ventricular volume changes occurred within the first few
months after shunt placement, and in the subgroup of patients
with multiple MR imaging examinations, there was a continued
decrease in ventricular volume on subsequent imaging performed
several months later. This time course of ventricular volume
changes is similar to that described by Yamada et al.”

The posterior callosal angle showed a significant increase after
shunt placement, as seen in prior studies.*” The association of
the change in callosal angle with the percentage change in cortical
volume was not as strong as the association of the percentage
change in ventricular volume with the percentage change in corti-
cal volume. These findings support volumetric rather than linear
measures of anatomy as more robust indicators of disease and
treatment-related changes.”"’

The mean cortical volume across the cerebral cortex increased
after shunt placement, though changes were topographically vari-
able. The greatest increase in cortical volume occurred near the
midline vertex, where although not quantified in this study, there
was also expansion of the CSF spaces. These are the regions of
sulcal effacement in patients presenting with iNPH, and, in par-
ticular, patients with DESH. Narrowing of the sulci in the midline
vertex regions is associated with compression of the adjacent
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cortex. After shunt placement, the ven-
vertex CSF
spaces expand, mass effect on the paren-

tricles decrease in size,
chyma lessens, and cortical volumes
increase. The enlarged intra- and extra-
ventricular CSF spaces and compression
of the cortex in patients with iNPH and
DESH may be misinterpreted as atrophy
and has been termed “pseudoatrophy.”°
In this study, we showed that these find-
ings are, at least in part, reversed after
CSF diversion. Of note, neither DESH
nor HCTS was required for inclusion in
this study, nor is it required for a diag-
nosis of iNPH and shunt placement,
but HCTS was present in all except 2
patients. These 2 patients without
HCTS had lower-than-average post-
shunt changes in ventricular and cortical
volumes. The number of patients in this
study did not allow subgroup analyses
comparing patients with-versus-without
HCTS, other features of DESH, or the
degree of DESH-like features, though
such analyses would be of interest in
future work.

While there was an increase in re-
gional cortical volume near the vertex,
regional cortical volume in the inferior
aspect of the cerebral hemispheres, adjacent to contracted CSF
spaces, showed a decrease in cortical volume after shunt place-
ment. The etiology of these changes is likely multifactorial.
Volume decreases may be due, in part, to partial volume effects
from the adjacent contracting CSF spaces, given the relatively
small size of the affected ROIs. Although iNPH and shunt place-
ment are the primary drivers of morphologic changes for these
patients in the study time period, a small and likely negligible
degree of regional age-related cortical volume loss (which would
affect temporal-limbic areas more than the cortex at the vertex) is
possible.”! Additionally, small changes (ie, on the order of <1%)
could be due to variability in longitudinal measurements, as has
been seen in prior work.'>*?

As in prior work evaluating total brain parenchymal volumes,
in the subgroup of patients with 2 postshunt MR imaging exami-
nations, cortical volume changes occurred predominantly in the
first few months after shunt placement.” This observation is likely
due to resolution of mass effect on the parenchyma with decreas-
ing ventricular volume and enlarging vertex CSF spaces. After the
vertex CSF spaces have decompressed, further decrease in ven-
tricular size or change in CSF spaces would not be anticipated to
have associated cortical volume changes. Small observed cortical
volumes for long-term follow-up may be related to variations in
CSF dynamics as well as variability in measurement.

Overall, the global CSF space and cortical volume changes
observed after shunt placement correspond with improvement in
the morphologic features of INPH and DESH. As these entities have

22,23

become more widely recognized in community populations™~ and



volumetric measurement is more widely applied in the clinical eval-
uation of cognitive decline, awareness of cortical volume changes
associated with CSF dynamics disorders is important, to avoid mis-
interpretation of mass effect on the cortex or relatively low cortical
volume as atrophy secondary to neurodegeneration, which may
confound disease categorization and evaluation for copathology in
the clinical or research setting.

There are limitations to this study. The spatial resolution var-
ied from 1.0- to 1.2 mm, though we have found volumetric calcu-
lations at these resolutions comparable. Due to the retrospective
nature and strict requirements that the 3D TIWTI acquisitions be
performed with the same imaging platform, the number of
included patients is moderate. The time of postshunt follow-up
imaging varied among patients. Despite these limitations, consist-
ent, statistically significant changes were observed. In the future,
standardized follow-up intervals and more patients with multiple
postshunt MRIs would be beneficial to better delineate the time-
line of morphologic changes that occur. Although it would be
interesting to assess associations between imaging and clinical
metrics, these patients did not undergo similar rigorous quantita-
tive assessment of relevant clinical indices before and after shunt
placement to allow such analyses.

CONCLUSIONS

We found a decrease in ventricular volume and an overall
increase in cortical volume, greatest at the midline vertex, follow-
ing shunt placement in patients with iNPH. Changes in cortical
volume appeared to occur predominantly in the first few months
after shunt placement, while ventricular volumes continued to
decrease on subsequent follow-up. These changes correspond
with improvement in the morphologic features of iNPH, and,
specifically, DESH after CSF diversion. Awareness of the artificial
reduction of cortical volumes in the setting of disordered CSF dy-
namics is important in the assessment for neurodegenerative dis-
ease, which may present with similar symptoms to iNPH or as
copathology.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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BRIEF/TECHNICAL REPORT
ADULT BRAIN

Clinical Implementation of 7T MRI for the Identification of
Incidental Intracranial Aneurysms versus Anatomic Variants

P. Radojewski,

ABSTRACT

P. Mordasini
Yo~ =

). Slotboom, “A. Joseph, “'R. Wiest, and

SUMMARY: Most unruptured intracranial aneurysms can be adequately characterized using 15T and 3T MR imaging. Findings in a

subgroup of patients can remain unclear due to difficulties in distinguishing aneurysms from vascular anatomic variants. We retro-

spectively analyzed clinical data from 30 patients with suspected incidental aneurysms on 3T MR imaging who underwent 7T MR

imaging. In all 30 cases, the differentiation of an aneurysm versus a vascular variant could be achieved. In 20 cases (66%), the initial

suspected diagnosis was revised. Our findings suggest that 7T MR imaging provides a clarification tool for the group of patients

with suspected unruptured intracranial aneurysms and diagnostic ambiguity after standard 3T MR imaging.

ABBREVIATION: UIA = unruptured intracranial aneurysm

he prevalence of unruptured intracranial aneurysms (UIAs)

in the general population is estimated to be about 3%-5%."
Most UIAs can be sufficiently characterized and followed up
using conventional 1.5T and 3T MR imaging. However, findings
in a relevant subgroup of patients can remain ambiguous when
using 1.5T and 3T MR imaging due to difficulties in distinguishing
aneurysms from vascular anatomic variants such as vessel infun-
dibula or loops. Especially, small findings (<5mm) may remain
ambiguous: Up to 18% of findings on 3T 3D-TOF may be unclear,
and in the remaining 82%, they may be regarded as clear. False-
positive and -negative rates of up to 6% and 2% can be observed.*™
Diagnostic uncertainty may lead to potentially unnecessary follow-
up examinations or even invasive diagnostic procedures (DSA).
The consequence is patient anxiety, risk of co-morbidities, and
considerable additional costs.

MR imaging at 7T may provide a definitive noninvasive diag-
nosis in this subgroup of patients because the higher magnetic
field strength enables image acquisition with a higher signal-to-
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noise ratio, higher spatial resolution, and higher vessel contrast.
MR imaging at 7T has recently received the CE mark and FDA
clearance and can be implemented beyond research settings.
Previous studies have suggested the superiority of 7T MR imag-
ing over 1.5T or 3T MR imaging in the depiction and characteri-
zation of aneurysms.” A strong correlation between 7T and DSA
has also been shown previously, with some studies reporting sensi-
tivity rates comparable with those of DSA.® However, most of the
existing evidence is derived from an experimental setting. We
report our single-institution experience of integration of 7T MR
imaging in a clinical routine work-up for the management of
patients with ambiguous neurovascular findings on 3T MR imag-
ing suspicious for small UIAs. We hypothesize that 7T MR imag-
ing provides definitive, noninvasive discrimination of intracranial
aneurysms versus normal vascular variants.

MATERIALS AND METHODS

Patients

We identified 30 patients with suspected incidental UIAs after rou-
tine 3T MR imaging who underwent additional 7T MR imaging.
The interdisciplinary neurovascular board at Bern University
Hospital screened and selected the patients during the clinical-
management process. Approximately 800 patients with confirmed
or suspected intracranial aneurysms are presented for evaluation
annually to this board, representing all cases referred to our institu-
tion as a tertiary referral center. Patients with small, incidental am-
biguous findings, ie, suspected UIAs, on recent routine 3T MR
imaging were additionally examined with 7T MR imaging on the
basis of the recommendation of the board. The findings were
reviewed by the board, and a management recommendation was
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FIG1. A, A UIA was reported on the basis of 3T MR imaging (MIP reconstruction of the 3D-TOF angiography, zoom in the right upper corner). B,
MIP reconstruction of the TOF acquired at 7T MR imaging depicts an infundibulum emerging from the anterior communicating artery (zoom in
the right upper corner). The blue arrow is indicating the finding of interest.

made. All patients were examined between October 2019 and
March 2021. All patients signed the informed consent form, and
the analysis was approved by the local ethics committee.

Imaging Protocol

All patients were scanned on a clinically approved 7T whole-body
MR imaging scanner (Magnetom Terra, clinical mode; Siemens)
equipped with a 1-channel transmit and 32-channel receive head
coil (Nova Medical, Wilmington, MA, USA) and on a 3T
Magnetom Prisma scanner (Siemens) equipped with a 32-channel
head coil (Nova Medical, Wilmington, MA, USA).

The 7T imaging comprised the following sequences: sagittal T1
MPRAGE, 0.6 x 0.6 x 0.6 mm?; axial T2 spin-echo, 0.3 x 0.3 x
1.5 mm?; axial SWI, 0.2 x 0.2 x 1.2 mm?; axial arterial TOF angi-
ography, 0.14 x 0.14 x 0.25 mm® (interpolated, acquired: 0.36 x
0.28 x 0.50 mm?), and sagittal T1 sampling perfection with appli-
cation optimized contrast by using different flip angle evolution
(SPACE; Siemens), 0.5 x 0.5 x 0.5 mm? (Online Supplemental
Data). No intravenous contrast agent was administered. The 3T
imaging was a standardized contrast-enhanced protocol (including
arterial TOF angiography and contrast-enhanced angiography)
(Online Supplemental Data).

Analysis

In clinical routine, all images were reviewed by 2 readers and sub-
sequently presented to the referring board. We analyzed the fol-
lowing: 1) board decisions and recommendations before 7T MR
imaging, 2) reports from 3T MR imaging and subsequent 7T MR
imaging, and 3) board decisions and recommendations after 7T
MR imaging to capture changes in diagnosis and management.
We used a simple binomial test considering ambiguous-versus-
nonambiguous diagnoses. P values < .05 were considered statisti-
cally significant.

RESULTS

Thirty patients with suspected incidental UIAs after routine 3T
MR imaging were included (19 women and 11 men; median age,
56 years; mean age, 51years; range, 16-71 [SD, 15.5]years)
(Online Supplemental Data). All MR imaging examinations were
performed without interruption or adverse effects. All images ful-
filled the criteria of diagnostic quality within routine image

reading. In all 30 cases, no ambiguous findings remained after 7T
MR imaging, and a definitive diagnosis was made according to
the analyzed reports (P <.001).

In 20 cases (66%), the initial suspected diagnosis was revised. In
18 of the 20 cases (60%), the initial diagnosis of suspected UIA was
revised in favor of a normal vessel (infundibulum, Fig 1, or perfo-
rating artery, Fig 2, and Online Supplemental Data). As a result,
because UIA was ruled out, no further follow-up was recom-
mended by the interdisciplinary neurovascular board. In the 2
remaining cases (6.7%) (prominent tip of the basilar artery and
vessel loop, but UTA could not be ruled out), the initial suspected
diagnosis was revised in favor of a true aneurysm. In 1 of these 2
cases, a standard follow-up was recommended; in the remaining
case, DSA was recommended due to a high-risk profile.

In 10 cases (33%), the initial diagnosis was confirmed.
Therefore, in 8 cases (26.7%), a definitive diagnosis of an UIA was
confirmed, and as a consequence, the interdisciplinary board rec-
ommended annual MR imaging follow-up according to the institu-
tional guidelines for small UIAs. In 2 cases (6.7%), 7T MR imaging
confirmed the presence of an infundibulum and ruled out the pres-
ence of a UIA; therefore, no further follow-up was recommended.

DISCUSSION

Our findings suggest that 7T MR imaging provides a clarification
tool for the group of patients with suspected UIAs and diagnostic
ambiguity after standard 3T MR imaging. DSA as the criterion
standard is not available for this cohort, a potential limitation;
however, performing an invasive procedure would not necessarily
be justifiable. The higher diagnostic confidence’” may enable
avoiding unnecessary follow-up examinations or invasive DSA.
Similarly, revision of an UIA diagnosis toward a normal vascular
variant reduces the number of unnecessary follow-up imaging
procedures, which would be otherwise performed according to
our institutional and national standards.

Most important, socioeconomic factors of suspected, inciden-
tal aneurysms and ambiguous vascular findings on 1.5T and 3T
MR imaging should be taken into consideration. In this context,
resolving diagnostic ambiguities can be especially impactful for
young patients with long life expectancies. In our cohort, 26% of
patients were younger than 40 years of age. Several studies eval-
uated the psychological aspects of the UIA diagnosis, suggesting a
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FIG 2. A, A UIA was suspected on the basis of 3T MR imaging (axial 3D-TOF angiography, zoom in the right upper corner). B, MR imaging at 7T
depicts a perforator artery parallel to the right superior cerebellar artery (axial 3D-TOF angiography, zoom in the right upper corner). The blue

arrow is indicating the finding of interest.

relevant decrease in quality of life, depression, and anxiety.*® The

impact of ambiguous findings is less explored'®!!

and depends
largely on the case-specific communication; however, a similar
effect could be expected. Increased diagnostic accuracy, diagnos-
tic confidence, and, as a consequence, reduction of ambiguity due
to 7T imaging could potentially improve the quality of life and
reduce a patient’s anxiety.

Financial savings due to avoided unnecessary noninvasive or
even invasive diagnostic procedures and outpatient consultations
in ambiguous findings are expected; however, this expectation is
specific to each national reimbursement system. Thus, a dedi-
cated analysis is not within the scope of this study.

We hypothesized that 7T MR imaging allowed us to resolve
the ambiguity, first, due to improvement of the signal-to-noise
ratio, resulting in better contrast between the vessel and the sur-
rounding tissue and, second, due to the improved spatial resolu-
tion resulting in precise assessment of the shape of the vessels.
Finally, the maximum-intensity-projection reconstruction of
TOF acquired at 7T allows superior visual 3D analysis. As
expected, we observed pulsation artifacts and field inhomogeneity
in all patients under investigation. However, these artifacts did
not influence the diagnostic confidence within the routine use of
7T MR imaging using dedicated vascular imaging sequences.

CONCLUSIONS

Clinical implementation of 7T MR imaging in patients with sus-
pected small incidental UIAs has the potential to reduce the num-
ber of ambiguous vascular findings and to secure a definitive
diagnosis and has, therefore, an impact on patient management
as well as quality of life and cost of health services.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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Disparities in the Use of Mechanical Thrombectomy Alone
Compared with Adjunctive Intravenous Thrombolysis in
Acute Ischemic Stroke in the United States

W. Wahood, ““ AA. Rizvi, Y. Alexander, ““M.A. Alvi, ““K.R. Rajjoub, “H. Cloft, “*’ A.A. Rabinstein, and ““'W. Brinjikji

ABSTRACT

BACKGROUND AND PURPOSE: For patients with large-vessel occlusion, mechanical thrombectomy (MT) without IV-tPA is a proved
strategy. The relative benefit of direct MT versus MT+IV-tPA for patients with indications for IV-tPA is being actively investigated. We
used a national inpatient database to assess trends in use and patient profiles after MT+IV-tPA versus mechanical thrombectomy alone.

MATERIALS AND METHODS: The National Inpatient Sample was queried between 2013 and 2018 for patients undergoing mechanical
thrombectomy for acute ischemic stroke. Patients who received mechanical thrombectomy alone were compared with those who under-
went MT+IV-tPA. The Cochran-Armitage test was conducted to assess the linear trend of use of mechanical thrombectomy alone among
the entire cohort and between admissions involving non-White and White patients. All estimates were nationalized using discharge weights.

RESULTS: A total of 89,645 weighted admissions were identified pertaining to mechanical thrombectomy for acute ischemic stroke from
2013 to 2018. Of these, 59,935 (66.9%) admissions involved mechanical thrombectomy alone. There was an increase in the trend toward
the use of mechanical thrombectomy alone (trend: 3.26%; P <<.001) per year. Multivariable regression analysis regarding patient profiles
indicated that patients who identified as Black (OR = 0.83, P=.001) or Hispanic (OR = 0.79; P < .001) were more likely to undergo me-
chanical thrombectomy alone compared with those who identified as White. There was no statistically significant difference in the slope
between non-White and White populations receiving mechanical thrombectomy alone (trend: +0.93% in favor of non-White; P=.096).

CONCLUSIONS: Our results indicated that mechanical thrombectomy alone was used more frequently than MT+IV-tPA among
patients with acute ischemic stroke. The disparity between those who identify as White and non-White persisted across the years,
though it is closing.

ABBREVIATIONS: ADSS = Administrative Data Stroke Scale; AlIS = acute ischemic stroke; ASOV = Administrative Stroke Outcome Variable; ICD =

International Classification of Diseases; MT = mechanical thrombectomy; NIS = Nationwide Inpatient Sample

uidelines for acute ischemic stroke (AIS) are rapidly changing

with the advent of 5 randomized trials in 2015 that supported
the use of mechanical thrombectomy (MT) over alteplase alone for
large-vessel occlusion.' The Highly Effective Reperfusion evaluated
in Multiple Endovascular Stroke (HERMES) trial meta-analysis
showed the superiority of the tPA along with MT over tPA alone
and lowered rates of disability at the 3-month mark."
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In 2018, American Heart Association/American Stroke As-
sociation released guidelines regarding early management of
stroke, which recommended the use of MT within 16-24 hours
of stroke onset. It also stressed that IV-tPA treatment should
not be delayed®> In 2020 and 2021, three clinical trials,
Direct Endovascular Thrombectomy vs Combined IVT and
Endovascular Thrombectomy for Patients With Acute Large
Vessel Occlusion in the Anterior Circulation (DEVT); Direct
Intra-arterial Thrombectomy in Order to Revascularize AIS
Patients with Large Vessel Occlusion Efficiently in Chinese
Tertiary Hospitals: A Multicenter Randomized Clinical Trial
(DIRECT-MT); and Direct Mechanical Thrombectomy in
Acute LVO Stroke (SKIP), all investigated the efficacy of various
combinations of endovascular and medical treatments for AIS.
Two of the 3 trials (DEVT and DIRECT-MT) demonstrated
noninferiority of MT alone compared with MT+IV-tPA.>?

While the trends in AIS are changing due to new research into
treatment and management, other studies have found disparities
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in the use of MT for patients with AIS associated with race and
ethnicity.® To investigate whether the gap in the use of the afore-
mentioned techniques between races is closing, we studied the
trends in outcomes, use, and patient profiles of MT alone com-
pared with MT+IV-tPA in the United States using a national
inpatient database.

MATERIALS AND METHODS

Data Source

The Nationwide Inpatient Sample (NIS) database was queried
from January 1, 2013, to December 31, 2018. The NIS is created
by the Healthcare Cost and Utilization Project. It samples ~7
million hospitalized patients per year, representing 20% of all dis-
charges annually. This database is the largest public national all-
payer database, sponsored by the Agency for Healthcare Research
and Quality.” Furthermore, the NIS contains discharge weights
that aid investigators in extrapolating discharges using the vari-
able discharge weight (for data after 2012) and trend weight (for
data before 2012). In turn, the cases in the NIS are converted to
national estimates.

Cohort Selection

The 9th and 10th editions of the International Classification of
Diseases (ICD-9 and -10) were used to identify patients with AIS
who underwent MT from 2013 to 2018. These years were selected
to include only the modern era of MT devices, mostly involving
stent retrievers, because the first 2 stent retrievers received FDA
approval in 2012.>° Patients with a primary diagnosis of subar-
achnoid hemorrhage or intracerebral hemorrhage or any diagno-
sis of head trauma were excluded. Diagnosis codes regarding
postoperative hemorrhage were also selected. All included ICD-9
and ICD-10 codes are available in the Online Supplemental Data.

Outcomes and Variables of Interest

We recorded the following demographic variables: age, sex, race, in-
surance type, and Elixhauser Comorbidity Indices. Elixhauser
Comorbidity Indices are based on 31 predefined comorbidities that
use ICD-9 and -10 codes, which identify risks of poor outcomes."®
These comorbidities are listed in the Online Supplemental Data.
We collected the following hospital data: bed size, location (rural/
urban), teaching status, and region (Northeast, Midwest, South,
West).

The Administrative Data Stroke Scale (ADSS) and
Administrative Stroke Outcome Variable (ASOV) were both
calculated in this study, both based on Patel et al.'* The ADSS is
a validated scale with a moderate correlation with the admission
NIHSS with a Spearman correlation of 0.39 and a strong corre-
lation with NIHSS >15 (P <.001) at discharge. The ADSS con-
sists of the following variables: mechanical ventilation, coma,
aphasia, stupor, cerebral edema, cerebral herniation, nasogastric
tube placement, parenteral nutrition, dysphagia, and neglect.
The ADSS is derived using the sum of the odds ratio of each
variable in a multivariable regression model. The ASOV repre-
sents poor functional outcome if any of the following were pres-
ent: in-hospital mortality, discharge to hospice care, discharge
to long-term acute care facility, or discharge to skilled nursing
facility. This has substantial agreement with a 90-day mRS > 3

2176 Wahood Dec 2021 www.ajnr.org

cutoff (k statistic= 0.69). Poor functional outcome is a surro-
gate for mRS > 3 at 90-day follow-up. More information can be
seen in the study published by Patel et al."!

Statistical Analysis

The cohort was divided into 2 groups: admissions involving MT
alone and those involving MT+IV-tPA. The Cochran-Armitage
test was conducted to assess linear trends in the proportions of
use of MT alone compared with MT+IV-tPA among all admis-
sions involving MT for AIS. The numerator of this proportion
was MT alone, and the denominator was patients who underwent
MT alone in addition to those who underwent MT+IV-tPA.
This analysis was also conducted to assess trends in the use of
MT alone between admissions involving non-White and White
patients. For each group, the numerator was the number of those
who received MT alone, and the denominator was those who
received either treatment. Trend lines were compared between
the 2 groups using the ANOVA test, which produces a mean dif-
ference in trend with its corresponding 95% CI. Linear trends in
the proportion of admissions with poor functional outcome
among the 2 groups were also assessed by the Cochran-Armitage
test.'” The Cuzick nonparametric test was used to assess linear
trends in mean ADSS scores in the 2 groups.'® Results from this
analysis are represented as a change in the slope of proportion
per year with its 95% confidence interval. Multivariable stepwise
logistic regression analysis, stratified by hospital region and year,
was conducted to assess patient profiles for MT alone versus
MT+IV-tPA. The Wald test was performed to investigate the
evidence of whether the outcome of MT alone varied across the
different groups for each categoric variable within the regression.
A P <05 for this test indicates that there is no difference between
the groups regarding the outcome.

Regression results are represented as ORs and their respective
95% Cls. x* tests were used to compare the proportion of each
categoric variable between the 2 groups. A Student ¢ test was used
to compare the means of each continuous variable between the 2
groups. Statistical analysis was performed using STATA 16
(StataCorp)."* P values < .05 were considered statistically signifi-
cant. All estimates were nationalized using discharge weights pro-
vided by the Healthcare Cost and Utilization Project.

RESULTS

Patient Characteristics

A total of 89,645 admissions were identified from 2013 to 2018,
including 59,935 undergoing MT alone and 29,710 undergoing
MT+IV-tPA. The mean age was 68.3 (standard error: *0.15)
years for MT alone and 68.4 (*0.18) years for MT+IV-tPA.
There were 29,915 (49.9%) women in the cohort of MT alone
and 15,070 (50.7%) in the cohort with MT+IV-tPA. The mean
ADSS score was 4.46 (SE, 0.09) for MT alone and 4.63 (SE, 0.12)
for MT+IV-tPA. There were 40,465 admissions (71.56%) involv-
ing patients who identified as White in the MT alone group and
19,100 (67.43%) in the MT+IV-tPA group (P < .001). Additional
patient characteristics can be seen in the Online Supplemental
Data.



FIG 1. Use of MT alone among those with AIS undergoing MT.

FIG 2. Use of MT alone among those who identify as White versus
non-White among those with AIS.

Trend Analysis

The use of MT alone ranged from 3315 in 2013 (54.6% of all MT
cases that year) to 20,230 (72.0%) in 2018. There was an increase in
the trend toward the use of MT without IV-tPA among patients
with AIS by an average of 3.26% per year (95% CI, 2.64%-3.87%;
P <.001). This is also depicted as a line graph in Fig 1.

The prevalence of the use of MT alone among those who identi-
fied as White increased from 2259 (56.43% of all admissions involv-
ing those who identify as White) in 2013 to 13,535 (72.30%) in
2018. There was an average increase in the proportion of MT alone
by 2.96% per year (95% CI, 2.25%-to 3.66%). The prevalence of the
use of MT alone among those who identified as non-White ranged
from 795 (49.53%) in 2013 to 5764 (70.18%) in 2018. There was an
average increase in the proportion of MT alone by 3.89% per year
(95% CI, 2.89%-4.89%). There was no statistically significant differ-
ence in slope between the 2 groups (difference in slope: +0.93% in
favor of non-White; 95% CI: —0.17%-2.03%; P = .096). This analy-
sis is also depicted as a line graph in Fig 2.

The proportion of poor functional outcome among admissions
involving MT alone decreased from 83.1% (n = 2755) in 2013 to
78.1% (n = 15,790) in 2018. There was an average decrease in the
proportion of poor functional outcomes by —0.67% per year (95%

FIG 3. The incidence of poor functional outcome for MT versus
MT+IV-tPA.

CI, —1.22 to —0.12). On the other hand, the proportion of poor
functional outcomes among admissions involving MT+IV-tPA
decreased from 2245 (81.5%) in 2013 to 5800 (73.9%) in 2018.
There was an average decrease in the proportion of poor functional
outcomes by —0.98% per year (95% CI, —1.69 to —0.27). There was
no statistically significant difference in slope between the 2 groups
(difference in slope: +0.31% in favor of MT alone; 95% CI,
—0.54%—1.16%; P=47). This analysis is also depicted as a line
graph in Fig 3.

The mean ADSS among admissions involving MT alone
decreased by an average of —0.41 per year (95% CI, —0.56
to —0.27). Meanwhile those involving MT+IV-tPA decreased
from 2013 to 2018 (trend: —0.37; 95% CI, —0.51% to —0.22%).
There was no significant statistical difference between the 2 slopes
(difference in slope: MT alone lower by 0.046; 95% CI,
—0.24—0.15; P=.65). This analysis is also depicted as a line
graph in the Online Supplemental Data.

Multivariable Regression

Multivariable regression assessing the association between patient
profiles and the type of therapy received (MT alone versus
MT+IV-tPA) was conducted. Patients who identified as Black had
lower odds of receiving MT alone compared with those who identi-
fied as White (OR = 0.83; 95% CI, 0.75—0.92; P=.001). Those who
identified as Hispanic also had lower odds of receiving MT alone
compared with those who identified as White (OR = 0.79; 95% CI,
0.70—0.89; P < .001). Those who identified as any of the other races
had similar odds of receiving MT alone compared with those who
identified as White (OR = 0.90; 95% CI, 0.79—1.02; P=.10).
Admissions in urban teaching hospitals had higher odds of receiving
MT alone compared with those in urban nonteaching hospitals
(OR = 1.44; 95% CI, 1.29—1.61; P < .001). Admissions in rural hos-
pitals had similar odds of patients undergoing MT alone compared
with those in urban nonteaching hospitals (OR = 0.80; 95% CI,
0.37—1.72; P=57). Additional results can be seen in the Table.

DISCUSSION

Based on our analysis, there was an increasing trend in the use
of MT alone over MT+IV-tPA. Our multivariable regression
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Multivariable regression on patient profiles of MT alone (versus MT+1V-tPA)

Outcome: MT Alone (vs MT+IV-tPA) Odds Ratio P Value 95% ClI

Race <.001®

White 1.000 - - -

Black 0.830 .001 0.747 0.922

Hispanic 0.788 <.001 0.698 0.890

Other 0.899 102 0.792 1.021
Region of hospital <.001*

Northeast 1.000 - - -

Midwest 0.979 783 0.845 1135

South 0.886 .064 0.779 1.007

West 0.826 .008 0.716 0.952
Median household income national quartile for patient ZIP code .032°

0-25th Percentile 1.000 - - -

26th—50th Percentile 1.078 m 0.983 1183

51st—75th Percentile 1.022 .666 0.926 1127

>75th Percentile 0.934 221 0.838 1.042
Location/teaching status of hospital <.001°

Urban nonteaching 1.000

Urban teaching 1442 <.001 1.286 1.616

Rural 0.802 571 0.374 1721
ADSS score 0.998 267 0.994 1.002
Elixhauser Comorbidity Index score 1.017 .050 1.000 1.034

Note:—-indicates not available (reference group).
2P value for Wald test.

indicated that those who identified as Black or Hispanic were
more likely to receive MT+IV-tPA over MT alone compared
with those who identified as White. The Midwest and South had
similar odds of using MT alone compared with the Northeast,
while those in the West had higher odds of receiving MT alone.
Our analysis also revealed that the trends in the use of MT alone
were increasing at a similar rate for both White and non-White
populations with AIS receiving MT. The overall rate of the use
of MT alone was still higher in Whites than in Hispanics,
Blacks, and other races/ethnicities, showing a possible presence
of disparities.

Brinjikji et al® found that among the patients with a primary
diagnosis of AIS, the use of MT among Black patients was less
than among White patients. This finding was similar to ours,
though they used the NIS from 2006 to 2010. Our analysis
showed no difference in the use of MT among differing insurance
statuses, which contradicted their findings. Brinjikji et al indi-
cated a significant reduction in the use of MT in uninsured
patients compared with those with private insurance.® Golnari
et al’® investigated thrombectomy rates, outcomes, and readmis-
sion across the United States between 2016 and 2017 using the
NIS and National Readmission Database (NRD) and compared
the results with those of the HERMES collaboration meta-analy-
sis.'® Golnari et al also found a similar rate of nonroutine dis-
charge to our cohort of NIS from 2013-2018 (78.2% versus 78.0%
for all thrombectomies, respectively). They indicated that a racial
disparity existed for thrombectomy; those who identified as Black
were less likely to receive MT than those who identified as White
(OR = 0.88; P<<.001). Our study also shows a racial disparity in
the differences between MT alone and MT+IV-tPA; those who
identified as a minority were less likely to receive MT alone (ver-
sus MT+IV-tPA) compared with those who identified as White.
Moreover, this finding was contradictory to the findings of
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Rinaldo et al.17Among those who underwent MT, there was no
difference in the odds of tPA administration among those who
identified as Black or Hispanic compared with those who identi-
fied as White.'” This difference may be due to the fewer number
of years in a different database that Rinaldo et al analyzed. Last,
our results show that MT alone has a lower rate of postoperative
hemorrhage than MT+IV-tPA, which was similar to the findings
of Rinaldo et al.

Nagaraja et al'® also analyzed racial disparities among those
who underwent MT, MT+IV-tPA, and tPA alone in the NIS in
2016. They reported that there was no disparity in use, but there
were differences in outcomes.! Non-White patients were less
likely to be discharged to home compared with White patients if
they underwent tPA alone or MT alone.'® On the contrary, we
identified disparities in use. This difference may be due to the
inclusion of a single year in the study of Nagaraja et al.'® This can
be seen in Fig 2 of our study, which shows that the proportion of
the use of MT alone in 2016 was similar among White and Non-
White patients.

Additionally, our analysis shown in Fig 2 indicates that the
gap in racial disparities for use of MT alone and MT+IV-tPA is
closing across the years. This finding is supported by Otite et al,'
who analyzed the 10-year trend in racial disparity in tPA and MT
use in the NIS. Although they analyzed tPA and MT use sepa-
rately, the conclusion was similar to ours. They concluded that
the use of both stroke treatments was lower among non-White
patients compared with White patients, but the gap is closing.

Future Implications

The HERMES collaboration helped shed light on the efficacy of
thrombectomy for AIS, while the 3 recent clinical trials
(DIRECT-MT, DEVT, and SKIP) contributed to the literature
by investigating the efficacy of MT alone compared with



MT+IV-tPA.*>1>2° Moreover, 3 additional clinical trials are
ongoing with more countries being involved (A Randomized
Controlled Trial of DIRECT Endovascular Clot Retrieval
Versus Standard Bridging Thrombolysis With Endovascular
Clot Retrieval [DIRECT-SAFE], NCT03494920; Bridging
Thrombolysis Versus Direct Mechanical Thrombectomy in
Acute Ischemic Stroke [SWIFT-DIRECT], NCT03192332; and
Intravenous Treatment followed by Endovascular Treatment
versus Direct Endovascular Treatment for Acute Ischemic
Stroke Caused by a Proximal Intracranial Occlusion Trial [MR
CLEAN NO-IV], ISRCTN80619088).>'">> These results may
further increase the use of MT alone during the next several
years. We hope that future studies will evaluate trends and dis-
parities of use as more data from randomized controlled trials
become available. We intend to conduct further subanalysis
regarding relevant comorbidities with our current data for this
study.

Strengths and Limitations

Our study has strengths that are worth highlighting. The NIS is a
validated national database that contains all-payer information and
is widely used for studies on inpatient trends and analyses.” It is not
limited by selection bias, and it is representative of all types of hos-
pitals in the United States. However, our study also has limitations
that need to be considered. Administrative databases depend on the
quality of data entry, which may be variable.>'"'***2® We based
our selection of ICD codes for this study on previously published
studies and clinicians expertise.>'"'**>** Additionally, ICD codes
cannot differentiate between the different MT devices, which have
shown heterogeneity.”” The modern era of mechanical thrombecto-
mies mostly involves stent retrievers. Two of these devices received
FDA approval in 2012, Trevor Pro (Stryker) and Solitaire
(Covidien)."" Thus, the cohort of our study begins in 2013. The NIS
is also limited in terms of identifying the timing of tPA delivery.
Therefore, the increased use of MT alone could be partially due to
the longer time window for its use.

The choice of treatment is confounded by the onset of stroke
presentation, which is not captured in the NIS. It is also con-
founded by the lack of information on the incidence of large-ves-
sel occlusions, which reflects the prevalence of patients eligible
for these treatments. The MT and MT+IV-tPA cohorts in our
analysis may represent, at least in part, 2 different types of
patients (with patients with MT alone having later presentation);
consequently, the comparison of outcomes with the 2 strategies
must be interpreted with caution. However, this limitation does
not affect our results regarding trends in use and racial/ethnic
disparities. Although we used novel stroke scales for the adminis-
trative databases, ADSS and ASOV have shown strong concord-
ance with the NIHSS score and 90-day mRS >3 in the authors’
institutional cohort, respectively.'' We did not use mRS> 2 as a
cutoff because it showed a low-to-moderate correlation with
ASOV in the aforementioned study.

CONCLUSIONS

Our results indicated that MT alone was used more frequently
than MT+IV-tPA among patients with AIS. The disparities
between those who identify as White and non-White persisted

across the years, though the gap is closing. Regression analysis
indicated that MT alone was less likely to be received by Blacks
and Hispanics compared with Whites. MT alone was also less
common in urban nonteaching hospitals compared with urban
teaching hospitals.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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INTERVENTIONAL

Risks of Undersizing Stent Retriever Length Relative to
Thrombus Length in Patients with Acute Ischemic Stroke

N.F. Belachew, ““'T. Dobrocky, ““T.R. Meinel, “’A. Hakim, “*'J. Vynckier, “M. Arnold, ““'DJJ. Seiffge, ““'R. Wiest,
E.l. Piechowiak, “*'U. Fischer, ). Gralla, “*P. Mordasini, and “'). Kaesmacher
ABSTRACT

BACKGROUND AND PURPOSE: Results regarding the association of thrombus length, stent retriever length, and recanalization suc-
cess in patients with acute ischemic stroke are inconsistent. We hypothesized that the ratio of thrombus length to stent retriever
length may be of particular relevance.

MATERIALS AND METHODS: Patients with acute ischemic stroke undergoing stent retriever thrombectomy at our institution
between January 2010 and December 2018 were reviewed retrospectively. Thrombus length was assessed by measuring the suscepti-
bility vessel sign on SWI using a 15T or 3T MR imaging scanner. Multivariable logistic regression models were used to determine
the association between thrombus length, stent retriever length, and thrombus length/stent retriever length ratio with first-pass re-
canalization, overall recanalization, and embolization in new territories. Results are shown as adjusted ORs with 95% Cls. Additional
mediation analyses were performed to test for indirect effects on first-pass recanalization and overall recanalization success.

RESULTS: The main analysis included 418 patients (mean age, 74.9 years). Increasing stent retriever length was associated with first-pass re-
canalization. Decreasing thrombus length and lower thrombus length/stent retriever length ratios were associated with first-pass recanali-
zation and overall recanalization. Thrombus length and stent retriever length showed no association with first-pass recanalization or
overall recanalization once thrombus length/stent retriever length ratio was factored in, while thrombus length/stent retriever length ra-
tio remained a significant factor in both models (adjusted OR, 0.316 [95% Cl, 0.112-0.892]; P=.030 and adjusted OR, = 0.366 [95% Cl,
0.194-0.689]; P =.002). Mediation analyses showed that decreasing thrombus length and increasing stent retriever length had a significant
indirect effect on first-pass recanalization mediated through thrombus length/stent retriever length ratio. The only parameter associated
with embolization in new territories was an increasing thrombus length/stent retriever length ratio (adjusted OR, 5.079 [95% Cl, 1332—
19.362]; P=.017).

CONCLUSIONS: Information about thrombus and stent length is more valuable when combined. High thrombus length/stent re-
triever length ratios, which may raise the risk of unsuccessful recanalization and embolization in new territories, should be avoided
by adapting stent retriever selection to thrombus length whenever possible.

ABBREVIATIONS: aOR = adjusted OR; ENT = embolization into unaffected (new) territories; eTICI = expanded TICI; FP = first-pass; FPR = first-pass recan-
alization; SL = stent retriever length; SVS = susceptibility vessel sign; TL = thrombus length

I ncreasing thrombus size has a negative impact on the efficacy of  increasing thrombus size.”® Opinions are also divided on whether

intravenous thrombolysis in patients with acute ischemic stroke.!  stent retriever size plays a role in this context.”'" We hypothesized

It is uncertain whether this also holds true for recanalization after
mechanical thrombectomy. Whereas some studies have found no
association,”™ others suggest that the likelihood of successful re-
canalization after mechanical thrombectomy also decreases with
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that recanalization success is predominantly influenced by the
thrombus-to-stent retriever length ratio (TL/SL), which ultimately
affects clinical outcome. Therefore, our goal was to evaluate the
direct and indirect influence of thrombus length (TL), stent re-
triever length (SL), and TL/SL on first-pass recanalization (FPR),

Please address correspondence to Nebiyat Filate Belachew, MD, Department of
Diagnostic and Interventional Neuroradiology, Inselspital, Freiburgstr 18, CH-3010,
Switzerland; e-mail: nebiyatfilate belachew®insel.ch; @NFBelachew

O |ndicates open access to non-subscribers at www.ajnr.org
E Indicates article with online supplemental data.

http://dx.doi.org/10.3174/ajnr.A7313

AINR Am J Neuroradiol 42:2181-87 Dec 2021 www.ajnr.org 2181


https://orcid.org/0000-0001-5285-5922
https://orcid.org/0000-0002-6167-3343
https://orcid.org/0000-0002-0647-9273
https://orcid.org/0000-0001-9431-1069
https://orcid.org/0000-0001-5338-961X
https://orcid.org/0000-0002-4274-4644
https://orcid.org/0000-0003-3890-3849
https://orcid.org/0000-0001-7030-2045
https://orcid.org/0000-0001-5609-0998
https://orcid.org/0000-0003-0521-4051
https://orcid.org/0000-0003-1953-9033
https://orcid.org/0000-0003-1712-4168
https://orcid.org/0000-0002-9177-2289
mailto:nebiyatfilate.belachew@insel.ch
https://mobile.twitter.com/NFBelachew

overall recanalization, and the risk of embolization in previously
unaffected (new) territories (ENT).

MATERIALS AND METHODS

Inclusion Criteria

We conducted a retrospective post hoc analysis of patients with
acute ischemic stroke who presented to Bern University Hospital
for mechanical thrombectomy. The clinical and radiologic data pre-
sented in this study were gathered by manual review of patients
with acute ischemic stroke who underwent mechanical thrombec-
tomy at our hospital between January 2010 and December 2018.
The inclusion criteria were as follows: 1) a final clinical diagnosis of
acute ischemic stroke; 2) admission MR imaging with SWT available;
3) susceptibility vessel sign (SVS) apparent on SWI; 4) occlusion of
at least one intracranial artery on angiography; and 5) the patient
having undergone stent retriever thrombectomy. SWI quality was
classified as “poor” if the SVS was not assessable due to major arti-
facts. If the thrombus was masked because of its proximity to the
skull base or overlaid by other pathologies (eg, hemorrhage), SVS
was considered “technically undeterminable.” Patients with poor-
quality SWI or technically undeterminable SVS status were
excluded.

Most patients with stroke admitted to our institution are pri-
marily scanned using MR imaging. However, the final decision on
whether to perform MR imaging or CT is made by the neuroradi-
ologists and neurologists in charge on a case-by-case basis depend-
ing on clinical aspects and contraindications. This study was
approved by the local ethics committee (Bernese/Swiss Stroke
Registry: Kantonale Ethikkommission fiir die Forschung Bern,
Bern, Switzerland, amendment access number: 231/2014 and
BEYOND-SWIFT registry, access number: 2018-00766). Patients
gave written or oral consent for the use of their data for research.
Before January 1, 2015, the need for consent was waived in accord-
ance with regulations of the Swiss law and the local ethics
committee.

Data Collection

We collected information on demographics, baseline characteris-
tics, and clinical data, such as age, sex;, history of stroke, medication
before acute ischemic stroke (antiplatelet therapy, anticoagulants,
statins), and documented cardiovascular risk factors such as hyper-
tension, diabetes mellitus, dyslipidemia, and smoking habits.
Furthermore, we recorded the following admission data: systolic
and diastolic blood pressure, glucose levels, NIHSS score, and
stroke subtypes according to Trial of Org 10172 in acute stroke
treatment (TOAST) classification. Moreover, IV thrombolysis
before imaging (transfer patients) and before mechanical throm-
bectomy as well as time from symptom onset/last seen well to
admission and to mechanical thrombectomy and time from groin
puncture to recanalization were documented.

Technical Information: MR Imaging

Imaging was performed on a 1.5T or 3T MR imaging unit (1.5T:
Magnetom Avanto or Magnetom Aera; 3T: Magnetom Verio;
Siemens). SWT using the 1.5T scanners was performed with the fol-
lowing parameters: TR, 49 ms; TE, 40 ms; flip angle, 15.0°% section
thickness, 1.6, 1.8, or 2.0 mm; and intersection gap, 0 mm. 3T SWI
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was performed with the following parameters: TR, 27 ms; TE,
20 ms; flip angle, 15.0°% section thickness, 2.0 mm; and intersection
gap, 0 mm.

Imaging Analysis

Naggara et al'? have shown excellent correlation between TL as
measured on T2* gradient-echo sequences and those determined
by DSA. However, SWI has proved to be superior to T2* gradi-
ent-echo sequences for evaluating the SVS."> The presence and
length of the SVS were evaluated retrospectively by 1 independ-
ent neuroradiologist (N.F.B.) with 5 years of experience who was
blinded to all outcome parameters and had no role in patient
treatment. SWI was classified as SVS+ if a distinct signal loss cor-
responding to an acutely occluded, symptomatic intracranial ar-
tery could be identified regardless of how its diameter compared
with that of the contralateral artery. TL was measured in a multi-
planar SWI reconstruction along the axis of the occluded vessel and
recorded in millimeters (Figs 1 and 2). If the SVS was discontinuous
(ie, a fractured or heterogeneous clot), the visible sections of the
thrombus demonstrating a circumscribed signal loss on SWI were
measured and the total was calculated. MR imaging field strength
and time from symptom onset to imaging were documented for
each case. Additionally, the DWI-ASPECTS was evaluated.

DSA and Stent Retriever Thrombectomy

The primary site of occlusion was determined on the
basis of conventional angiography findings. Tandem occlu-
sions were also documented. Stent retriever thrombectomy
was performed by experienced interventional neuroradiolo-
gists according to the current clinical practice guidelines and
institutional protocols. The ex vivo length of the first-line stent
retriever device as provided by the manufacturer as well as the
total number of passes performed during mechanical throm-
bectomy were recorded. The expanded TICI (eTICI) score'?
was documented after the first pass and at the end of mechani-
cal thrombectomy. Successful FPR and overall recanalization
were defined as an eTICI of 2b or better. DSA was screened for
ENT and for peri-interventional complications (vasospasm,
dissection, and perforation) by a research fellow with 3 years of
experience (J.K.). SL was used to calculate the TL/SL. In addi-
tion, all patients were categorized binarily as TL>SL if TL was
longer than SL and TL=SL if TL was not longer than SL. The
first-line endovascular treatment technique was categorized as
follows: 1) stent retriever alone, 2) stent retriever with a bal-
loon-guided catheter, 3) stent retriever with contact aspiration,
or 4) stent retriever with both contact aspiration and a bal-
loon-guided catheter.

Outcome

The NIHSS was evaluated by a neuroradiologist 24 hours after
treatment. Mortality and favorable outcome 90 days after treat-
ment were assessed according to the mRS during clinical follow-
up by a neurologist or a study nurse. Patients were considered
functionally independent if the mRS was =2 90 days after treat-
ment. Symptomatic intracranial hemorrhage within 48 hours af-
ter stent retriever thrombectomy was assessed according to the
European Cooperative Acute Stroke Study (ECASS II)."



FIG 1. A male patient with acute ischemic stroke after occlusion of the right MCA main trunk (Ml-segment). The occlusive thrombus can be
seen on SWI (A) as a circumscribed loss of signal along the main trunk of the MCA. Corresponding images of the arterial TOF sequence (B) and
DSA (C) show the same vessel occlusion. Thrombus measurement was performed on multiplanar SWI reconstruction along the longitudinal axis
of the occluded vessel (C). The red arrow points to the proximal end of the vessel occlusion on arterial TOF and DSA.

FIG 2. A patient with acute ischemic stroke after occlusion of the basilar artery. The occlusive thrombus can be seen on SWI (A) as a circum-
scribed loss of signal along the basilar artery. Corresponding images of the arterial TOF sequence (B) and DSA (C) show the same vessel occlu-
sion. The yellow crosshairs are centered on the middle portion of the vessel occlusion on arterial TOF (B). Thrombus measurement was
performed on multiplanar SWI reconstruction along the longitudinal axis of the occluded vessel (C). The red arrow points to the proximal end

of the vessel occlusion on digital subtraction angiography.

Statistical Analysis

Data were analyzed using SPSS Statistics software (Version 25.0;
IBM). Continuous variables were compared using the Mann-
Whitney U test; and categoric variables, with the Xz test.
Multivariable binary logistic regression analyses were performed
to determine the association between TL, SL, and TL/SL with
FPR, overall recanalization, and ENT. Adjustment was made for
all cofactors with P <.150 as well as additional cofactors that are

known or suspected to influence the variables of interest (ie, age,
sex, bridging therapy, stroke subtype, symptomatic intracerebral
hemorrhage). Mediation analyses were performed to test the indi-
rect effects of TL and SL on FPR and overall recanalization after
adjusting for age, sex, previous stroke, primary site of occlusion,
stroke subtype, tandem occlusion, bridging thrombolysis, and
first-line endovascular treatment technique. Results with 2-tailed
P values < .05 were considered statistically significant and are
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shown as median (interquartile range, 25%-75%), median com-
parisons with respective P values, or adjusted OR (aOR) with
95% Cls.

RESULTS

Between January 2010 and December 2018, at Bern University
Hospital, 1317 patients underwent endovascular treatment for
acute ischemic stroke; 676 underwent MR imaging on admission.
SWI was performed in 624 of those cases. A further 168 patients
were excluded due either to poor-quality SWI, technically unde-
terminable SVS status, or absence of SVS. A stent retriever device
was used 422 times alone or in combination with another device
or devices among the remaining cases as part of the first-line re-
trieval technique; stent size was documented in 418 of them. The
Online Supplemental Data outline the patient-selection process.
On average, TL was 14 mm (10-20 mm), while SL was 20 mm
(20-30 mm). In 11 patients, TL was >40 mm and hence exceeded
the longest stents available. Online Supplemental Tables 1 and 2
show all the results for first-pass (FP) recanalizers versus non-FP
recanalizers. The Online Supplemental Data list all stent retriever

devices used in this study.

Association between Thrombus-to-Stent Size Ratio and
First-Pass Recanalization

TL was significantly longer for non-FP recanalizers than for FP
recanalizers (15 versus 13 mm, P=.013), whereas SL was signifi-
cantly shorter for non-FP recanalizers than for FP recanalizers (20
versus 20 mm, P=.003). TL exceeded the length of the chosen stent
more frequently in non-FP recanalizers than in FP recanalizers
(TL>SL: 20.2% [n=33/163] versus 12.0% [n = 31/259], P=.018).
TL/SL was greater for non-FP recanalizers than for FP recanalizers
(0.71 versus 0.55, P=.000). A subgroup analysis showed a first-
pass recanalization rate of 36.4% (n=4/11) when TL exceeded the
longest stents available (>40 mm), which was significantly lower
than the overall FPR rate of 61.4% (n = 259/422). In 3 separate mul-
tivariate binary regression models, decreasing TL and TL/SL (TL:
aOR, 0.955 [95% CI, 0.930-0.981]; P=.001; TL/SL: aOR, 0.296
[95% CI, 0.162-0.543]; P=.000), as well as increasing SL (aOR,
1.046 [95% CI, 1.016-1.077]; P = .002) were associated with FPR af-
ter adjusting for all cofactors with P<<.15 (Online Supplemental
Table 1) as well as for age, sex, previous stroke, stroke subtype,
bridging therapy, primary site of occlusion, tandem occlusion, and
first-line endovascular treatment technique. TL and SL showed no
significant association with FPR once the TL/SL was factored in
(TL: aOR, 0.996 [95% CI, 0.950-1.045], P=.885; SL: aOR, 1.029
[95% CI, 0.998-1.061], P=.070), whereas decreasing TL/SL
remained significantly associated with FPR (TL/SL after including
TL: aOR, 0.316 [95% CI, 0.112-0.892], P=.030; TL/SL after
including SL: aOR, 0.366 [95% CI, 0.194-0.689]; P=.002). The
distribution of first-pass eTICI according to TL/SL quartiles is
visualized in Fig 3.

The Online Supplemental Data illustrate the adjusted proba-
bilities of achieving FPR depending on the TL/SL. A sensitivity
analysis with FPR defined as TICI 3 on first pass did not change
this observation (Online Supplemental Data). A subgroup analy-
sis exclusively examining mechanical thrombectomies performed
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with Solitaire (Medtronic) stents of 4-mm diameter (Online
Supplemental Data) confirmed that these findings were inde-
pendent of stent diameter or stent design.

On mediation analysis, decreasing TL showed no direct effect
on FPR (aOR, —0.006 [95% CI, —0.046 to 0.035]; P=.784), but a
significant and positive indirect effect on FPR mediated through
TL/SL was observed (effect, 0.046 [95% bootstrap CI, 0.011-0.096];
P <.05). In another mediation analysis, increasing SL showed no
direct effect on FPR (aOR, 0.026 [95% CI, —0.002 to 0.083];
P=.073), but it had a significant and positive indirect effect on
FPR mediated through SL/TL (effect, 0.018 [95% bootstrap CI,
0.004-0.037]; P<.05). Further subgroup analyses examining the
impact of favorable-versus-unfavorable TL/SL on FPR can be found
in the Online Supplemental Data. TL and SL are not significantly
different between FP recanalizers and non-FP recanalizers if catego-
rized by the TL/SL quartile (Online Supplemental Data). As illus-
trated by the Online Supplemental Data, there are no significant
differences between TL quartile distribution in FP recanalizers and
non-FP recanalizers if categorized according to TL/SL quartiles.

Association between Thrombus-to-Stent Size Ratio and
Overall Recanalization

TL was also longer for overall nonrecanalizers than for overall
recanalizers (16versus 13mm, P=.025). SL was significantly
shorter for nonrecanalizers than for recanalizers (20 versus
20 mm, P=.007). TL exceeded the length of the chosen stent
more frequently in overall nonrecanalizers than in overall reca-
nalizers (29.0% [n = 20/69] versus 12.8% [n = 49/382], P=.001).
TL/SL was significantly greater for overall nonrecanalizers than
for overall recanalizers (0.75 versus 0.6, P=.000). After adjusting
for the effects of all parameters with P<.15 when comparing
(Online
Supplemental Table 1) as well as age, sex, stroke subtype, previ-

overall recanalizers with overall nonrecanalizers
ous stroke, and tandem occlusion, SL showed no significant asso-
ciation with overall recanalization (aOR, 1.029 [95% CI, 0.989-
1.071]; P=.157). In 2 separate multivariable regression models
using the same covariates, decreasing TL and TL/SL were associ-
ated with overall recanalization (TL: aOR, 0.950 [95% CI, 0.919-
0.982], P=.003; TL/SL: aOR, 0272 [95% CI, 0.130-0.570],
P=.001). In another multivariate regression model using the
same covariates and including both TL and TL/SL, TL showed no
association with overall recanalization (aOR, 1.016 [95% CI,
0.944-1.093]; P=.670), whereas a decreasing TL/SL remained
significantly associated with overall recanalization (aOR, 0.206
[95% CI, 0.047-0.907]; P=.037). On mediation analysis, a
decreasing TL showed no direct effect on overall recanalization
(aOR, —0.053 [95% CI, —0.119 to 0.014]; P =.119) but proved to
have a significant and positive indirect effect on overall recanali-
zation mediated through the TL/SL (effect, 0.101 [95% bootstrap
CI, 0.046-0.212]; P < .05).

Association between Thrombus-to-Stent Size Ratio and
ENT

TL and SL were not significantly different between patients who
showed ENT on angiography and those who did not (TL: 21 ver-
sus 14, P=.120; SL: 20 versus 20, P=.245). TL exceeded the



FIG 3. First-pass eTICl distribution according to TL/SL quartiles (P =.004). The quartile limits are as follows: 0.25-quartile = 0.425; 0.5-quartile =
0.600; 0.75-quartile = 0.900. The black and red dotted lines mark the eTICI margins. The red dotted line also marks the threshold for successful

recanalization defined as eTIC| = 2B.

length of the chosen stent more frequently in patients in whom
ENT was observed later (36.8% [n=7/19] versus 14.4% [n=62/
431], P=.005). The TL/SL ratio was significantly higher for
patients who showed ENT (0.79 versus 0.60, P=.037). After
adjusting for all cofactors with P <.15 when comparing patients
with and without ENT (Online Supplemental Data) as well as
age, sex, previous stroke, stroke subtype, and first-line endovascu-
lar treatment technique, an increasing TL/SL ratio was associated
with ENT (aOR, 5.079 [95% CI, 1.332-19.362]; P=.017).

DISCUSSION
The main findings of this study are as follows: Increasing SL was
associated with FPR. Decreasing TL and TL/SL were associated
with FPR and overall recanalization. TL and SL alone showed no
association with FPR or overall recanalization once TL/SL was fac-
tored in, whereas TL/SL remained a significant factor in both mod-
els. Mediation analyses showed that a decreasing TL had a
significant and positive indirect effect on FPR and overall recanali-
zation mediated through TL/SL, whereas SL had a significant and
positive indirect effect on FPR success mediated through SL/TL.
Increasing TL/SL was the only parameter associated with ENT.
Previous studies have come to different conclusions about the

. . o 2-11
influence of thrombus and stent size on recanalization success.

Multiple explanations for these discrepancies are possible: 1)
Different parameters have been used to evaluate thrombus size
(thrombus length,s’8 thrombus volume,® clot burden score”). 2)
Sensitivity may differ depending on the imaging tool or technique
used (MR imaging >> versus CT © versus DSA;> T2* gradient
recalled-echo™” versus SWI;* and field strength and manufacturer
of the MR imaging scanner). 3) If thrombus size is evaluated by
measuring the SVS, differences in the SVS definition may influence
patient selection and thrombus-size measurement.>* 4) Fractured
clots may hinder uniform and reproducible thrombus measure-
ment. 5) Comparability of studies that examine TL is often limited
owing to differing inclusion criteria (ie, M1 or anterior acute ische-

7,9-11 . 5
versus other occlusion patterns). 6) Because

mic stroke onl
many institutions have a preferred set of retrieval devices, stent size
comparison is usually limited to 1-3 size categories.”"" 7) Stent re-
triever thrombectomy may be performed in combination with a
balloon-guided catheter'® and/or contact aspiration."” The first-
line endovascular treatment technique that may influence recanali-
zation success has not always been documented.'® 8) High-volume
centers may achieve recanalization more often and with fewer
attempts in difficult cases than low- or medium-volume centers,
thus limiting the comparability of results from different centers. 9)

Thrombus and stent size as individual parameters may not affect
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recanalization success directly but rather have an indirect influ-
ence, which is mediated by their relation to each other.

Our results support the assumption that the last of these
explanations is likely to account for most of the discrepancies so
far. Because the physical interaction between retriever device and
clot is at the center of successful stent retriever thrombectomy,
we hypothesized that looking at thrombus size in relation to stent
size may provide more specific information than is gained by
considering them separately. This hypothesis is based on the sup-
position that the chances of clot-to-device interaction are not
necessarily higher for longer stents if the occlusive clot is small
enough. On the other hand, we expected that large thrombi
would not inevitably lead to an increased risk of fragmentation or
distal migration if the size of the stent retrieval device selected is
adequate. Our analyses show that TL and SL are both associated
with recanalization success but suggest that the TL/SL ratio serves
as a more informative variable. Using mediation analyses, we
were able to demonstrate that decreasing TL and increasing SL
had a significant and positive indirect influence on successful
FPR mediated through TL/SL or SL/TL, respectively, whereas
decreasing TL also had a positive indirect influence on overall re-
canalization mediated through TL/SL.

Our results also show that FPR, which was more often
achieved by avoiding a high TL/SL, led to more favorable clinical
outcomes 90 days after treatment in first-pass recanalizers.

Data regarding the influence of thrombus or stent size on the
risk of embolization in previously unaffected territories are scarce.
Seker et al’ found no association between TL and ENT, which was
supported by our results. However, the TL/SL was associated with
ENT, confirming the additional value of this parameter. To
improve comparability, we adjusted all our statistical analyses for
the primary site of occlusion, which may affect interventional and
clinical outcome parameters.'® The use of balloon-guided catheters
has been found to increase recanalization success'® and reduce the
risk of ENT.' Therefore, we also took the first-line endovascular
treatment technique into account in our calculations.

Our results suggest that avoiding a high TL/SL by adjusting
stent retriever selection according to the presumed TL on admis-
sion imaging may be beneficial. If such an assessment is not feasi-
ble, the neurointerventionalist should reduce the probability and
risks of a high TL/SL by selecting the longest stent retriever device
with which she or he is comfortable from those that are otherwise
adequate. Although stent retrievers with shorter diameters
are believed to pose less risk for vascular injury,”® some studies
have shown that longer stents might be just as safe.'"*' Future
studies may examine whether this assumption would remain true
for new stent retriever devices, which could be even longer than
the ones currently available. Nonetheless, we can assume that the
application of unnecessarily long stents carries the risk of peri-
interventional complications, especially if the diameter of the
occluded vessel is small and the neurointerventionalist is unac-
customed to the specific stent retriever device used. Devices
designed to have an adequate length but little radial force might be
an option, particularly when operating in distal vessel segments.**
The preinterventional assessment of TL could lower this risk by
allowing a more nuanced stent retriever selection. In this context,
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possible shortening of the stent retriever device depending on the
should be
Regardless of the stent size and brand, extra caution is necessary

deployment  technique considered  beforehand.

when working with new or unaccustomed devices.

Limitations

This was a retrospective single-center study, which may limit
generalizability. Patients who were ineligible for MR imaging
or showed complete recanalization on DSA before stent re-
triever thrombectomy were excluded, possibly leading to selec-
tion bias. A previous study has shown that baseline criteria
and reperfusion outcome of patients with stroke may differ
depending on the initial imaging technique.”> TL was meas-
ured assuming that all thrombus margins are delineated by the
SVS. Although some studies have shown that the SVS allows
accurate TL measurement,”'? TL assessment was not double-
checked via DSA in this study, possibly leading to some over-
or underestimation of TL due to blooming artifacts and/or
fibrin-rich segments in heterogeneous thrombi. TL may have
been underestimated in intracranial ICA occlusions that
extended extracranially through the skull base. In a small num-
ber of patients, TL may have changed between admission MR
imaging and mechanical thrombectomy due to thrombosis,
thrombolysis, or fragmentation.

Clot density, which may impact recanalization success, could
not be assessed on MR imaging. Clot composition, which may
also influence recanalization success, was not evaluated in detail.
Stent selection was at the discretion of the neurointerventionalist,
allowing possible selection bias. Because some thrombi exceeded
the longest stents available, it is uncertain whether longer stents
would have been equally safe and efficient in those cases.

Ex vivo SL as provided by the manufacturer was considered
for analysis. Although stent retriever devices are not designed to
change in length after deployment, in vivo SL might differ slightly
depending on deployment technique and vascular anatomy.
Finally, data on first-pass eTICI may not always reflect the true
success of the intervention in patients with multiple vessel occlu-
sions within the same territory.

CONCLUSIONS

Thrombus length and stent length provide more useful informa-
tion when considered in relation to one another. A high TL/SL ra-
tio, which may raise the risk of unsuccessful recanalization and
ENT, should be avoided whenever possible. The preinterventional
assessment of TL allows a more nuanced stent retriever selection
and may, thereby, help to avoid unnecessarily long stents, which
would increase the risk of peri-interventional complications.
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ORIGINAL RESEARCH
INTERVENTIONAL

Perceived Limits of Endovascular Treatment for Secondary
Medium-Vessel-Occlusion Stroke

P. Cimflova, ““R. McDonough, ““’M. Kappelhof, ““N. Singh, ““’N. Kashani, ““J.M. Ospel, ““/ AM. Demchuk, ““B.K. Menon,
M. Chen, ““'N. Sakai, ““). Fiehler, and ““’M. Goyal
=
ABSTRACT

BACKGROUND AND PURPOSE: Thrombus embolization during mechanical thrombectomy occurs in up to 9% of cases, making sec-
ondary medium vessel occlusions of particular interest to neurointerventionalists. We sought to gain insight into the current endo-
vascular treatment approaches for secondary medium vessel occlusion stroke in an international case-based survey because there
are currently no clear recommendations for endovascular treatment in these patients.

MATERIALS AND METHODS: Survey participants were presented with 3 cases involving secondary medium vessel occlusions, each con-
sisting of 3 case vignettes with changes in the patient’s neurologic status (improvement, no change, unable to assess). Multivariable logis-
tic regression analyses clustered by the respondent’s identity were used to assess factors influencing the decision to treat.

RESULTS: In total, 366 physicians (56 women, 308 men, 2 undisclosed) from 44 countries provided 3294 responses to 9 scenarios. Most
(54.1%, 1782/3294) were in favor of endovascular treatment. Participants were more likely to treat occlusions in the anterior M2/3 (74.3%;
risk ratio = 2.62; 95% Cl, 2.27-3.03) or A3 (59.7%; risk ratio = 2.1I; 95% Cl, 183-2.42) segment compared with the M3/4 segment (28.3%;
reference). Physicians were less likely to pursue endovascular treatment in patients who showed neurologic improvement than in patients
with an unchanged neurologic deficit (49.9% versus 57.0% responses in favor of endovascular treatment, respectively; risk ratio = 0.88,
95% Cl, 0.83-0.92). Interventionalists and more experienced physicians were more likely to treat secondary medium vessel occlusions.

CONCLUSIONS: Physicians” willingness to treat secondary medium vessel occlusions endovascularly is limited and varies per occlu-
sion location and change in neurologic status. More evidence on the safety and efficacy of endovascular treatment for secondary

medium vessel occlusion stroke is needed.

ABBREVIATIONS: EVT = endovascular treatment; LVO = large-vessel occlusion; MeVO = medium vessel occlusion; RR = risk ratio

M edium vessel occlusions (MeVOs) (ie, occlusions of the M2,
M3, A2, A3, P2, or P3 vessel segment) account for 25%-
40% of all acute ischemic stroke cases."”” They can be classified as
primary and those that occur de novo (similar to large-vessel
occlusion, [LVO]) or secondary and those that occur due to break-
down of LVO and migrate into more distal vessel segments.
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Secondary MeVOs have been shown to occur in up to 14% of
patients with LVO without treatment or intervention due to
spontaneous thrombus migration and fragmentation.3 latrogenic
secondary MeVOs can be induced either by thrombolytic treat-
ment or endovascular treatment (EVT).*> With periprocedural
embolization occurring in up to 9% of all EVT cases,* secondary
MeVOs are of particular interest to neurointerventionalists.

The clinical course of MeVO strokes can be poor if left
untreated. In the case of secondary MeVO, one would expect even
worse outcomes because the affected area will be larger (ie, from
the initial LVO) than in primary MeVOs." In the setting of rapid
material and technique developments enabling improved EVT effi-
cacy and safety, EVT indications could likely be expanded to more
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distal vessel occlusions. Due to a lack of data from randomized tri-
als, however, there is currently neither reliable evidence nor expert
consensus on whether EVT is safe and effective for MeVO strokes.
Moreover, secondary MeVOs occurring before or during EVT are
often only discovered on the first or control DSA runs. In such
cases, the procedure has already begun, so the question remains
whether to continue with EVT and not whether it is indicated. We
sought to gain insight into the current management approaches
regarding EVT in acute ischemic stroke cases caused by secondary
MeVOs using a Web-based survey with prespecified case scenarios.

MATERIALS AND METHODS

Survey Design

To better understand current treatment practices and endovascular
decision-making in cases of acute ischemic stroke caused by MeVO,
we conducted an international online, cross-sectional, anonymous,
invitation-only survey (MeVO-Finding Rationales and Objectifying
New Targets for IntervEntional Revascularization in Stroke; MeVO-
FRONTIERS) using Qualtrics (www.qualtrics.com) among stroke
physicians. The survey took approximately 30 minutes to complete.
Response data were obtained from November 12, 2020, to
December 31, 2020. Approval by Conjoint Health Research Ethics
Board of the University of Calgary was obtained. Data used in the
current study are available from the author on reasonable request.

Survey Participants

Approximately 1400 stroke physicians (neurologists, interven-
tional neurologists, interventional neuroradiologists, interven-
tional radiologists, neurosurgeons, and other physicians directly
involved in acute stroke care) were invited to participate in this
survey through personal and professional networks of the study
authors. No restrictions with regard to case volume or experience
level were applied, and participants were from both academic and
nonacademic backgrounds. Before accessing the case scenarios,
the physicians provided basic personal data (age range, sex, years
of experience in stroke treatment, annual personal stroke treat-
ment volume, annual center stroke treatment volume, geographic
region, subspecialty, and teaching-versus-nonteaching hospital).

Clinical Case Scenarios

The survey consisted of 7 MeVO narrative cases with illustrative
images (4 primary MeVOs and 3 secondary MeVOs) with 3-6 fic-
tional clinical case vignettes each. For the secondary cases of MeVO,
presented images were single-image CT (1 section), single-image 3D
MRA reconstruction, or angiography snapshots. Clinical data
included the fictional patient’s age, stroke severity, relevant medical
history, and imaging details (ASPECTS, occlusion location).

One case described an initial carotid-T occlusion, with a sec-
ondary embolus in the A3 segment of the anterior cerebral artery
after the first thrombectomy attempt. The second case showed an
M1 occlusion with a secondary M3/4 occlusion after the first
stent-retriever pass. In the third case, CTA showed an M1 occlu-
sion, but only an M2/3 occlusion was present on the first DSA
run. The neurologic status of the described patient (improve-
ment, no change, unable to assess due to general anesthesia) var-
ied in each clinical scenario.

For each vignette, the participants were asked if the described
patient should be treated endovascularly. Respondents could
reply, “Yes, proceed with EVT,” “No, there is no need to treat this
occlusion,” or “Wait 10 minutes, repeat DSA, and proceed with
EVT if MeVO persists.” If the procedure was initiated with the
patient under general anesthesia, there was an additional option
to choose, “Wake up the patient and if the symptoms [related to
the occlusion territory in question] are present, treat the patient.”
The survey flow is shown in the Online Supplemental Data.

Statistical Analysis

Only responses from the cases of secondary MeVO (3 cases with
3 scenarios each) were analyzed in this study. Participants’ base-
line characteristics and response data were analyzed using de-
scriptive statistics, and differences between groups were assessed
using a y” test (binary categoric variables) and a Kruskal-Wallis
test (categoric variables with >2 groups).

Univariate logistic regression clustered by respondent identity
was used to provide adjusted measures of effect size for baseline
characteristics of prespecified scenarios (occlusion site, baseline
neurologic deficit) and participant baseline characteristics (partic-
ipant age and sex, specialty, years of experience in neurointerven-
tion, region of practice, personal and center stroke treatment
volume per year and hospital setting) on the likelihood of pursu-
ing EVT. Multivariable logistic regression models clustered by re-
spondent identity were additionally performed, including all the
aforementioned scenarios and baseline characteristics of the par-
ticipants. The baseline ASPECTS and patient age were excluded
from the multivariable logistic regression model due to the sur-
vey-design-related collinearity of these variables.

We reported risk ratios (RRs) derived from binary logistic
regression and incidence-rate ratios derived from multivariable
Poisson logistic regression. Response options of “No EVT treat-
” “Wait 10 minutes and repeat DSA,” and “Wake up the
patient and reassess” were merged into 1 category of “No

ment,

Immediate EVT,” to determine physician characteristics that were
associated with the decision to perform EVT with no delay in pro-
cedure continuation. Additionally, we performed an analysis on
dichotomized data for “EVT Yes” (merging categories “Proceed
with EVT,” “Wait 10 minutes and repeat DSA,” and “Wake up the
patient and reassess”) and “EVT No” categories to evaluate partici-
pant characteristics associated with a decision in favor of EVT. P
values < .05 were considered statistically significant. Changes in
decisions between scenarios of varying occlusion sites and neuro-
logic statuses were visualized with Sankey diagrams. Data analysis
was performed in STATA 16.1 (StataCorp). Figures were created
with Power BI desktop 2016 (Microsoft).

RESULTS

In total, 366 physicians (56 women, 308 men, 2 of undisclosed
sex) of different specialties (170 interventional neuroradiologists,
36 interventional neurologists, 18 interventional radiologists, 97
neurologists, 39 neurosurgeons, and 6 other specialists involved
in acute stroke care) from 44 countries (49.5% from Europe,
26.2% from the United States and Canada, and 24.3% from the
other parts of the world) completed the survey for a total of 3294
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Endovascular decision-making based on patient neurologic status, stratified by site of occlusion

Physicians’ Responses to the Question Regarding EVT in

Presented MeVO Cases

Wait for 10 Min and

Wake Up the Patient for

EVT Yes Repeat DSA Reassessment EVT No RR (95%CI)?
Decision to treat based on occlusion site
Occlusion site (No.) (%)
Posterior M3/4 MCA 311(28.3) 189 (17.2) 22 (2.0) 576 (52.5) Ref.
Anterior M2/3 MCA 816 (74.3) 157 (14.3) 16 (1.5) 109(9.9) 262 (2.27-3.03)°
A3 ACA 655 (59.7) 190 (17.3) 15 (1.4) 238(217)  211(1.83-242)°
Decision to treat based on occlusion site
and neurologic status
Anterior M2/3 MCA (No.) (%)
No improvement 299 (817) 42 (1.2) NA 25 (6.8) Ref.
Patient improved 245 (66.9) 70 (19.1) NA 51(13.9)  0.82 (0.77-0.87)°
Unknown (GA) 272 (74.3) 45 (12.3) 16 (4.4) 33(9.0)  0.91(0.87-0.95)°
Posterior M3/4 MCA (No.) (%)
No improvement 1M (30.3) 69 (18.9) NA 186 (50.8) Ref.
Patient improved 89 (243) 66 (18.0) NA 2M(57.7) 0.80 (0.70-0.92)°
Unknown (GA) 1M (30.3) 54 (14.8) 22 (6.0) 179 (48.9)  1.00 (0.90-1.11)
A3 ACA (NoJ) (%)
No improvement 216 (59.0) 67 (18.3) NA 83 (227) Ref.
Patient improved 214 (58.5) 67 (18.3) NA 85(23.2) 0.99 (0.92-1.07)
Unknown (GA) 225 (615) 56 (15.3) 15 (4.) 70 (191) 104 (0.99-110)

Note:—GA indicates general anesthesia; NA, not applicable; Ref., reference; ACA, anterior cerebral artery; Min, minutes.
“Responses to “Wait for 10 minutes and repeat DSA to look for persistent occlusion” and “Wake up the patient for reassessment” (if applicable) were included in the “No
EVT” category to calculate risk ratios. Data in columns 2-5 represent the responses of physicians to a survey question “Should the presented MeVO be treated

endovascularly?”
®p value < .05.

responses. Detailed respondent characteristics are listed in the
Online Supplemental Data.

EVT in Secondary MeVOs

Most physicians (54.1%, 1782/3294 responses) were in favor of con-
tinuing with EVT, while 17.9% (589/3294 responses) would wait and
repeat the DSA or wake up the patient for neurologic reassessment if
the procedure was performed with the patient under general anesthe-
sia. Twenty-eight percent (923/3294 responses) would not have con-
tinued with EVT. Participants were more likely to treat patients if the
occlusion site was in the anterior M2/3 (74.3%; RR = 2.62; 95% CI,
227-3.03) and A3 (59.7%; RR = 2.11; 95% CI, 1.83-2.42) segments,
compared with those in the M3/4 segments (28.3%; reference) (Table
and Figure). An improvement in neurologic status led to a significant
decrease in the likelihood of pursuing EVT compared with statuses
of patients whose neurologic deficits remained unchanged (49.9%
versus 57.0% responses in favor of EVT, respectively; RR = 0.88;
95% CI, 0.83-0.92). This finding remained statistically significant in
cases with M2/3 (RR = 0.82; 95% CI, 0.77-0.87) and M3/4 (RR =
0.80; 95% CI, 0.70-0.92) occlusions, but not for A3 segment occlu-
sions (RR = 0.99; 95% CI, 0.92-1.07) (Table and Figure).

Physician Characteristics and Decision-Making for
Immediate EVT

In the univariable analyses, female physicians were less likely to pro-
ceed with immediate EVT in comparison with their male counter-
parts (45.6% versus 55.6%; RR = 0.82; 95% CI, 0.68-0.99). There
was a significant difference in treatment decision rates among
interventionalists (either interventional neuroradiologists, interven-
tional radiologists, interventional neurologists, or neurosurgeons)
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compared with noninterventionalists (neurologists and other physi-
cians) (59.7% versus 39.7%, respectively; RR = 1.50; 95% CI, 1.29-
1.76).

Physicians working in nonteaching hospitals were more likely
to proceed immediately with EVT in contrast to physicians working
in teaching hospitals (65.5% versus 53.1%, respectively; RR = 1.23;
95% CI, 1.04-1.46). Those practicing in Europe were less restrictive
in their decision to treat patients with MeVO stroke endovascularly
(59.3% of responses in favor of EVT; RR = 1.18; 95% CI, 1.01-
1.37) in comparison with physicians practicing in the United States
and Canada (50.3%) or in other parts of the world (48.0%).

Willingness to immediately proceed with EVT was associated
with the physician’s experience in neurointervention (55.4%-
59.8% with >5years’ experience versus 52.1% with 0-5 years’ ex-
perience) and their career stage (53.6%-57.8% of board-certified
physicians favored immediate EVT versus 37.0% of physicians in
training). There was no statistically significant difference in EVT
decision-making based on physicians’ ages.

We examined the effect of annual stroke treatment volume,
both at the center level and at the personal level, on decision-mak-
ing in the univariable analysis and found that physicians from cen-
ters with >200 mechanical thrombectomies per year (63.2%; RR =
1.42;95% CI, 1.13-1.79) and physicians performing >50 mechani-
cal thrombectomies annually were more likely to treat patients
with MeVO immediately (63.1%; RR = 1.58; 95% CI, 1.01-2.48).

In the multivariable analysis, the physician factors signifi-
cantly associated with the decision to immediately continue with
EVT were specialty (interventionists), region of practice, hospital
type, and annual stroke treatment volume of >200 thrombecto-
mies at the center level (Online Supplemental Data).



FIGURE. The effect of occlusion site and patient neurologic status (NS) on EVT decision-making for secondary MeVOs. The frequency of
physicians’ responses for treatment options in given scenarios with changing neurological status are listed on vertical axis in the diagram.
The evolution in physicians’ decision for endovascular treatment based on the changed neurological status is listed in horizontal fashion.
Number of responses for category “Wake up the patient”: M2/M3=16; A3=15; M3/4=22. No values are provided for response frequency

of <10.

Physician Characteristics and Decision-Making for EVT
(Immediately or after Reassessment)

Most physicians’ baseline characteristics were associated with a
preference for proceeding with EVT; rates in favor of EVT ranged
from 60% to 77.8%.

In the univariable analyses, interventionalists, those practic-
ing in Europe, and female physicians were more likely to pro-
ceed with EVT, either immediately or after reassessment
(Online Supplemental Data). In the multivariable analysis, the
physician factors significantly associated with the decision to

continue with EVT were specialty (interventionists) and region
of practice (Europe) (Online Supplemental Data).

Reasons for No EVT

Of 923 no EVT responses (28.0%), most physicians (39.0%, 360
responses) reasoned that the treatment benefit was too small for
EVT. The second most frequent reason for no EVT was a too-
distal location of the occlusion (31.3%, 289 responses), followed
by insufficient evidence that EVT is effective (23.5%, 217
responses). Other reasons such as administration of intra-
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arterial tPA, good collateral flow, low NIHSS, or high-risk/low-
benefit ratio were mentioned by 4.7% of physicians, and insuffi-
cient resources to treat MeVOs was chosen by 1.5%.

DISCUSSION

Our findings suggest that a physician’s willingness to treat sec-
ondary MeVOs endovascularly is limited and varies per occlu-
sion location. Most participants were in favor of treatment of
M2/3 (74.3%) and A3 (59.7%) occlusions, while less than one-
third opted to proceed with EVT for the more distally located
M3/4 occlusions (28.3%). These data suggest that there is a cer-
tain limit to what is perceived as safely achievable and accessible
for EVT. Cases that were used to create illustrative scenarios in
the survey were successfully achieved and treated endovascu-
larly. Therefore, this finding of the limit based on occlusion
location more likely reflects subjective operator experience.
Indeed, a too-distal location of the thrombus was the second
most frequent reason given by the survey participants for no
EVT.

Physicians were less likely to pursue secondary MeVOs if the
patient’s clinical status improved in the scenarios in which distal
embolization occurred in the initially affected territory (M2/3,
M3/4). This scenario is suggestive of a hesitation of physicians to
pursue EVT in secondary MeVOs in cases of early neurologic
improvement. Furthermore, studies suggest that achieving TICI
2b with fewer passes is associated with better outcome compared
with TICI 2¢/3 reperfusion achieved with more passes.® The neu-
rologic status had no impact on the participants’ decisions to treat
the presented case of A3 MeVO. This might be due to the initially
unaffected anterior cerebral artery territory being supplied by the
contralateral ICA. Thus, this MeVO can be considered emboliza-
tion into a new territory, which may have affected the physician’s
willingness to treat.

Physician’s characteristics related to an increased likelihood
of immediate EVT in secondary MeVOs were interventional
specialty, more experience in neurointervention, and higher an-
nual case volumes. These are likely because interventionalists
encounter such cases on a more frequent basis because LVOs
migrate distally and become secondary MeVOs.” In contrast, an
average stroke neurologist likely has a limited knowledge of
interventional techniques and, therefore, is unable to decide
whether a distally located occlusion is accessible for EVT and
can be successfully retrieved. Nevertheless, even noninterven-
tionalists and less experienced neurointerventionalists would
consider EVT based on either persistent occlusion on repeat
DSA or after neurologic reassessment (Online Supplemental
Data).

The eloquence of the affected territory plays an important role
in EVT decision-making in patients with MeVO stroke. Despite
MeVO’s relatively smaller vascular territory in comparison with
LVO, the impact of ischemia can be severely disabling,” for exam-
ple, the loss of language skills due to a left anterior M2/M3 occlu-
sion. In secondary MeVO strokes, evaluation of a patient’s
neurologic status can be challenging because the neurologic deficit
might be influenced by the initial LVO stroke.* In the presented
cases of secondary MeVOs in our survey, the most frequent reason
for no EVT was that the benefits are too small: The affected areas
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were not considered responsible for the patients’ neurologic defi-
cits, or the potential risks of the procedure were perceived to be
greater than the benefits of the treatment. For example, due to the
perceived fragility of the more distal, smaller-caliber vessels, there
may be a potential risk of higher complication rates in MeVOs (eg,
perforation, intracranial dissection).

Another aspect of a physician’s decision-making is the
presence/absence of collateral flow in the affected area. If col-
lateralization behind the occlusion is insufficient, the willing-
ness to pursue distally located occlusions will be higher than in
the case of rapid retrograde filling of the vascular bed. As a
part of each case presentation, we included an image demon-
strating a parenchymal phase on DSA (Online Supplemental
Data) to account for this factor; however, a single image can-
not replace a complete DSA run, and participants may have
thought that they did not have enough information to make a
decision.

The accessibility of more distally located occlusions is highly
dependent on the available material. In our survey, we did not
imply what EVT technique should be used, and it was left to the
physician’s own judgment and experience to decide whether the
presented occlusion was accessible. The potential challenges of
MeVO EVT lie in the progressively changing and generally smaller
caliber of the vessels, as well as thinner vessel walls in comparison
with the more proximal vessel segments.® Based on a recent sys-
temic review by Ospel and Goyal,* the most commonly reported
complication in MeVO EVT was symptomatic intracranial hemor-
rhage. The prevalence of symptomatic intracranial hemorrhage
ranges from 0% to 11%, with most studies reporting symptomatic
intracranial hemorrhage rates of <8%," ie, slightly higher than that
reported in the major LVO studies.” One of the hypothesized
mechanisms of periprocedural complications is endothelial injury
during stent-retriever expansion and thrombus retrieval.'>"" This
could possibly apply even more to fragile, smaller distal vessels,
while it has been shown that the radial force of stent retrievers
gradually rises as the vessel diameter decreases.' Smaller and
softer devices that can be delivered through smaller microcatheters
with an optimized vector of force to avoid pulling the whole vessel
along with it are, therefore, warranted.

The optimization of the vector of force can be accomplished
using an appropriately sized distal access catheter in conjunc-
tion with a stent retriever; such an approach can also decrease
the risk of embolization into new territories. With the recent
development of longer microcatheters'? that enable delivery of
stent retrievers to desired target locations, the option of coaxial
delivery of a distal-access catheter over the microcatheters, and
recent progress in the development of smaller stent retrievers
showing promising results in achieving successful recanaliza-
tion in MeVOs,"? the perception of the thrombus accessibility
is likely to be shifted beyond the M3 or A3 vessel segments,
particularly as experience with the novel material further
increases.

Our study has limitations. First, the included participants were
contacted through personal and professional networks of the study
authors, and most (92.1%) were working in teaching hospitals.
Therefore, responses may not be representative of the entire stroke
community, and ascertainment bias may have occurred while



more experienced and skillful interventionalists from high-volume
teaching centers were predominantly represented in the survey
dataset. However, replies from all over the world were collected,
and we particularly assessed differences between regions to sup-
port correct local interpretation of the results. Moreover, we
believe that the clinical practice in rich countries and teaching
institutions serves as exemplary care that is usually followed by
the rest of the medical society. Second, survey data do not
always reflect real-world clinical practice. Physicians’ choices
may be different in practice when facing diverse practical
obstacles. Third, participants may have expected that a certain
answer to the question was desired from them, probably in
favor of EVT, given that the survey is conducted and spread in a
research network partly dedicated to improving EVT results.
We tried to minimize this effect by making all responses fully
anonymous. Fourth, we did not collect information regarding
institutional standard stroke imaging protocols and, therefore,
did not assess the impact of various imaging protocols on par-
ticipant decision-making. Because the EVT decision-making
was based on the findings of DSA images, the baseline imaging
(either CT or MR) played only an illustrative role in the presen-
tation of the secondary MeVO cases. Finally, physicians could
have been biased by the vascular anatomy provided for a partic-
ular case; our results regarding the occlusion sites are, therefore,
not generalizable.

Due to lack of high-level evidence, a decision toward continu-
ing with EVT in secondary MeVOs is mainly made on an individ-
ual basis and involves thrombus accessibility, eloquence of the
affected territory, a patient’s current condition, and potential risks
of the procedure. Therefore, it is clear that physicians vary in their
treatment preferences with respect to secondary MeVOs and that
experience with such cases is likely to play a role. Despite increasing
effort to conduct a randomized controlled trial of EVT in patients
with MeVO stroke, it is unlikely that patients with secondary
MeVO will be randomized because it is not feasible to randomize
patients during an ongoing EVT procedure. However, more evi-
dence on the safety and efficacy of EVT for MeVO stroke is needed,
for which observational or survey data could be of great use.

CONCLUSIONS

This study provides valuable information on current practice and
EVT decision-making for the challenging-yet-common scenario of
secondary MeVO. In the presented scenarios, physicians’ willing-
ness to treat secondary MeVOs endovascularly varied per occlusion
location and was influenced by the change in neurologic status.
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Pulsatile Tinnitus Due to Stenosis of the Marginal Sinus:
Diagnosis and Endovascular Treatment

E. Houdart

|

). Cortese, ““'M. Eliezer, “*’A. Guédon, and

ABSTRACT

BACKGROUND AND PURPOSE: Venous pulsatile tinnitus is a disabling condition mainly caused by a stenosis of the lateral sinus.
Here, we aimed to report a novel cause of venous pulsatile tinnitus, stenosis of the marginal sinus.

MATERIALS AND METHODS: We retrospectively analyzed patients with isolated venous pulsatile tinnitus for which the suspected
cause was a stenosis of the marginal sinus, treated or not, between January 2017 and December 2020. Patient charts and imaging
were systematically reviewed. All patients underwent noncontrast temporal bone CT and MR imaging.

RESULTS: Eight patients (7 women; median age, 36 years) were included. Six patients (75%) were overweight, and 1 patient had idio-
pathic intracranial hypertension. All patients presented with a typical venous pulsatile tinnitus. The stenosis of the marginal sinus
was detected using oblique reconstructions on postcontrast 3D MR imaging. There was no other pathologic finding except ipsilat-
eral stenosis of the lateral sinus in 3 patients. Four patients underwent endovascular therapy with placement of a stent in the mar-
ginal sinus, leading to complete resolution of the pulsatile tinnitus for all of them. No complication occurred. Of note, the
symptoms of intracranial hypertension also regressed after stent placement in that patient.

CONCLUSIONS: Marginal sinus stenosis is a novel cause of venous pulsatile tinnitus, which can be easily detected on MR imaging.
Marginal sinus stent placement is safe and efficient. We hypothesized that the marginal sinus stenosis pathophysiology is similar to
that of lateral sinus stenosis, which is a common and well-known cause of venous pulsatile tinnitus, explaining the similar clinical
presentation and endovascular management.

ABBREVIATIONS: IIH = idiopathic intracranial hypertension; LS = lateral sinus; MS = marginal sinus; OS = occipital sinus; PT = pulsatile tinnitus; SSS =
superior sagittal sinus; VAS = visual analog scale

Pulsatile tinnitus (PT) is an uncommon-but-disabling symp-
tom, which has numerous causes, both vascular and nonvas-
cular." Venous etiologies of PT are suspected when the tinnitus
disappears by compressing the ipsilateral internal jugular vein.
Venous etiologies of PT are increasingly reported and are related
to venous abnormalities like lateral sinus (LS) stenosis,” sigmoid
sinus diverticulum,>* dehiscence,’ or a mastoid emissary vein.® It
is paramount to recognize such anomalies because they are often
manageable by endovascular treatment.>>¢

Here, we report the clinical and radiographic features as well
as the therapeutic management of patients with PT caused by a
stenosis of the marginal sinus (MS).
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MATERIALS AND METHODS

Study Design

This is a single-center retrospective study. Consecutive patients
between January 2017 and December 2020 with diagnosed PT
caused by a stenosis of the MS were included. The medical charts
of included patients were analyzed to evaluate patient back-
grounds, clinical symptoms, treatment modalities, and clinical
outcomes.

Tinnitus was defined as pulsatile when the patient described a
sound synchronous with the heart rate. All patients underwent a
complete clinical examination by our senior author (E.H.),
including auscultation of the heart, neck, and the head, and vas-
cular compression maneuvers at the neck. Disability was eval-
uated on a visual analog scale (VAS) from 0 (no disability) to 10
(unbearable and extreme disability).

On the basis of the clinical examination, PT was classified as
venous if the sound disappeared or decreased during compres-
sion of the ipsilateral internal jugular vein and as arterial if the
sound disappeared or decreased during compression of the
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ipsilateral carotid artery. If the vascular compression maneuvers
had no effect on the intensity of the PT, it was classified as
neutral.®’

Imaging Protocol and Analysis
All patients underwent MR
Magnetom Skyra; Siemens), which included the following sequen-

imaging examinations (3T,

ces: 3D-TOF from the vertex to the foramen magnum (TR =
1470 ms, TE = 310 ms, 384 x 345, flip angle = 120°, number of
excitations = 2, generalized autocalibrating partially parallel ac-
quisition = 2, scan time = 5 minutes 6 seconds); a postcontrast
(gadobutrol, Gadovist; Bayer Schering Pharma; 0.1 mL/kg) 3D T1
gradient-echo sequence (MPRAGE; TR = 1470 ms, TE = 310 ms,
384 x 345, flip angle = 120°, number of excitations = 2, general-
ized autocalibrating partially parallel acquisition = 2, scan time =
5 minutes 6 seconds); and high-resolution temporal bone CT (sec-
tion thickness = 0.6 mm, 350 mAs, 140 kV(peak) per section)
(Somatom Sensation; Siemens).

Imaging was reviewed by 2 experienced neuroradiologists.
High-resolution temporal bone and MR images were analyzed to
identify potential causes for PT. The MS and the occipital sinus
(OS) are not usually visible on postcontrast MR imaging, except
if they are enlarged.® When the MS was enlarged on the side of
the PT, oblique reconstructions from the postcontrast 3D T1 gra-
dient-echo sequence aligning the superior sagittal sinus (SSS)
with the OS and the MS were used to detect a stenosis. The ipsi-
lateral LS was also evaluated as normal or hypoplastic and with or
without stenosis if normal.”

Endovascular Procedure and Follow-up

If the patient’s symptom was >5/10 on the VAS, a treatment was
proposed, and informed written consent was obtained before
treatment. All procedures were performed with the patients
under general anesthesia and heparinization (50-IU/kg intrave-
nous bolus followed by 500 IU/h). Briefly, biplanar angiography
(Artis zee Q; Siemens) was performed through femoral arterial
access with a 4F catheter (Cordis). Jugular puncture was per-
formed under roadmap guidance, and an 8F sheath was placed.
Distal access was obtained using Neuron MAX 088 (Penumbra)
and Sofia 6F 125-cm catheters (MicroVention). The MS was then
catheterized to the jugular bulb via the LS and the OS using a
Traxcess-14 microwire (MicroVention) to navigate a 21-inch
Prowler Select Plus microcatheter (Codman & Shurtleff).

Then, a 0.014-inch Doppler velocity ComboWire in combina-
tion with ComboMap matching hardware (Volcano) was used to
measure Doppler velocity at the level of the stenosis in the MS (ve-
locity signals were recorded at 200Hz).'” The results were
expressed in centimeters per second. The acceleration of the blood
velocity at the level of the stenosis was expressed as a velocity ratio
(blood velocity at the stenosis/blood velocity in the OS). In our
center, the velocity measurements are systematically performed
before stent placement in case of PT because we believe that there
is a correlation between blood flow velocity and the patient’s
syrnptorns.lo’11

If the blood acceleration was confirmed (velocity ratio > 2), a
5% 30 mm Carotid Wallstent (Boston Scientific) was deployed cov-
ering the stenosis and the MS. Because it was a new entity, a 7 x

50 mm Carotid Wallstent was used in the LS if a stenosis was noted.
Heparinization was discontinued, and patients were allowed to
recover for 24 hours before discharge if no complication was
observed. Before stent placement, patients were given aspirin,
75 mg, and clopidogrel, 75 mg, daily for a week. Patients were tested
for clopidogrel resistance, and if the patient was resistant, clopidog-
rel was switched to prasugrel (10 mg). Oral medication was contin-
ued for 3 months after the stent placement, followed by aspirin
alone for 9 additional months.

Patients were clinically examined at 3 months and 1 year, and
a venous contrast-enhanced CT was systematically performed to
confirm the absence of stent thrombosis.

RESULTS

Patient Characteristics

A total of 8 patients were included (7 women and 1 man; median
age, 36 years; range, 14-60years). The median body mass index
was 29.5 (range, 18-44), with 6 patients overweight (body mass
index > 25), including 4 patients who were obese (body mass
index = 30). No other significant comorbidities were found.

The PT was located more frequently on the right side (5
patients, 63%) and was systematically classified as a typical ve-
nous PT (100%). PT was responsible for a major disability
(VAS > 5) in 5 patients (63%). Of note, 1 patient had associated
headache and papilledema due to idiopathic intracranial hyper-
tension (ITH).

Imaging Data

All 8 patients presented with a dilated MS ipsilateral to the PT
associated with an extrinsic stenosis on the segment preceding
the junction with the jugular bulb. The enlarged MS was unilat-
eral or bilateral but was always preceded by an enlarged OS. The
oblique reconstruction on the postcontrast MR imaging clearly
depicted the stenosis in each patient (Figs 1-3). We noted differ-
ent configurations of the LS: normal caliber with a stenosis in 3
patients, normal caliber without stenosis in 2 patients, and hypo-
plastic in the remaining 3 patients. All other causes of PT (includ-
ing dural arteriovenous fistula and sigmoid sinus diverticulum)
were eliminated after initial MR imaging and CT explorations.

Endovascular Treatment

Of the 5 patients with a significant disability, 4 patients accepted
the treatment (Table). In all 4 patients, stenting the MS permit-
ted the complete resolution of the PT (VAS = 0). Patients 3 and
4 underwent stenting of both the MS and LS during the same
procedure (in 1 case, LS stent placement followed the MS stent
placement, whereas it was in the opposite order for the other
case) (Fig 2). For patient 1, only the LS was stented during the
first procedure (at the time, MS stenosis was not a suspected
cause for PT), resulting in no modification of the PT immedi-
ately after the operation and at the 3-month follow-up. The sec-
ond analysis of the MR imaging and an angiogram led to a
proposal of a second intervention with stenting of the MS,
which the patient accepted. This time the PT completely
resolved after the procedure and remained healed at the 3-
month and 1-year follow-ups (Fig 1).
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FIG 1. A patient presented with a right-sided venous PT. The patient initially underwent stenting of the
lateral sinus, which was unsuccessful because the tinnitus was not modified. A, An oblique 3D contrast-
enhanced T1 sequence depicts a stenosis (white arrows) of the right MS before joining the jugular bulb
(white arrowhead). B, A lateral angiogram confirms the stenosis (white arrow). C and D, Two 5 x30 mm
Carotid Wallstents were placed in the MS (dashed white line), lifting the stenosis and restoring a normal
laminar flow (black arrow). The patient’s tinnitus was completely cured after the procedure. E and F, In
the control venous CTA at 3 months, oblique and axial reconstructions, no thrombosis is depicted. Note
that the stent is in the jugular bulb, close to the temporal bone and the jugular foramen.

FIG 2. The patient presented with a right-sided venous PT. A, An oblique 3D contrast-enhanced
Tl sequence depicts a stenosis (white arrows) of the right MS (white arrow). Lateral angiogram (B)
and oblique phlebography (C) confirm the extrinsic stenosis of the MS (white arrow); an intrinsic
stenosis of the LS was also depicted (black arrowhead). Doppler measurement of the venous
flow using a ComboWire confirmed the accelerated blood flow at the level of the MS stenosis.
D, Oblique phlebography shows the deployment of the 5 x30 mm Carotid Wallstent in the MS
after placement of a first stent in the LS. E and F, Stents were placed in the MS and LS (white
arrowheads), lifting the stenosis and restoring a normal laminar flow (black arrow). The patient’s
tinnitus was completely cured after the procedure. Jug indicates jugular vein.

There was no technical limitation. The 5-mm-caliber stent was
chosen because it corresponded to the caliber of the normal MS in
all 4 patients. The stent was deployed starting at the junction
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between the MS and the jugular bulb,
then over the stenosis in the MS. In 2
cases, a second 5 X 30 mm stent was
used because of an acute angle formed
between the distal part of the stent and
the MS at the vertical junction with the
OS segment. In these cases, the stent
would extend to the OS (Fig 3).

Blood velocities were obtained for
3 patients (all except patient 1); the ve-
locity ratio was an average of 4 (range,
3-5) with mean blood velocities of
10 cm/s (range, 9-11 cm/s ) at the level
of the OS and at 38 cm/s at the level of
the stenosis. For patients with LS stent
placement during the same procedure,
the velocity ratio in the LS was inferior
in one case (2 versus 5 in the MS) and
superior in the other case (5 versus 3
in the MS).

Follow-up

All patients treated remained free of PT
(VAS = 0) at follow-up, and no com-
plication was detected on physical or
imaging evaluation. Furthermore, the
patient with ITH was also improved af-
ter the stent placement, and papille-
dema resolved at the 1-year control.

DISCUSSION

In this study, we described 8 patients
with venous PT, in whom the suspected
cause was an MS stenosis. Four patients
underwent stenting of the MS. The pro-
cedure was effective for all of them. To
the best of our knowledge, this is the
largest case series that highlights specifi-
cally the stenosis of the MS as a cause of
PT. Preceding reports have described
MS stenosis as a cause for venous PT'?
or ITH."*" However, Li et al'? referred
to it as a stenosis of the vein of the
hypoglossal canal. We believe it is an
inaccurate name because the sinus is
reaching the jugular bulb without cross-
ing the hypoglossal canal.

The MS is a dural venous sinus that
connects the OS posteriorly and the
basilar venous plexus and the distal
part of the sigmoid sinus at the junc-
tion with the internal jugular bulb ante-
riorly. Generally, in human adults, the
LS represents the main venous outflow,

and the occipital-marginal sinus system, an alternative pathway.
The dominance of LS over the occipital-marginal sinus system is
believed to be an epigenetic adaptation acquired with bipedalism



in early human species.”> During fetal growth, the OS and the MS
develop simultaneously from a large plexiform configuration, and
by full term, both tend to have regressed to a small accessory
sinus.'® However, the occipital-marginal sinus system can be found
enlarged or even dominant over the LS in approximately 4%-5%
of the population.'”

Here, we show that the MS is another potential location for
dural venous sinus stenosis. MS stenosis clinical and imaging pre-
sentations were very similar to those of LS stenosis: Patients were
predominantly overweight women with typical venous PT, and
the stenosis could be identified on MR images. In our center, MR
imaging with a postcontrast 3D T1 gradient-echo sequence is
part of the initial exploration of PT. MS stenosis can be suspected
when an enlarged OS (usually as large as the SSS) followed by an
enlarged MS (ipsilateral to the PT) is present. Oblique 3D

FIG 3. A patient presented with a right-sided venous PT associated
with symptoms of IIH. A, An oblique 3D contrast-enhanced TI
sequence depicts a stenosis (white arrows) of the right MS; no MS
was noted on the left side. B, Oblique phlebography confirms the ex-
trinsic stenosis of the MS (white arrow); the LS was normal on the
right side and absent (hypoplastic) on the left side. C, Two 5 x 30 mm
Carotid Wallstents are deployed in the right occipital-marginal sinus
(white arrowheads) (D), lifting the stenosis and restoring a normal MS
caliber. Both the tinnitus and the symptoms of IIH disappeared. Jug
indicates jugular vein.

Patients with MS stenosis

reconstructions aligning the SSS with the OS, the MS, and the
jugular bulb were useful for easily detecting the stenosis.

The perception of a venous PT is linked to the turbulence of
the blood flow following the venous stenosis, as described with the
LS.'*'218 Because the MS has a close relationship with the tempo-
ral bone, we hypothesized that the same pathophysiology is re-
sponsible for the PT in MS stenosis. Therefore, relieving the
stenosis with a stent permitted the return of a laminar blood flow
in the MS, and, thus, PT disappearance.>*’

In 1 patient, an MS stenosis was also responsible for ITH (Fig
3). Most interesting, the ipsilateral LS was present with a normal
caliber (the contralateral LS was hypoplastic). All symptoms
improved after the stenting of the MS, meaning that the right lat-
eral sinus was not sufficient for a normal cerebral blood circulation
and the patient was dependent on the MS as well. LS stenosis is of-
ten associated with ITH, and stenting of the LS is safe and effec-
tive.”*® Two recent case reports of MS stenosis associated with ITH
described clinical improvement after stenting of the sinus, support-
ing LS and MS stenosis being similar pathologies.">"*

Finally, 2 patients were treated for LS and MS stenoses during
the same procedure, interpreted as a limitation of our results
(because the responsibility of the MS stenosis is uncertain).
However, performing 2 different interventions to test which ste-
nosis was responsible for the PT was, in our opinion, not feasible
outside a prospective clinical trial. In addition, the acceleration of
the venous flow at the MS stenosis was confirmed by measure-
ment of blood velocity before stent placement. We observed an
acceleration ratio similar to the one reported for the LS (median
velocity ratio of the SSS/LS stenosis, 3 [range, 2-71).1 1t is also
common to find multiple causes of venous PT, like LS stenosis
and sigmoid sinus ectasia.'®*! Moreover, in patient 1, we post-
poned the MS stent placement, limiting the treatment of the LS.
The patient’s PT remained unchanged after the first procedure
but was completely cured after the second procedure (stenting of
the MS), emphasizing the role of the MS. Also, 4 patients were
not treated, meaning that the responsibility of the MS stenosis
remains untested for them as well. Nevertheless, all 4 patients had
typical venous PT, and no other pathologic findings were
detected on CT or MR imaging (including LS stenosis).

This study has several diagnostic and therapeutic implica-
tions. First, an MS stenosis should be looked for on a MRI done
for the exploration of a venous PT (using the 3D oblique recon-
struction if the OS is enlarged); and even if a stenosis of the LS is
present as both (the MS and the LS) could contribute to the

No. Type of PT Side Disability® Ipsilateral LS Sinus Stented Treatment Efficiency

1 Venous Right 8 Stenosis LS then MS Yes (after the MS stent placement)
2 Venous Right 9° Normal MS Yes

3 Venous Left 9 Stenosis LS+MS Yes

4 Venous Right 8 Stenosis LS+MS Yes

5 Venous Left 3 Normal None

6 Venous Right 4 Hypoplastic None

7 Venous Left 5 Hypoplastic None

8 Venous Right 9 Hypoplastic None

“Disability was evaluated on a VAS from O (no tinnitus) to 10 (unbearable and extreme tinnitus).

®Patient 2 also had IIH, which also resolved after the stent placement.
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tinnitus. Second, treatment of the MS stenosis via stent placement
is feasible and safe, as the large experience with LS stent place-
ment could predict.

This study also has limitations. It is a retrospective study per-
formed at a single academic center. The usual pressure measure-
ments were not systematically performed or available and,
therefore, are not reported here, though possibly being valuable
information. Instead, we reported venous blood flow velocities,
which limit the comparison with other studies. Finally, when
both stenoses are present (MS and LS), it remains to determine
which one is more “symptomatic” and whether they should be
treated together.

CONCLUSIONS

In this study, we presented MS stenosis as a novel cause of venous
PT. The clinical presentation of MS stenosis is similar to that of
LS stenosis, which is a common and well-known cause of venous
PT. MS stenosis can be easily detected on postcontrast 3D MR
imaging using oblique reconstructions and could be safely and
efficiently treated with a stent.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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Carotid Plaque Composition Assessed by CT Predicts
Subsequent Cardiovascular Events among
Subjects with Carotid Stenosis

E. Choi, Y.-P. Cho

E. Byun, ““S.U. Kwon, ““N. Kim, ““’C.H. Suh, “’H. Kwon, “*Y. Han, ““T.-W. Kwon, and

ABSTRACT

BACKGROUND AND PURPOSE: Currently, the characteristics of carotid plaques are considered important factors for identifying
subjects at high risk of stroke. This study aimed to test the hypothesis that carotid plaque composition assessed by CTA is associ-
ated with an increased risk of future major adverse cardiovascular events among asymptomatic subjects with moderate-to-severe
carotid artery stenosis.

MATERIALS AND METHODS: This single-center, retrospective cohort study included 194 carotid plaques from 176 asymptomatic
subjects with moderate-to-severe carotid artery stenosis. The association of CTA-determined plaque composition with the risk of
subsequent adverse cardiovascular events was analyzed.

RESULTS: During a median follow-up of 41 months, the adverse cardiovascular event incidence among 194 carotid plaques was
19.6%. There were significant differences in plaque Hounsfield units (P <.001) and spotty calcium presence (P <.001) between ca-
rotid plaques from subjects with and without subsequent adverse cardiovascular events. Multivariable analysis revealed carotid pla-
que Hounsfield unit density (P <.001) and spotty calcium (P <.001) as independent predictors of subsequent adverse cardiovascular
events. In association with moderate carotid artery stenosis, the plaque Hounsfield unit values were significantly lower among ca-
rotid plaques from subjects who experienced subsequent adverse cardiovascular events (P =.002), strokes (P =.01), and cardiovascu-
lar deaths (P=.04); the presence of spotty calcium was significantly associated with the occurrence of adverse cardiovascular
events (P =.001), acute coronary syndrome (P =.01), and cardiovascular death (P=.04).

CONCLUSIONS: Carotid plaque Hounsfield unit density and spotty calcium were independent predictors of a greater risk of
adverse cardiovascular event occurrence.

ABBREVIATIONS: ACS = acute coronary syndrome; CAS = carotid artery stenosis; DUS = Doppler ultrasound; HR = hazard ratio; IQR = interquartile range;
MACE = major adverse cardiovascular event

C ardiovascular disease results in considerable morbidity and
mortality worldwide; therefore, the identification of subclinical
disease during the asymptomatic phase is an important public health
goal." Carotid atherosclerosis has been assessed by Doppler sonogra-
phy (DUS)-determined intima-media thickness or plaque features
for predicting cardiovascular disease, particularly cerebrovascular
disease.> Therefore, carotid DUS screening could be a valuable tool
for assisting with cardiovascular risk stratification to inform
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preventive strategies for asymptomatic subjects with few conven-
tional risk factors.” However, DUS can be limited by operator-de-
pendent variability, low image resolution, and acoustic shadowing;*
therefore, the use of medical imaging to predict future cardiovascu-
lar or cerebrovascular events has been extensively investigated.”
Currently, a widely accepted concept is that carotid plaques go
through a remodeling process, and sometimes atherosclerosis with
even low-grade carotid artery stenosis (CAS) may result in cere-
brovascular events.® Thus, plaque characteristics other than the
degree of stenosis alone may be important for identifying subjects
at high risk of stroke.” CTA provides simultaneous information
about the degree of stenosis and a more detailed analysis of plaque
composition.” Coronary plaque characterization by CTA is a well-
described method for predicting major adverse cardiovascular
events (MACEs) in different subpopulations,® whereas relatively
little experience has been gained with CTA for identifying and
quantifying carotid plaque composition associated with MACE
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risk.” Therefore, this study aimed to test the hypothesis that carotid
plaque composition detected by CTA can be used as a surrogate
marker for predicting a higher risk of MACEs.

MATERIALS AND METHODS

Study Design and Study Sample

In this single-center, retrospective cohort study, we analyzed data
extracted from the medical records of the subjects older than
50 years of age who underwent CTA for health screening or regu-
lar follow-up at our hospital. An electronic search was conducted
using the hospital’s database to identify terms, including “carotid”
and “stenosis,” on CTA reports.

Between January 2010 and December 2017, eight hundred sev-
enty-six stenotic carotid arteries (876/4294, 20.4%) from 2147 con-
secutive CTAs were included in this analysis. The degree of CAS
was measured according to the NASCET CTA criteria’ by an expert
neuroradiologist. The exclusion criteria were as follows: 1) mild ste-
nosis (<50% diameter reduction) or total occlusion (n = 422); 2)
CAS with totally calcified plaque formation (n = 172); 3) diffuse ste-
nosis, thin plaque, or artifacts precluding interpretation (n = 15); 4)
previous ipsilateral carotid endarterectomy or stent placement
(n=12); and 5) recent cardiovascular events within 6 months
(n=61). Subtotal occlusions (n = 4) were included in this study. A
total of 194 carotid plaques from 176 asymptomatic subjects with-
out cardiovascular events within 6 months, with reported CAS in
the range of 50% to 99% on baseline CTA and additional DUS,
were included in the final analysis (Online Supplemental Data):
moderate CAS (50%-69% diameter reduction, n =101, 52.1%) and
severe CAS (70%-99% diameter reduction, n =93, 47.9%). Clinical
indications for CTA were imaging surveillance for known cerebro-
vascular disease (including intracranial aneurysm or stenosis) and
CAS (82%), and neurologic symptoms (including headache and
change of mental status) (18%).

The demographics, risk factors of interest, clinical characteristics,
and outcomes for all consecutive subjects were recorded in an Excel
(Microsoft) database and analyzed retrospectively. Risk factor varia-
bles were defined as previously described.’> CTA reports were
recorded by dedicated, board-certified neuroradiologists, and CTA
images were independently re-evaluated for carotid plaque charac-
terization, including the degree of CAS, plaque Hounsfield unit den-
sity, and the presence of ulceration, spotty calcium, napkin-ring
sign, and calcium score by 2 specialized vascular surgeons and 1
neuroradiologist. All medication adjustments were made by the sub-
jects’ health care providers at our hospital according to each individ-
ual’s atherosclerosis risk factors, determined using the American
College of Cardiology Foundation/American Heart Association
guidelines.” Eligible carotid plaques from included subjects were fol-
lowed from the date that they underwent CTA and were stratified
into 2 groups according to the occurrence of MACEs during follow-
up: carotid plaques with MACEs and carotid plaques without
MACEs. Then, we performed a subgroup analysis of carotid plaques
with moderate CAS.

Study Protocol Approvals, Registrations, and Patient
Consent

Approval for data collection and publication was obtained from
the institutional review board at our hospital (IRB No. 2019-0663),
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which waived the requirements for written informed consent
because of the study’s retrospective design. All methods were per-
formed in accordance with the relevant guidelines and regulations.

CTA Protocol

CTA was performed using a standard protocol (Online
Supplemental Data) with the following parameters: 120kV,
automated tube current modulation using a 300-mA reference
value, and a 1.0-mm reconstructed section thickness (Somatom
Definition AS+ and Edge; Siemens). The scans were conducted
from the aortic root to 3 cm above the skull before and after
contrast injection. All CTA images were reconstructed in axial,
coronal, and sagittal orientations.

Carotid Plaque Characterization

Each plaque was categorized according to the CTA findings as
follows: calcified plaque composed predominantly of calcified tis-
sue (>130 HU) (excluded from our analysis), mixed plaque com-
posed of both calcified and noncalcified tissue, and soft plaque
composed predominantly of noncalcified tissue. Carotid plaque
ulceration was defined as the presence of an obvious, large exca-
vation (>2mm in depth) on the surface of the plaque.'® For
Hounsfield unit measurements, an ROI of 2 mm? was preselected
on the visually least attenuated area of the plaque at the most ste-
notic level using a width of 850 HU and a level of 300 HU as the
window-level settings on contrast-enhanced axial images to dis-
tinguish plaque from the vascular lumen. The plaque Hounsfield
unit density was measured 5 times from the noncontrast axial
images using prepositioned ROIs on the plaque to exclude
blooming artifacts (Fig 1). The lowest measured Hounsfield unit
value in each plaque was recorded. Calcium score, along with the
presence of spotty calcium and the napkin-ring sign—suggested as
high-risk plaque features for predicting acute coronary syndrome
(ACS)—were also evaluated.'"'? Spotty calcium was defined as the
presence of calcium in the plaque with a diameter of <3 mm in
any direction on curved multiplanar reformation images, occupy-
ing only 1 side and a maximum arc below 90° on cross-sectional
images.'""> The napkin-ring sign was defined as the presence of
low-attenuation plaque surrounded by a ring of high attenuation
that was not >130 HU (Fig 2).!2 The calcium score was measured
using semiautomated software (Syngo CaScoring; Siemens) and
the method described by Agatston et al.'*

Clinical Outcomes

The study outcomes included the occurrence of MACEs, defined as
fatal or nonfatal, ipsilateral or contralateral stroke or TIA, ACS, or
cardiovascular death. Data on all MACEs were centrally reviewed
and blindly adjudicated by an experienced independent neurologist
or cardiologist. Events were categorized as “Event,” “Limited data,”
or “No Event” on the basis of chart review. Once an event was not
confirmed due to Limited data, more information was collected by
face-to-face or direct telephone interviews with the subjects or their
families. For quality control, second reviews were conducted by
other physicians blinded to the original adjudicated results. In the
analysis, we included only ischemic strokes, as previously defined.®
ACS was defined as acute myocardial infarction or unstable angina
pectoris, according to the American College of Cardiology/



FIG 1. Representative figure of plaque Hounsfield unit value measurement. The plaque
Hounsfield unit values were measured from noncontrast axial CTA images. An ROI of 2 mm? was
preselected on the visually least attenuated area of the plaque at the most stenotic level of con-
trast-enhanced axial images. Measurements were performed 5 times from the noncontrast axial
images using prepositioned ROIs on the plaque. The lowest Hounsfield unit value in each plaque

was recorded. ECA indicates external carotid artery.

FIG 2. Representative figures of high-risk features of carotid plaque (arrowheads) on CTA.
Napkin-ring sign (A), carotid plaque ulceration (B), and spotty calcium (C).

American Heart Association guidelines.'> Only the first event of
each outcome was included in the MACE analysis, whereas each
MACE was analyzed individually.

Statistical Analysis

Statistical analysis was performed using PASW Statistics for
Windows, Version 18 (https://www.malavida.com/en/soft/pasw/);
R, Version 3.6.3 (http://www.r-project.org); and SAS version 9.4
(SAS Institute). We separately summarized the characteristics of
176 subjects and 194 carotid plaques. Categoric variables are
reported as frequencies or percentages, and continuous variables,
as means (SDs) or medians and interquartile ranges (IQRs), as
appropriate. Cox proportional hazard models, with robust stand-
ard errors that accounted for the clustering of subjects™ effects,
were fitted to identify MACE predictors. The Mann-Whitney rank
test was used for comparisons of non-normally distributed contin-
uous variables. Demographic and clinical characteristics that were
considered to be associated with MACEs and features of carotid
plaques on CTA were included in this analysis. Variables yielding
P values < .1 from univariable analysis were subjected to multi-
variable analysis, and hazard ratios (HRs) with 95% CIs were calcu-
lated. In the Kaplan-Meier survival analysis, Hounsfield unit values
were dichotomized at the median value of the study cohort, and
the log-rank test was used to compare the occurrence of MACEs

and the individual MACE components.
We performed subgroup analyses lim-
ited to carotid plaques from subjects
with moderate CAS, wherein we eval-
uated the association between plaque
composition and future MACE occur-
rences overall as well as the individual
MACE components. The interobserver
reproducibility of plaque characteriza-
tion was analyzed through interclass
correlation  coefficient  calculations.
Possible interclass correlation coeffi-
cients ranged from 0 to 1.00, and mea-
surement reliability was classified as
excellent (interclass correlation coeffi-
cient > 0.9), good (0.75-0.9), moderate
(interclass correlation coefficient = 0.5—
0.75), or poor (interclass correlation
coefficient < 0.5).° P values < .05
were considered statistically significant.

RESULTS

After all exclusions based on the pre-
determined criteria, a total of 194 con-
secutive carotid plaques from 176
subjects were analyzed. All subjects
were diagnosed with moderate-to-
severe CAS using CTA and additional
DUS. Eligible carotid plaques were
stratified into 2 groups according to
the occurrence of MACE:s as follows:
non-MACE group (156 plaques from
142 subjects, 80.4%) and MACE group (38 plaques from 34 sub-
jects, 19.6%). Tables 1 and 2 show the subjects’ baseline, clinical,
and plaque characteristics. The 2 groups did not differ signifi-
cantly in terms of demographic characteristics, risk factors, or
clinical characteristics, except that subjects in the MACE group
were more likely to have atrial fibrillation. There were significant
differences in plaque Hounsfield unit values (39.2 [SD, 15.2] ver-
sus 27.6 [SD, 12.7], P < .001) and spotty calcium presence (14.7%
versus 44.7%, P <.001) between the 2 groups. The mean calcium
score was higher in the MACE group than in the non-MACE
group with a nonsignificant trend (P=.06), and the degree of
CAS was not significantly different between the 2 groups (Online
Supplemental Data).

Variables Associated with MACE Occurrence

During follow-up, the MACE incidence among the 194 carotid
plaques was 19.6% (38/194). There were 19 strokes (9.8%), 16
ACS diagnoses (8.2%), and 12 cardiovascular deaths (6.2%).
According to the per-subject analysis (n=176), there were 16
strokes (9.1%), 14 ACS diagnoses (8.0%), and 12 cardiovascular
deaths (6.8%). Table 3 shows the results of the regression analysis
in terms of MACE occurrences on a per-carotid plaque basis. In
the adjusted models, plaque Hounsfield unit density (HR = 0.96;
95% CI, 0.94-0.98; P <.001) and spotty calcium presence (HR =
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Table 1: Baseline and clinical characteristics of the study sample, stratified by the occur-

rence of MACEs®

On Kaplan-Meier survival analyses
of the cumulative event-free rates based

) Total Non-MACE Group MACE Group P on the dichotomization of Hounsfield
e b ERIE 69(: (=S|]D767)6) 69('; (=5113427)7) 69(: (:DMG); ) V:;ue units at the median value of the cohort
e (yr . 7. . 7. . , 6. R .

Vet (IQR) (yr) 70 (64-75) 69 (64-75) 71(66-75) (36 HU), a lower plaque density (<36
Male sex 156 (88.6) 126 (887) 30 (88.2) 998 HU) was associated with decrea-
Body mass index (kg/m?)  24.5 (SD, 3.1) 245 (SD, 3.0) 244 (SD,34) 96 sed MACE-free (P=.002), stroke-free
Risk factors (P=.038), and cardiovascular mortal-

Diabetes mellitus 76 (43.2) 66 (46.5) 10 (29.4) 096 ity-free (P=.001) survival rates, com-

Hypertension 126 (71.6) 101 (71.1) 25 (73.5) .80 d with a hich | densi

Dyslipidemia 96 (54.6) 77 (54.2) 19 (55.9) 60 pared with a higher plaque density

Current smoking 43 (24.4) 32 (22.5) 11(324) 42 (=36 HU) (Fig 3). Although lower pla-

Past smoking 68 (38.6) 56 (39.4) 12 (35.3) 91 que density trended toward an associa-

Atrial fibrillation 9(5]) 5(3.5) 4 (1.8) .001 tion with a decreased ACS-free survival
Mgdlcal history 5 rate (P=.055), this was not statistically

History of stroke 56 (31.8) 44 (31.0) 12 (35.3) .66 .

History of ACS® 30 (17.) 21(14.8) 9 (26.5) 30 significant.

Antiplatelet 154 (87.5) 124 (87.3) 30 (88.2) 7

Statins 142 (80.7) 115 (81.0) 27 (79.4) 47

@Any stroke, ACS, or cardiovascular mortality. Continuous data are presented as means (SD) or median (IQR); cate-

goric data are given as (No.) (%).

®Subjects with any stroke or ACS who had been diagnosed >6 months previously and successfully treated.

Table 2: Plaque characteristics, stratified by the occurrence of MACEs®

Subgroup Analysis of the MACE
Composite Outcome and the
Individual MACE Components
among Carotid Plaques from
Subjects with Moderate CAS
Based on the Plaque Hounsfield

Total Non-MACE Group MACE Group P Unit Density and Spotty Calcium
Plaques (n=194) (n =156) (n=38) Value Presence

Stenqsis (%) 68.6 (SD, 108) 679 (SD, ]OO) 713 (SD, ]34) 49 The plaque Hounsﬁeld unit Values were
Median (IQR) 68 (60-75) 68 (60-75) 71 (62-80) )

Mixed plaque 129 (66.5) 102 (65.4) 27 (71) 18 lower among carotid plaques from
Plaque ulceration 15(7.7) 13 (8.3) 2(5.3) .53 subjects who experienced any MACE
Hounsfield unit 36.9 (SD, 15.4) 39.2 (SD, 15.2) 27.6 (SD, 12.7) <.001 (HR= 095 95% CI, 0.92-0.98;

Median (IQR) 36 (28-45) 40 (30-47) 28 (19-36) P 002) and stroke (P= .01 and those
Spotty calcium 40 (20.6) 23 (14.7) 17 (44.7) <.001 who died from a cardiovascular cause
Napkin-ring sign 56 (28.9) 40 (25.6) 16 (42.]) .09

Calcium score 4435 (SD,4438) 4163 (SD, 428.0)

Median (IQR) 306 (101-639) 294 (74-564) 367 (165-1018)
Follow-up (mo) 41(29-60) 41(30-59) 47 (22-71) 76
(median) (IQR)

5512 (SD, 4930) .06

(P=.04). However, ACS (P=.14) and
all-cause death (P=.31) were not asso-
ciated with plaque Hounsfield unit den-

@ Any stroke, ACS, or cardiovascular mortality. Continuous data are presented as means (SD) or median (IQR); cate-

goric data are given as (No.) (%).

3.97; 95% CI, 2.08-7.60; P < .001) were independent predictors
of future MACEs.

Analysis of MACEs and Individual MACE Components
Based on the Values Reflecting Plaque Hounsfield Unit
Density and Spotty Calcium Presence

Cox proportional hazards modeling indicated a lower Hounsfield
unit density among carotid plaques from subjects who experienced
MACEs (HR = 0.96; 95% CI, 0.95-0.98; P <.001), whereas plaque
Hounsfield unit density was not associated with all-cause mortality
(P=.14) (Table 4). The prevalence of spotty calcium observed on
CTA was higher among carotid plaques from subjects who experi-
enced any MACE (HR = 4.08; 95% CI, 2.13-7.83; P<.001) when
the composite outcome was analyzed as a single entity. When the
individual MACE manifestations were analyzed separately, ipsilat-
eral stroke (P=.09) and cardiovascular mortality (P=.06) were
not associated with a higher prevalence of spotty calcium (Table 5).
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sity (Online Supplemental Data). The
prevalence of spotty calcium on CTA
was higher among carotid plaques from
subjects who experienced any MACE
(HR= 520; 95% CI, 1.94-13.92;
P=.001), ACS (P=.01), and cardiovas-
cular death (P=.04). However, stroke (P =.07) was not associated
with the presence of spotty calcium on CTA when analyzed individ-
ually (Online Supplemental Data). The low number of MACEs
(n=18) limited our ability to include additional variables in the
multivariable models.

Interobserver Reliability

Good agreement between observers (2 vascular surgeons) was
found in terms of the quantification of carotid plaque density
(Hounsfield unit measurement) (interclass correlation coefficient =
0.831; 95% CI, 0.781-0.870) and spotty calcium presence (interclass
correlation coefficient = 0.800; 95% CI, 0.734-0.849). There was
also strong interobserver reliability between the vascular surgeon
and the neuroradiologist for both Hounsfield units (interclass cor-
relation coefficient = 0.862; 95% CI, 0.764-0.913) and spotty
calcium (interclass correlation coefficient = 0.830; 95% CI,

0.731-0.931).



Table 3: Cox proportional hazards model for variables associated with MACE?

that inflammation throughout the vas-

occurrence culature accounted for this finding

Model 1° Model 2° Recently, Brunner et al*' found that the

HR (95% Cl) P Value HR (95% Cl) P Value detection of lipid cores on carotid MR

Diabetes mellitus 0.60 (0.28-1.24) AV NA NA imaging is associated with cardiovascu-

Atrial fibrillation 107 (0.33-3.48) 9 NA NA lar events. Furthermore, unstable ca-

Hounsfield }Jnit 0.96 (0.94-0.98) <.001 0.96 (0.94-0.98) <.001 rotid plaques seem to affect not only
Spotty calcium 4.00 (2.00-8.00) <.001 3.97 (2.08-7.60) <.001 .

Napkin-ring sign 075 (0.36-155) 45 NA NA ipsilateral but also contralateral cerebral

Calcium score 1.00 (1.00-1.001) 25 NA NA symptoms. Therefore, carotid plaques

Note:—NA indicates not applicable.
?Any stroke, ACS, or cardiovascular mortality.

®Model 1is multivariable analysis including all variables with P <.1in univariable analysis.
“Model 2 is multivariable analysis with backward elimination of variables with P <.1in univariable analysis.

Table 4: Cox proportional hazards model for the association of the plaque Hounsfield

unit values with the occurrence of the MACE composite outcome
MACE components (n = 194)*

could be a surrogate marker acknowl-
edging the systematic nature of the
atherosclerotic processes affecting dif-
ferent vascular beds.”

Recent studies support the concept
that carotid plaques go through remod-
eling;® some plaques regress and stabi-

and the individual
lize to be less likely to result in clinical

events, whereas some plaques progress

MACE (-) MACE (+) HR (95% Cl) P Value
MACE® (n — 38) 39.2(SD,152) 276 (SD,127) 096 (0.95-0.98) <.001 to high-risk, unstable plaques with large
Any stroke (1 =19) 37.9(SD,154) 27.8(SD,12.0) 0.97 (0.94-0.99) 01 lipid necrotic cores and thin fibrous
Ipsilateral stroke (n =14) 37.6 (SD,15.4) 27.4(SD,12.4) 0.96 (0.93-0.99) .02 caps, which can rupture and cause clini-
ACS (n=16) 378(SD,152) 26.6(SD,14.0) 096(093-099) .01 cal events®*? The stability of athero-
Cardiovascular mortality (n=12) 37.7 (SD, 15.4) 24.9 (SD, 8.8)  0.95 (0.92-0.99) .01 sclerotic plaques lareelv depends on the
All-cause mortality (n = 32) 377 (5D, 15.6) 32.8 (SD,13.9) 0.98 (0.96-101) 14 plaq ety dep

“Data are presented as mean (SD) and 95% Cl of plaque Hounsfield values.
bAny stroke, ACS, or cardiovascular mortality.

Table 5: Cox proportional hazards model for the association of the presence of spotty
calcium on CTA with the occurrence of the MACE composite outcome and the individual

MACE components (n = 194)*

composition and morphology of the
plaques. Thus, plaque characteristics
other than the degree of stenosis alone
are important for identifying subjects at
higher risk of clinical events, not only
for decisions about medical therapy but
also for decisions about aggressive

interventions.”” In this regard, the use

MACE ()  MACE (+) HR (95% Cl) P Value wtions.— In th t
MACE® (n = 38) 23 (14.7) 17 (447) 4,08 (2.13-7.83) <.001 of noninvasive imaging modalities to
Any stroke (n=19) 32(183) 8 (42.) 3.25 (1.30-8.1) ol detect high-risk plaques and predict
Ipsilateral stroke (n =14) 35 (19.4) 5(357) 2.61(0.87-7.82) .09 their natural evolution has been exten-
ACS (n=16) 31(17.4) 9(563)  639(234-1745  <.001 sively investigated,”?” and several differ-
Cardiovascular mortality (n =12) 35(19.2) 5 (41.7) 3.01(0.95-9.48) .06 ent imaging modalities, such as CTA
All-cause mortality (n = 32) 28 (17.3) 12 (37.5) 2.57 (1.25-5.26) 01 ' ’

“Data are presented as (No.) (%) and 95% Cl of carotid plaques with spotty calcium detected on CTA.

®Any stroke, ACS, or cardiovascular mortality.

DISCUSSION

Carotid atherosclerosis is assessed by DUS-determined intima-
media thickness or the degree of CAS for predicting cardiovascular
disease, particularly cerebrovascular disease.> However, in recent
years, it has been shown that both carotid plaque composition and
morphology could be important additional features in the risk
assessment of patients with carotid artery atherosclerosis.'® In recent
prospective clinical studies for imaging stroke biomarkers, high-risk
carotid plaque features appeared to be associated with stroke in
patients with moderate CAS.'”'® Atherosclerosis is a systemic dis-
ease, and the presence of atherosclerosis in a particular vascular bed
is frequently associated with disease in other vascular territories. On
the basis of prior studies,'”?° the correlation between carotid and
coronary atherosclerosis is well-established. Lombardo et al*® found
that patients with unstable plaques in the coronary arteries also
tended to have unstable plaques in the carotid arteries; they posited

MR imaging, DUS, and PET have been
used to assess plaque stability. The
advantage of DUS lies in the detection
of initial wall alterations, whereas MR
imaging can characterize various plaque
components. CTA has basically been used to quantify plaque sub-
components, including fatty, mixed, or calcified constituents.
Although CTA is known to be less effective than MR imaging for
detecting intraplaque hemorrhage or fibrous cap status, Ajduk
et al** found multidetector row CTA to be highly sensitive and
moderately specific for detecting intraplaque hemorrhage.****

CTA provides simultaneous information about the degree of
luminal stenosis, a more detailed analysis of plaque composition,”
and high-resolution 3D plaque imaging in a relatively short time.
These features make this method particularly suitable for its use in
clinical practice.”” Coronary plaque characterization by CTA is well-
established for predicting MACE:s in different subpopulations, with
higher reproducibility than other imaging modalities.® Although
many studies have been performed to differentiate carotid plaque
compositions and to compare unstable with stable plaques using
histologic analysis through Hounsfield unit measurements on
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FIG 3. Kaplan-Meier survival analyses of the cumulative event-free rates based on the dichotomization of Hounsfield units at the median value
of the cohort (36 HU). Cumulative event-free rates of MACE (A), stroke (B), ACS (C), and CV mortality (D), according to the carotid plaque den-

sity. CV indicates cardiovascular.

CTA,'"* few studies have independently focused on the CTA char-
acteristics of different carotid plaques in association with future car-
diovascular event risks.

In this study, we restricted our analysis to the 4 plaque charac-
teristics commonly associated with ischemic complications.*
Although spotty calcium detected via coronary CTA has been
reported to be an important prognostic factor for ACS,* the
association of spotty calcium in carotid CTA with MACEs has
been rarely investigated.>' Spotty calcium is likely to exist in
lipid-rich plaques and be associated with inflammatory processes
and vulnerability, unlike large calcifications in fibrocalcific pla-
ques.">** Hounsfield unit values are known to reflect plaque
composition; lower Hounsfield unit values are associated with
higher probabilities of unstable plaques with large lipid cores and
intraplaque hemorrhage.>** It is well accepted that the napkin-
ring sign and higher calcium scores in coronary CTA are closely
associated with MACEs.**** Although the napkin-ring sign and
calcium score in the carotid plaques were not associated with
MACE:s in our analysis, we found that plaque Hounsfield unit
values and spotty calcium presence were independent predictors
of future MACEs, and these could be surrogate markers of the
atherosclerotic processes affecting different vascular beds.

The strength of this study was its design, which was suitable
for investigating the association between carotid plaque composi-
tion and the risk of MACEs among asymptomatic subjects with
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CAS. Previous CT-based studies have been cross-sectional, com-
paring the composition of stable and unstable carotid plaques or
symptomatic and asymptomatic plaques.** Carotid atherosclero-
sis is a complicated, dynamic process, which persists across time,
even in cases of asymptomatic mild CAS. Through a remodeling
process, carotid plaques may also stabilize, leading to a phenotype
reversal from unstable to stable. Whereas the association between
plaque composition and MACE risk has long been suspected,
confirmation of this hypothesis requires reliable plaque assess-
ments at baseline, followed by longitudinal assessments of clinical
outcomes.>* Cross-sectional studies cannot evaluate chronologic
plaque changes; this issue may result in some differences in the
assessments of plaque composition.

This study had important limitations that should be acknowl-
edged. First, this was a retrospective analysis subject to selection
bias. A number of subjects were excluded, and some clinical in-
formation was not available from the medical records. Calcified
plaques (>130 HU), mild stenosis (<50%), and plaques with
small volumes precluding interpretation were excluded from our
analysis due to measuring difficulties. The presence of calcium
artifacts is one of the main limitations of CTA because calcifica-
tions may obfuscate the correct quantification of the lipid core.
Although the role of severe calcification in carotid plaque evalua-
tion still needs to be clarified, several studies have postulated that
a high degree of plaque calcification may be considered a



protective factor, especially when the tissue is located superfi-
cially.”” Despite the controversy,”>® higher carotid calcium
scores seem to be associated with higher MACE risk.>* In our
analysis, the mean calcium score was higher in the MACE group
than in the non-MACE group, with a nonsignificant trend.
However, higher carotid calcium scores were not associated with
higher MACE risk.

Second, plaque Hounsfield unit density was measured via man-
ual positioning of the ROIs. Although there was good agreement
among observers in our analysis, manual ROI placement is time-
consuming and may be subject to operator bias and beam-harden-
ing artifacts from surrounding tissue. Previous studies have sug-
gested various techniques for selecting ROIs to measure carotid
plaque Hounsfield unit values.***” Clinical feasibility and reproduci-
bility are important for carotid plaque analyses. Manual selection of
larger ROIs is difficult for irregularly shaped or circumferential ca-
rotid plaques,® which are more at risk of being affected by adjacent
tissue densities, and manual selection is more operator-dependent.
Although manual ROI positioning may be inferior to automatic
or semiautomatic ROI measurement using plaque-analysis soft-

27,34,
ware, 7,34,39

it is advantageous over measurement using plaque-anal-
ysis software in terms of feasibility and widespread availability.”®
Third, we did not assess plaque volume as an independent predictor
of MACEs. Fourth, the plaque Hounsfield unit density did not fully
reflect the density of the entire plaque because we measured the
Hounsfield unit values at minimally attenuated areas of the plaques
at the most stenotic level. Finally, as with all observational studies,
we cannot draw conclusions about causality, and our results should

be considered as hypothesis-generating rather than definitive.

CONCLUSIONS

Despite all of these limitations and the debate regarding plaque
interpretation by CTA, this pilot study provided evidence of an
association between the state of carotid plaque composition, as
evaluated by CTA, and the future risk of MACEs among subjects
with asymptomatic CAS. The lower the carotid plaque Hounsfield
unit density was, the higher was the probability that the artery was
associated with the subsequent occurrence of a MACE; spotty cal-
cium in the carotid plaque was an independent and significant pre-
dictor of greater subsequent MACE risk. The determination of
plaque composition by CTA can provide valuable information for
predicting the natural behavior of carotid plaques causing moder-
ate to severe stenosis.
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Quantitative Analysis of the Olfactory System in COVID-19:
An MR Imaging Study
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ABSTRACT

BACKGROUND AND PURPOSE: Anosmia or hyposmia, often accompanied by changes in taste, is recognized as a common symp-
tom that can assist in the diagnosis of coronavirus disease 2019 (COVID-19). The pathogenesis of olfactory dysfunction in COVID-19
is not yet fully understood. MR imaging represents a useful anatomic imaging method for the evaluation of olfactory dysfunction
associated with varying etiologies, including viral infection, trauma, and neurodegenerative processes. This case-control study was
conducted to compare quantitative measurements of olfactory anatomic structures between patients diagnosed with COVID-19
associated with persistent olfactory dysfunction and healthy controls.

MATERIALS AND METHODS: This study has a retrospective design. Cranial MR imaging was performed on all participants in both
the patient and control groups. The bilateral olfactory bulb volume, olfactory tract length, and olfactory sulcus depth were meas-
ured in all patients.

RESULTS: A total of 116 people aged 18-60 years, including 36 patients diagnosed with COVID-19 and 80 controls, were included in
the study. All measured values were compared between the patient and control groups. The right, left, and total olfactory bulb
volume values were significantly lower in the patient group than in the control group. The patient group also had significantly
lower right and left olfactory sulcus depth and olfactory tract length values compared with those in the control group.

CONCLUSIONS: MR imaging findings can be used to demonstrate olfactory injury in patients with COVID-19. The olfactory path-
way may represent an alternative route for virus entry into the central nervous system.

ABBREVIATIONS: COVID-19 = coronavirus disease 2019; CoV = human coronavirus; OB = olfactory bulb; OBV = olfactory bulb volume; OD = olfactory

dysfunction; OSD = olfactory sulcus depth; OT = olfactory tract; OTL = olfactory tract length; SARS = Severe Acute Respiratory Syndrome

Coronavirus disease 2019 (COVID-19) was first reported in
Wubhan, China, in December 2019. Although fever, cough,
and shortness of breath were initially considered to be the
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predominant symptoms, other unusual symptoms, including
smell and taste disorders, are receiving increasing attention.
Growing evidence indicates that neurotropism is a com-
mon feature of human coronaviruses (CoVs),> and the virus
has been detected in the CSF of patients with Severe Acute
Respiratory Syndrome CoV (SARS-CoV) infections.> SARS-
CoV-2 has also been suggested to have neuroinvasive potential
(eg, in the brain stem), which might be partially responsible
for respiratory failure among infected patients.* COVID-19
has been associated with a variety of CNS complications,
including ischemic infarction, intracranial hemorrhage, acute
hemorrhagic necrotizing encephalopathy, cerebral venous
thrombosis, posterior reversible encephalopathy syndrome,
and widespread leukoencephalopathy with microhemor-
rhage.>® Angiotensin-converting enzyme 2 serves as a func-
tional receptor for SARS-CoV-2, and its expression and
distribution throughout the nervous system suggest that
SARS-CoV-2 might be directly or indirectly responsible for
neurologic symptoms. The olfactory pathway has also been
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suggested to serve as an alternative pathway for viral entry into
the CNS.”*

During COVID-19 infections, chemosensory symptoms,
such as olfactory dysfunction (OD), may occur as a form of vi-
ral prodroma or may present concurrently with the develop-
ment of other disease symptoms.” Anosmia or hyposmia, often
accompanied by changes in taste, is now recognized as a com-
mon symptom that can assist in the diagnosis of COVID-19.
However, the mechanism underlying these symptoms, which
usually lasts for several weeks, has not yet been fully eluci-
dated. Although the presence of OD in patients with COVID-
19 was previously considered an unexpected symptom, the
increasing number of patients with COVID-19 who present
with OD has resulted in this symptom becoming a diagnostic
criterion. Studies have reported taste and olfactory disorders at
a rate of up to 88%, especially among mild and moderate
cases.'® In a study examining 114 patients with anosmia, 98%
recovered olfactory function within 4 weeks.'" Conversely, in
another study of 1480 patients with COVID-19, OD was
detected in 68% of the patients and was irreversible in 26% of
those."

The olfactory clefts are 2 narrow, vertical passages located in
the upper part of the nasal cavity, forming an essential pathway
for odor molecules in the air to reach the olfactory mucosa.
Sensorial olfactory neurons arising from the olfactory mucosa
pass through the cribriform lamina and form the olfactory bulb
(OB), the terminal part.13 The OB is an ovoid, long, flat neural
structure connected to the brain by the olfactory tract (OT). The
OB and OT are found in the olfactory sulcus on the lower face
of the frontal lobe.'* Projections arising from olfactory neural
structures connect to the piriform cortex, amygdala, orbitofron-
tal cortex, thalamus, and insula.'

The standard measurements of the olfactory system with
MR images were developed by Yousem et al'® in 1998. The ab-
sence or hypoplasia of the OB and OT seen on MR imaging has
been associated with OD.'®!” Olfactory sulcus depth (OSD) is
another parameter in the assessment of OD. Many diseases,
including Parkinson, Behcet, and Alzheimer are associated with

decreased OSD and reduction of the sense of smell.'®

Many later
studies have shown MR imaging to be a reliable method for
evaluating the olfactory system.'”** MR imaging-based evalua-
tions of the olfactory structures are a useful anatomic imaging
method for evaluating OD associated with a variety of causes,
including viral infection, trauma, and neurodegenerative proc-
esses.”’ MR imaging can be used to discriminate among the var-
ious etiologies that can cause OD, such as sinonasal and
neurodegenerative diseases, and can predict OD prognosis.”* In
adults, the OB can be easily identified by conventional MR
imaging of the anterior cranial fossa, located above the cribri-
form plate and just below the olfactory sulcus.'”** The total OB
volume (OBV) can be obtained by calculating the sum of the
right and left OBVs.?*

The aim of the current study was to determine whether
structural damage to the olfactory anatomic pathways could be
detected in patients with COVID-19 with persistent OD by
measuring the OBV, OT length (OTL), and OSD using MR
imaging.
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MATERIALS AND METHODS
The study was conducted in accordance with the tenets of the
Declaration of Helsinki after obtaining approval from the ethics
committee of Adiyaman University Faculty of Medicine. Informed
consent was not obtained because the study had a retrospective
design. There are no publicly stored data sets associated with this
article; data are available on request from the corresponding author.
This case-control study was conducted to perform quantitative
measurements of olfactory anatomic structures in patients diag-
nosed with COVID-19 who present with persistent OD and to com-
pare them with those measurements from control individuals. The
patient group is composed of people 18-60 years of age who had a
positive COVID-19 diagnosis confirmed by positive findings on a
polymerase chain reaction test on a nasopharyngeal swab sample
taken due to the presentation of initial COVID-19 symptoms and
who presented to the neurology outpatient clinic of Adiyaman
Education and Research Hospital, due to OD. The control group
consisted of individuals who presented to the neurology outpatient
clinic for different, nondegenerative reasons (tension headache, tin-
nitus, and so forth) who had no history of COVID-19 or OD symp-
toms and underwent a cranial MR imaging examination and were
reported to have normal MR imaging findings. The MR imaging ex-
amination of the patients with COVID-19 was performed within 2-
8 weeks after the initial diagnosis made by polymerase chain reac-
tion. The following patients were excluded from the study: those
with systemic and endocrine diseases, such as chronic renal failure,
chronic liver disease, rheumatologic disease, thyroid dysfunction,
hypertension, and diabetes; those with By, deficiency; those with
neurodegenerative diseases, such as Parkinson disease, multiple scle-
rosis, and Alzheimer disease; those with a history of head trauma;
and pregnant women. In addition, patients with sinonasal diseases,
such as allergic rhinitis and chronic sinusitis, were excluded (Fig 1).

MR Imaging Protocol

All MR imaging was performed on a Signa Explorer 1.5T MR
imaging machine (GE Healthcare) with a 16-channel head coil.
MR images were used for volumetric and morphometric meas-
urements. Coronal FIESTA with phase cycling (FIESTA-C) 3D
T2-/T1-weighted images were obtained using the following pro-
tocol: TR = 7.6 ms; TE = 2.7 ms; FOV = 170 x 170 mm; number
of excitations = 4; thickness = 1.6 mm; gap = 0 mm; number of
sections = 1024; matrix = 300 x 300 mm.

Image Analysis

Bilateral OBV, OTL, and OSD measurements were performed in
all participants. The OB was observed as a hypointense, ovoid
structure surrounded by hyperintense CSF on a coronal FIESTA-C
series and sections obtained at a right angle to the cribriform plate
(Figs 2 and 3). Volumetric measurements were obtained by man-
ual segmentation based on the contour stack principle on a 3D
workstation. OBV was calculated in cubic millimeters. The OTL
measurement, recorded in millimeters, was performed on multi-
planar reconstruction of 3D FIESTA-C sagittal images at the sec-
tion where the entire nerve trace was best visualized (Fig 4). The
OSD was measured on coronal FIESTA-C 3D images by drawing a
line tangential to the lower boundaries of the gyrus rectus and
medial orbital gyrus and measuring the deepest point between



FIG 1. CONSORT flow diagram. HT indicates hypertension; DM, diabetes mellitus; TD, thyroid
dysfunction; PD, Parkinson disease.

FIG 2. Illustration of the olfactory system on coronal plane MR imaging. The medial orbital gyrus
(red area), gyrus rectus (green area), olfactory sulcus (blue area), and olfactory bulb (brown area)
are shown.

these gyri and recorded in millimeters.
All volumetric and length analyses
were performed by 2 radiologists with
at least 15 years of professional experi-
ence in head and neck radiology, and
the measurements made by both radi-
ologists were averaged.

Statistical Analysis

Statistical analyses were performed
using SPSS, Version 22.0 (IBM). The
compliance of all variables with a nor-
mal distribution was examined graphi-
cally using histograms and evaluated
using the Shapiro-Wilk test. Descriptive
statistics are presented as the mean
(SD), median, and minimum-maxi-
mum values. Numeric variables were
compared between groups using the
independent ¢ test because the data
were found to be normally distributed.
Categoric variables were compared
using the Pearson y” test. The Mann-
Whitney U test was used when compar-
ing skewed variables between groups. A
P value < .05 was considered signifi-
cant. Interobserver agreement in OBV,
OSD, and OTL measurements was eval-
uated using Bland-Altman graphics.
The average difference and 95% limits
of agreement (mean difference = 1.96
SDs) are specified.

RESULTS

A total of 116 individuals 18-60 years
of age, including 36 diagnosed with
COVID-19 and 80 controls, were
included in this study. The patient
group included 19 (52.8%) women, and
the control group included 44 (55%)
women. The mean age of the patient
group was 37.33 (SD, 7.38) years (range,
23-54 years) and that of the control
group was 35.74 (SD, 8.38) years (range,
18-52 years). No significant difference
was found between the mean ages
of the patient and control groups
(P = .329). The sociodemographic char-
acteristics of the patient and control
groups are summarized in Table 1.

In addition to typical COVID-19
symptoms and OD, 19 patients had
persistent headaches, 6 had dizziness,
and 8 experienced impaired taste.
Sinonasal symptoms, such as nasal
obstruction, were not detected in any
of the patients included in the study.
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FIG 3. Coronal 3D-FIESTA-C MR image of a 41-year-old man showing
the right and left olfactory bulbs as hypointense ovoid structures
(arrow). The olfactory sulcus (green dashed lines) is seen as a hyperin-
tense line between the medial orbital gyrus (blue star) and gyrus rec-
tus (yellow star). Note the hyperintense CSF surrounding the OBs.

FIG 4. Sagittal multiplanar reconstruction of 3D-FIESTA-C MR imag-
ing of a 27-year-old man showing the left olfactory tract (crosshairs).

Nine patients had sudden-onset and isolated OD, whereas 13
experienced OD followed by the onset of COVID-19-related
symptoms. Fourteen patients developed OD during the course of

2210 Altunisik Dec 2021 www.ajnr.org

Table 1: Sex distribution and mean ages of the control and
patient groups

Control Patient P
Sex
Male (No.) (%) 36 45 17 472 84
Female (No.) (%) 44 55 19 52.8
Age (mean) (yr) 3574 (SD,838)  37.33(SD,738) 329"
°x’ test.
®Mann-Whitney U test.
Table 2: Demographic and clinical features of patients
Features No. (%)
Persistent headache 19 (53%)

Taste disturbance (
Vertigo/dizziness 6(
Pulmonary involvement 2 (6%)
Sinonasal symptoms 0 (

FIG 5. Coronal plane 3D-FIESTA-C MR images of a 33-year-old female
patient with loss of smell who was proved to have COVID-19. The ol-
factory bulbs are seen as atrophic (A). The olfactory bulbs are still
atrophic, though the loss of smell has improved, on MR image of the
same patient 3 months later (B).

the COVID-19 infection. The chest CT images of 2 patients
revealed pulmonary involvement. The clinical characteristics of
the patients are summarized in Table 2.

In 4 patients, the OBs were observed as bilateral points or
lines in the coronal plane of MR images and were considered
atrophic, with no changes observed for 1 patient on imaging at
follow-up 3 months later (Fig 5). The measured values were



compared between the patient and control groups. The right, left,
and total OBV values were significantly lower in the patient
group (41.57 [SD, 16.96], 40.76 [SD, 15.93], and 82.34 [SD, 31.29]
mm>, respectively) compared with the control group (66.12 [SD,
16.86], 65.38 [SD, 18.80], and 131.50 [SD, 32.27] mm°, respec-
tively; P <.001, P<.001, and P <.001). The right and left OTL
values were significantly lower in the patient group (11.08 [SD,
2.18] and 11.24 [SD, 2.57] mm, respectively) compared with the
control group (12.85 [SD, 2.14] and 12.80 [SD, 2.60] mm, respec-
tively; P <.001 and P=.003). The right and left OSD values were
also significantly lower in the patient group (8.33 [SD, 1.65] and
8.64 [SD, 1.40] mm, respectively) compared with the control
group (9.20 [SD, 1.64] and 9.29 [SD, 1.53] mm, respectively;
P=.01 and P=.033; Table 3).

The key results are shown in Figs 6 and 7. In 7 cases (19.4%)
in the patient group, focal intensity increased in the right OB in 4
patients, in the left OB in 2 patients, and in bilateral OBs in 1
patient (Fig 8). In the control group, focal intensity increased in
the left OB in 1 individual. Normal and abnormal findings are
shown side by side in Figs 9 and 10.

Table 3: Average, SD, and P values of OBV, OTL, and OSD meas-
urements of patient and control groups

Patient Control P?
R OBV (mm’) 4157 (SD, 16.96) 6612 (SD,16.86)  <.001
LOBV (mm®) 4076 (SD,1593)  65.38(SD,18.80)  <.001
TOBV (mm’)  8234(SD,3129) 13150 (SD,3227)  <.001
R OTL (mm) 11.08 (SD, 2.18) 12.85 (SD, 2.14) <.001
L OTL (mm) 11.24 (SD, 2.57) 12.80 (SD, 2.60) 003
R OSD (mm) 8.33 (SD, 1.65) 9.20 (SD, 1.64) 01
L OSD (mm) 8.64 (SD, 1.40) 9.29 (SD, 1.53) 033

Note:—R indicates right; L, left; T, total.
?Independent t test.

DISCUSSION

The pathogenesis of OD associated with COVID-19 is not yet
fully understood, but mechanisms that involve damage to the ol-
factory neural structures have been emphasized. In this study, we
evaluated a group of patients who presented with COVID-19-
associated OD, which persisted despite improvements in the typi-
cal symptoms associated with COVID-19. The findings of the
study provided evidence suggesting that the olfactory anatomic
structures might be affected by this disease.

Some features distinguish OD observed in COVID-19 from
other postviral forms of anosmia. Postviral anosmia that develops
following upper respiratory tract infections is generally associated
with mucosal obstructions and nasal congestion, and its pathogene-
sis is predominantly conduction-type OD that develops secondary
to impaired airflow.”> However, studies have not identified the sig-
nificant coexistence of sinonasal symptoms with COVID-19
anosmia.”**” In most of our COVID-19 positive patients, no patho-
logical evidence was identified to suggest inflammation in any sino-
nasal sinuses, such as mucosal obstruction or nasal obstruction.

Different mechanisms are likely to cause OD pathogenesis
during the course of COVID-19 infection. Although angiotensin-
converting enzyme 2 receptors, which are the target molecules
for SARS-CoV-2, are expressed by non-neuronal support cells in
the olfactory epithelium, they are not expressed in neural cells,' a
feature that might explain the rapid recovery of olfactory function
in many patients. However, CoVs have been reported to cause
structural damage to olfactory neurons by directly invading olfac-
tory sensory axons via the cribriform plate, and olfactory neurop-
athy has been detected in cases of SARS-CoV infections.”
Therefore, the neuroinvasive potential of SARS-CoV-2 has been
hypothesized." The neurotrophic properties of SARS-CoV-2 may

FIG 6. Boxplots of the right OBV, left OBV, and total OBV values in both patient and control groups.
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FIG 7. Boxplots of the right OTL, left OTL, right OSD, and left OSD values in both patient and control groups.

FIG 8. Coronal 3D FIESTA-C MR images of a 26-year-old male from control group (A) and a 25-
year-old female patient with COVID-19 anosmia (B). Normal and increased signal intensity in bilat-
eral olfactory bulbs (red and green arrows, respectively).

FIG 9. Coronal 3D-FIESTA-C MR images of a 28-year-old man from the control group (A) and a
36-year-old female patient (B). Note normal and abnormal olfactory bulbs (red and green arrows,
respectively) and olfactory sulci (red and green dashed lines, respectively).
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result in the destruction of sensory ol-
factory structures, and the retrograde
viral invasion of olfactory pathways
could explain the OD observed in
COVID-19 infections to a certain
extent. An example of olfactory neuro-
invasion through a similar mechanism
has been described for herpes simplex
virus encephalitis.*® However, no such
pathologic evidence is currently avail-
able to support a neuroinvasive mecha-
nism during COVID-19 infection. The
permanence of anosmia in some cases
of COVID-19 supports the idea of neu-
ronal damage. The atrophic appear-
ance of the OBs of 4 patients was
detected on MR images, and no change
was observed on follow-up images after
3 months in 1 patient who has experi-
enced persistent anosmia, consistent
with this hypothesis.

Imaging of the olfactory nerve is
not routinely performed, though OD
has been reported with high frequency
in patients with COVID-19 and repre-
sents a neurologic disease marker. An
MR imaging examination can be use-
ful for the evaluation of patients with
anosmia and hyposmia, allowing for
the elaborative visualization of olfac-

tory anatomic structures and the



FIG 10. Sagittal multiplanar reconstruction of 3D-FIESTA-C MR
images of a 42-year-old woman from the control group (A) and a 36-
year-old female patient (B) showing normal and abnormal olfactory
tracts (red and green arrows, respectively).

quantitative and qualitative measurement of these structures. The
literature indicates that available imaging of the olfactory struc-
tures in COVID-19-associated OD has been primarily reported
in the form of case reports, with limited studies on this subject.
To our knowledge, our study is the first to perform quantitative
olfactory measurements, such as OBV and OSD, in patients with
COVID-19 and to compare them against those in a control
group. Bilateral OB atrophy was previously detected in the MR
imaging examination (on coronal T2-weighted fat-suppressed
images with 3- mm section thickness) of a patient with COVID-
19 who experienced anosmia.”’

In another case report, the MR imaging examination (on coro-
nal 3D constructive interference in steady-state T2-weighted
images) of a patient with anosmia with COVID-19 revealed the
bilateral edematous and hyperintense appearance of the OB, but
the OB returned to normal during the follow-up examination per-
formed after 4 weeks.” Tsivgoulis et al’' compared the height of
the OB in cases of COVID-19 associated with OD with that in a
control group (on coronal T2-weighted turbo spin-echo images
with 2-mm section thickness) and reported a significant reduction
in the patient group. Li et al*> showed (on coronal 3D T2-weighted
turbo spin-echo images with 1-mm section thickness) a decrease in
the right OBV and increased linear hyperintensities in the bilateral
OBs of a patient with COVID-19 and anosmia. In a quantitative
study of OB intensity (on coronal 3D-FLAIR sequence images with
2-mm section thickness) comparing patients with OD and normos-
mic COVID-19, the OB signal intensity in the OD group was signif-
icantly higher than that in the normosmic group.”

The results of our study are consistent with those of these pre-
vious studies. We found significant decreases in the values of all
investigated MR imaging parameters (right OBV, left OBV, total
OBV, right OTL, left OTL, right OSD, and left OSD) in the

COVID-19 group compared with the control group. In addition,
we found an increase in focal intensity in 7 patients in the patient
group. We hypothesize that the presence of olfactory structural
abnormalities detected on MR imaging in patients with COVID-
19 may indicate olfactory neuropathy. In this respect, our study
supports the idea that OD detected in patients with COVID-19
has a sensorineural origin, going beyond sinonasal involvement.

The presence of CNS complications, such as persistent head-
ache and motor deficits, in patients with olfactory structural dam-
age has led to the hypothesis that the virus uses the olfactory
pathway as an entry route into the brain.** In preclinical experi-
ments performed in transgenic mice, neuronal losses and the
identification of viral expression in various brain regions have
been demonstrated following the nasal administration of CoVs."
In a case report describing a patient with COVID-19, increased
intensity was found in both the OB and the gyrus rectus. After 4
weeks, cortical hyperintensity completely disappeared on MR
imaging, and OB hyperintensity decreased and became thinner.*
The PET scan of a patient with COVID-19 with normal MR imag-
ing findings revealed hypoactivity in the left orbitofrontal cortex.*®
In our study, we identified no structural abnormalities of the cra-
nial structures in the MR imaging examinations of any patients
with COVID-19. However, most patients described symptoms of
persistent headache, impaired taste, and dizziness accompanying
OD. The presence of CNS symptoms accompanying OD in these
patients may indicate that the olfactory pathway serves as an alter-
native route for viral entry into the CNS. However, functional
imaging, CSF, and cytologic examinations should be performed in
larger patient groups to verify this hypothesis.

OD is likely a more common symptom of COVID-19 than has
been reported. OD may exist in the background of disease symp-
tomatology and may be overlooked. Patients may not be able to per-
ceive unilateral anosmia because full unilateral anosmia can only be
detected by a thorough physical examination. Therefore, OD should
be considered as a potential symptom for the identification and iso-
lation of infected patients to control the spread of the pandemic.

This study has certain limitations. The number of patients
participating in the study was relatively small. In addition, the de-
cision not to evaluate patients with severe pulmonary and sys-
temic infections and long disease durations may create concerns
related to possible patient selection bias. Another limitation is
that patients’ self-reported OD was accepted without performing
objective smell-identification tests.

CONCLUSIONS

Clinicians should not overlook OD as a potential indicator for
disease diagnosis, the determination of prognosis, pandemic
control, and patient isolation. MR imaging can allow the diag-
nosis and prognosis prediction in patients with OD. MR imag-
ing findings can be used to demonstrate olfactory injury in
patients with COVID-19. We believe that studies comparing the
initial and follow-up MR images performed in a larger number
of patients are necessary to fully elucidate the mechanisms
underlying SARS-Cov-2-induced OD. Future functional imag-
ing and tractography studies will continue to shed light on the
subject.
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Retrospective Review of Midpoint Vestibular Aqueduct Size
in the 45° Oblique (P6schl) Plane and Correlation with
Hearing Loss in Patients with Enlarged Vestibular Aqueduct
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ABSTRACT

BACKGROUND AND PURPOSE: Vestibular aqueduct measurements in the 45° oblique (Poschl) plane provide a reliable depiction of
the vestibular aqueduct; however, adoption among clinicians attempting to counsel patients has been limited due to the lack of
correlation with audiologic measures. This study aimed to determine the correlation between midpoint vestibular aqueduct meas-
urements in the Poschl plane in patients with an enlarged vestibular aqueduct with repeat audiologic measures.

MATERIALS AND METHODS: Two radiologists independently measured the midpoint vestibular aqueduct diameter in the Péschl plane
reformatted from CT images in 54 pediatric patients (77 ears; mean age at first audiogram, 5 years) with an enlarged vestibular aqueduct.
Four hundred nineteen audiograms were reviewed, with a median of 6 audiograms per patient (range, 3-17; mean time between first and
last audiograms, 97.4 months). The correlation between midpoint vestibular aqueduct size and repeat audiologic measures (pure tone av-
erage, speech-reception threshold, and word recognition score) using a linear mixed-effects model was determined.

RESULTS: The mean midpoint vestibular aqueduct size was 1.78 mm (range, 0.81-3.46 mm). There was excellent interobserver reliabil-
ity with intraclass correlation coefficients for the 2 readers measuring 0.92 (P <.001). Each millimeter increase in vestibular aqueduct
size was associated with an increase of 10.5dB (P=.006) in the pure tone average, an increase of 14.0dB (P=.002) in the speech-
reception threshold, and a decrease in the word recognition score by 10.5% (P =.05).

CONCLUSIONS: Midpoint vestibular aqueduct measurements in the Pdschl plane are highly reproducible and demonstrate a signifi-
cant correlation with audiologic data in this longitudinal study with repeat measures. These data may be helpful for clinicians who
are counseling patients with an enlarged vestibular aqueduct using measurements obtained in the Poschl plane.

ABBREVIATIONS: EVA = enlarged vestibular aqueduct; IP-2 = incomplete partition-type 2; PTA = pure tone average; SRT = speech-reception threshold;

WRS = word recognition score; VA = vestibular aqueduct

An enlarged vestibular aqueduct (EVA) is the most common
radiologically detected finding in children undergoing imag-
ing for sensorineural hearing loss.' Due to the sometimes
progressive nature of the hearing loss, counseling of patients
regarding their future hearing outcome is important, albeit chal-
lenging, due to the inconsistent pattern of hearing loss and overall
unknown pathophysiology, in part because of the variable genetic
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background, association with cochlear malformations, and physi-
cal events that may predispose the patient to a sudden drop in
hearing through trauma.””

Valvassori and Clemis,'® in 1978, reported that the vestibular
aqueduct could be considered enlarged when its width at the
midpoint measured >1.5mm on polytomography. Advances in
multidetector CT resulted in further development of the
Cincinnati criteria based on axial CT images, which considered
the vestibular aqueduct enlarged when the midpoint or opercular
widths or both surpass 0.9 and 1.9 mm, respectively.'"'* To fur-
ther elucidate the relationship between EVA size and auditory
measures, Ascha et al'” investigated the relationship between the
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FIG 1. Measurement of the midpoint vestibular aqueduct size in the
Péschl plane. The length of the VA is determined, and the midpoint
level is located. A measurement line perpendicular to the VA length is
used to measure the midpoint VA size.

Cincinnati method of measurement for diagnosis of EVA and
speech-related audiologic findings in a longitudinal retrospective
study. They concluded that the degree of hearing loss as meas-
ured by the speech-reception threshold (SRT) and word recogni-
tion score (WRS) is likely influenced by the midpoint vestibular
aqueduct (VA) width.

Due to the anatomic obliquity of the VA, the 45° oblique
(Poschl) plane has been proposed as a more reliable depiction of
the VA in its entire length than the axial plane. It is thought to pro-
vide accurate and reliable measurements of VA size."* On the basis
of normative data, a midpoint VA size of 0.71 mm is considered
the 97.5th percentile for size, and at our institution, a measurement
of 0.8mm is considered borderline to slightly enlarged.'> While
the Cincinnati method of measurement has been correlated with
audiologic findings, this has not yet been performed to a similar
degree with the Poschl plane midpoint VA measurement with
repeat audiologic measures, limiting its adoption among clinicians
attempting to counsel patients. This study aimed to determine to
what extent EVAs measured in the Pdschl plane correlate with
audiologic findings, namely pure tone average (PTA), WRS, and
SRT, in a retrospective, longitudinal study.

MATERIALS AND METHODS

Study Population

This retrospective study received approval (IRB No: 2020P000295)
through the Massachusetts Eye and Ear Institutional Review Board.
The inclusion criteria were pediatric patients, 0-16years of age,
with either a unilateral or bilateral EVA determined by CT or MR
imaging, either isolated or as part of a syndrome. These patients
were identified through the Pediatric Hearing Loss Registry at
Massachusetts Eye and Ear, a tool designed to keep track of patients
with sensorineural hearing loss by etiology. One hundred four
patients with EVA were located in the registry; 50 patients were
excluded because they either had no available CT or <3 audiograms
available. Fifty-four patients (77 ears) were included in the study.

2216 Bouhadjer Dec 2021 www.ajnr.org

Audiologic Data

Four hundred nineteen clinical audiograms from the 54 included
patients were retrospectively reviewed from the electronic medi-
cal record. The measured values in the audiograms collected were
PTA, SRT, and WRS. PTA is an average of hearing threshold lev-
els typically at 500, 1000, 2000, 4000, and 8000 Hz and gives a
quantitative description of the ear’s hearing ability. SRT indicates
the lowest sound intensity in decibels at which a listener can
repeat 50% of presented 2-syllable words. WRS reflects the per-
centage of monosyllabic words a subject correctly repeats at a
suprathreshold intensity of a 25- or 50-word list."® All patients
included in the study had at least 3 audiograms. However,
because values for SRT and WRS were not recorded as standard
for all audiograms, occasionally fewer than 3 values of SRT and
WRS were available for some patients. PTA values were available
for 77 ears (54 patients), SRT values were available for 65 ears (48
patients), and WRS values were available for 67 ears (52 patients).
Some audiograms used a score of “pass” for WRS. At our institu-
tion, this equates to a score in the range of 92% to 100%; thus, for
these audiograms, a median score of 96% was used for quantita-
tive evaluation.

1
Brookhauser et al'”

offered definitions for 4 types of hearing
loss: stable, purely progressive, fluctuating progressive, and fluc-
tuating nonprogressive hearing loss. We considered progressive
hearing changes as present if the difference between initial and
final PTA threshold was at least 10 dB. If the variability between
each time point measure of PTA did not surpass 10dB and the
difference between first and last audiogram PTA did not surpass
10 dB, the hearing was classified as stable. If the PTA measure-
ments had <10 dB of variability between measurements and the
measurements between the initial and last audiogram were
>10dB, the hearing change was classified as purely progressive.
If the PTA measurements did show a variability of at least 10 dB
between time points and measurements returned to within 10 dB
of the initial PTA, the hearing change was classified as fluctuating
nonprogressive. If the PTA measurements did show a variability
of at least 10dB between time points and the measurements
between the initial and last audiogram were >10 dB, the hearing
change was classified as fluctuating progressive.

Radiologic Data
A retrospective review of multidetector CT of the temporal bone
of the 54 patients (77 ears) was performed. Three CTs were per-
formed at outside institutions. At our institution, multidetector
CT (Discovery 750 HD; GE Healthcare) of the temporal bone
was performed with 120 kV(peak), 165mA, section thickness of
0.6 mm, and a 0.2-mm overlap. Overall, the mean section thick-
ness was 0.6 mm (range, 0.5-0.8 mm), the mean x-ray current
was 153 mA, and the mean voltage was 120kVp. The Poschl
plane (mean section thickness, 0.6 mm; range, 0.5-0.8 mm) was
created by using the thinnest available data in bone windows on
all included ears using an Advantage Workstation VolumeShare
5 (GE Healthcare).

The Poschl plane images (example in Fig 1) were independ-
ently reviewed by 2 blinded radiologists who determined the mid-
point VA size using the technique outlined in Juliano et al.'> The



mean midpoint VA size was determined and compared with the
audiologic findings.

Statistical Analysis

To determine interobserver reliability between the 2 blinded read-
ers, we calculated the intraclass correlation coefficient.'® Because
longitudinal repeat measurements were available for each patient,
we chose a linear mixed-effects model to evaluate the relationship
between the VA size and the 3 outcomes: PTA, SRT, and WRS.
This allowed us to account for changes in hearing with time and to
allow group measurements of all patients. The midpoint VA size,
the age at the first audiogram, and the time since the first audiogram
were chosen as the fixed effects, and the random effects included the
intercepts for each patient and by-patient random slopes across

Table 1: Subgroup analysis of VA size by presence of inner ear
anomaly

EVA with IP-2 EVA without IP-2
No. (ears) 50 27
Mean (mm) 192 153
SD (mm) 0.58 048

P=.004

Table 2: Subgroup analysis of VA size by presence of hearing
fluctuation

Fluctuating Nonfluctuating
No. (ears) 30 47
Mean (mm) 1.94 1.68
SD (mm) 0.64 0.51

P=.04

Table 3: Subgroup analysis of VA size by presence of hearing
progression

Progressive Stable
No. (ears) 28 49
Mean (mm) 1.81 177
SD (mm) 0.5 0.62

P=173

Table 4: Subgroup analysis of VA size by hearing subtypes

time. The mixed-effects model was fit using the R statistical pro-
gramming language, Version 4.0.4 (http://www.r-project.org/) soft-
ware packages ImerTest and lme4. Further subgroup analysis and
comparisons were performed using the Student ¢ test.

P values = .05 were considered statistically significant.

RESULTS

Study Population

Fifty-four patients (25 males and 29 females) with a mean age at
the first audiogram of 5 years met the inclusion criteria. Of the 54
patients, 25 patients had bilateral and the remaining 29 patients
had unilateral EVAs. Due to missing audiogram data, 2 ears were
excluded, resulting in a total of 77 ears included in this study.
Thirty-four patients (50 ears) had radiographic evidence of an
associated cochlear malformation, all incomplete partition-type 2
(IP-2) anomalies. One additional patient also showed radiologic
findings of an IP-2 anomaly in the contralateral ear, which was
not affected by the EVA and did not show a detectable anomaly
of the inner ear on the side with the enlarged VA. Three patients
(4 ears with EVA) had Pendred syndrome. Four patients (7 ears
with an EVA) had a reported history of trauma.

Vestibular Aqueduct Size and Interobserver Reliability
The mean midpoint VA size of the 77 included ears was 1.78
([SD. 0.57] mm; range, 0.81-3.46 mm). The intraclass correlation
coefficient for these measurements between the 2 radiologists was
0.92 (95% CI, 0.84-0.95; P<<.001), which indicated excellent
interobserver reliability. Subgroup analysis of the mean (SD) of
the VA size in ears/patients with and without IP-2 anomalies,
Pendred syndrome, and trauma, with or without progressive
hearing loss, is given in Tables 1-4.

Audiologic Findings

We reviewed 419 clinical audiograms from these 54 patients. A

median of 6 audiograms per patient (range, 3-17) were available.

The mean time between the first and last audiograms was 97.4

(SD, 50.9) months. Because of the necessary language develop-

ment required to participate in SRT and WRS, these tests were
not performed in patients younger
than 13 months of age and 2.5 years of

age, respectively, in our study
Progressive Stable .
. : : : : population.

All patients Fluctuating Nonfluctuating Fluctuating Nonfluctuating Five hundred ninety-three PTA
2@ () 13 1> 7 32 measurements were obtained for 54
Mean (mm) 188 175 198 165 . . :

SD (mm) 0.61 0.4 0.67 0.56 patients (77 ears). A linear mixed-
Subgroups effects model indicates that for each
IP-2 millimeter increase in VA size, there
'I:le. (e?rs) ) 22)1 1];3 2];0 ]]34 was an increase of 10.5dB (95% CI,
ean (mm . . . . . .
5 ] 062 036 060 0.62 3.1-17.9dB; P=.006) in the PTA (Fig
Pendred 2). For every additional year of age at
No. (ears) 4 1 N/A N/A the first audiogram, the PTA decreased
Mean (mm) 1.87 2.08 N/A N/A by 2.1dB (95% CI, —3.1 to —1.2dB;
SD (mm) 0.35 N/A N/A P <.001). Twelve ears were classified
Trauma havine fl . ive h
No. (ears) N/A 3 2 2 as having fluctuating progressive hear-
Mean (mm) N/A 215 208 143 ing loss, 13 ears were classified as hav-
SD (mm) N/A 0.34 0.29 0.53 ing fluctuating nonprogressive hearing

Note:—N/A indicates not applicable.

loss, 16 ears were purely progressive,

AINR Am J Neuroradiol 42:2215-21 Dec 2021 www.ajnr.org 2217


http://www.r-project.org/

FIG 2. Linear mixed-effects model with the effect estimates of VA size on the PTA (slope of line;
95% confidence interval, shaded gray). For every millimeter increase in the midpoint VA size,

there is a10.5dB increase in the PTA (95% Cl, 3.1-17.9 dB; P = .006).

FIG 3. Linear mixed-effects model with the effect estimates of the VA size on the SRT (slope of
line; 95% confidence interval, shaded gray). For every millimeter increase in midpoint VA size,

there is an increase of 14.0 dB in the SRT (95% Cl, 5.2-22.7 dB; P =.002).

and the remaining 36 ears were classified as having stable hearing.
The VA size was significantly larger in patients with fluctuating
hearing loss than in patients without fluctuating hearing loss
(Tables 1-4, P=.04). There was no statistically significant differ-
ence in VA size in patients with progressive and nonprogressive or
stable hearing loss (Tables 1-4, P=.73). Two of 4 patients (3 of 7
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ears) with a reported history of trauma
had progression of hearing loss. There
was no statistically significant differ-
ence in VA size in ears with progres-
sion following trauma and ears without
progression following trauma (Tables
1-4, P= 51).

One hundred fifty-nine SRT scores
were obtained for 48 patients (65 ears).
The linear mixed-effects model indi-
cated that for each millimeter incre-
ase in VA size, there was an increase
of 140dB (95% CI, 52—22.7dB;
P<.002) in the SRT (Fig 3). For every
additional year of age at the first audio-
gram, the SRT decreased by 1.8dB
(95% CI, —2.9 to —0.63 dB; P= .002).

Four hundred fifty-nine WRS val-
ues were obtained for 52 patients (67
ears). The linear mixed-effects model
indicates a decrease of 10.5% (95%
CI, —21%—0%; P=.05) in the WRS
for each millimeter increase in VA
size (Fig 4). For every additional year
of age at the first audiogram, the
WRS increased by 3.1% (95% CI,
1.6%—4.6%; P <.001).

DISCUSSION

EVA is the most common radiologi-
cally detected abnormality in patients
undergoing evaluation for sensorineu-
ral hearing loss." The hearing loss can
be progressive in nature and can also
be associated with a stepwise progres-
sion in hearing loss in association with
head trauma.>* Counseling of patients
with EVA has, therefore, been of great
importance to clinicians, though it has
been challenging due to the inconsis-
tent pattern of hearing loss, unknown
pathophysiology, and mixed genetic
backgrounds.”® These challenges in
prognostication have been highlighted
in a recent meta-analysis that also
emphasized the need for more robust
low-bias data analysis in this complex
population.'?

Measurements of the VA were first
conducted using polytomography, in
which it was considered enlarged
when the anterior-posterior diameter measured =1.5mm at the
midpoint.10 Since the introduction of multidetector CT, the
detection of EVA has continued to improve. The Cincinnati cri-
teria suggested that VA size could be considered enlarged when
the midpoint and opercular widths in the axial plane measured >
0.9 and 1.9mm, respectively.12 However, due to the inherent



FIG 4. Linear mixed-effects model with the effect estimates of VA size on the WRS (slope of
line; 95% confidence interval, shaded gray). For every millimeter increase in midpoint VA size,

there is a10.5% decrease in the WRS (95% Cl, —21%-0%; P = .05).

obliquity of the VA relative to the axial plane, the 45° oblique
(Poschl) plane has also been proposed as an alternative plane for
measurement. By means of normative values, 0.71 mm was found
to be the 97.5th percentile for size, and it has been suggested that
0.8 mm at the midpoint in the Poschl plane could be considered
borderline to slightly enlarged."” The Poschl plane has also been
considered more reliable and reproducible than measurements
obtained in the axial plane."* While the low-bias study performed
by Ascha et al'® correlated speech-related auditory measures,
namely the SRT and WRS, with the size of the VA using the
Cincinnati method of measurement in a retrospective study,"
this correlation was not yet performed to a similar degree with
the Poschl plane measurements using repeat audiologic measures,
thus, in part, limiting its value to clinicians who are attempting to
counsel patients regarding their anticipated hearing outcomes.

In our study, we retrospectively reviewed a series of pediatric
patients with EVA who underwent repeat audiograms to deter-
mine the correlation between the midpoint VA size in the Poschl
plane and PTA, WRS, and SRT in a longitudinal repeated-meas-
ures study. The intraclass correlation coefficient score between 2
independent, blinded radiologists was 0.92, indicating excellent
interobserver reliability of the Poschl plane midpoint measure-
ment of VA size, consistent with findings in previous literature.'*
Because of the excellent interobserver reliability, the mean values
of the midpoint VA size were thought to be representative.

We found a statistically significant correlation between the mid-
point VA size and the degree of hearing loss as measured by PTA,
SRT, and WRS. Each additional millimeter in midpoint VA size in
the Poschl plane resulted in an increase of 10.5dB in PTA, an
increase of 14.0dB in SRT, and a decrease of 10.5% in the WRS in
our longitudinal study. Our study supports prior studies by

Antonelli et al®® and Ascha et al,”?
which both found a correlation between
VA size as measured in the axial plane
and the SRT and speech-discrimination
testing. Ascha et al reported a 17.5-dB
increase in the SRT and a decrease of
21% in the WRS for every millimeter
increase in the midpoint size of the VA
by using the axial CT Cincinnati
method of measurement.'® In addition,
for each additional year of age at the
first audiogram, our patient cohort
demonstrated an increase of 2.1dB in
the PTA, a decrease of 1.8dB in the
SRT, and an increase of 3.1% in the
WRS. This finding is concordant with
that of Ascha et al, who previously
reported a decrease of 3.1 dB in the SRT
and an increase of 1.6% in the WRS
with each additional year of age at the
first audiogram.

Other studies assessing the correla-
tion between VA size and auditory
measures have reported contradicting
results. Zalzal et al*! and Dahlen et
al* found no correlation between VA
size measured in the axial CT plane and hearing loss, with hear-
ing loss categorized as stable or progressive, and degrees of sever-
ity such as profound, severe, moderate, and mild. This finding
could possibly be explained, in part, by a limited number of
patients (15 children in Zalzal et al and 11 patients in Dahlen et
al), limited available audiometric data, and the possibility that the
categorization of the hearing loss and the correlation performed
on it might be less elucidative than measuring the performance of
the ear as continuous values, the latter of which might better
reflect the performance of the ear in progressive hearing loss.

Hwang et al” attempted a 2-fold investigation of VA size,
testing the reliability of multiple types of VA measurements and
correlating the VA measurements with PTA data. Hwang et al
concluded that the Péschl plane permits higher predictive accu-
racy for hearing loss than the conventional axial plane; however,
they did not find a correlation with PTA. That study was limited
in the number of audiograms available and did not assess repeat
audiogram measures, SRTs, or WRSs; the latter 2 measures were
1'* to address perceptual and cog-
nitive-linguistic factors. In our study, repeat audiogram measures

subsequently used by Ascha et a

were used in a linear mixed-effects model to determine a hearing
loss trend and represented our attempt to incorporate the some-
times-progressive nature of the disease.**

Most interesting, only 4 of the 54 patients (7/77 ears) in our
study had a reported history of trauma. Two of the 4 patients (3/7
ears) had a progressive hearing loss, defined as an increase of the
PTA of =10dB between their first and last audiogram, in line
with past studies that have reported varying incidences of hearing
loss precipitated by trauma in patients with EVA ranging from
3% to 80%.>*2%?>2>¥38 These data corroborate the variable link

between traumatic events and progression of hearing loss in
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patients with EVA. Although our subgroup of patients with
trauma is relatively small, there was no statistically significant dif-
ference in the size of the VA in those with trauma and progressive
hearing loss and those without progressive hearing loss. In our
subgroup analysis of patient hearing trends, only those who were
classified as having fluctuating hearing changes demonstrated a
significantly larger VA size. Most interesting, all 3 patients with
Pendred syndrome (5 included ears) had progressive hearing
loss.

Our data are supportive of the prior study by Ascha et al'?
and may be helpful for clinicians who are counseling patients
regarding their anticipated hearing loss outcomes using measure-
ments obtained in the highly reproducible Poschl plane.

Limitations

The results reported should be considered in light of some limita-
tions. The effect estimates in the linear mixed-effect models are
based on a retrospective observational study. Therefore, they are
subject to biases that may have influenced our model estimates.
Limited sample size and missing values in the obtained audio-
logic repeated measures in this study could play a role in the sig-
nificance of the statistics. However, considering the retrospective
nature of this study and this relatively rare condition, it is some-
what difficult to generate a large sample size at a single institu-
tion. Future studies could consider using multicenter data to
increase the sample size.

A potential confounder could be the presence of a cochlear
malformation, though the exact effect remains unknown because
of the incompletely understood pathophysiology of the abnor-
mality.? The EVA is often seen clinically in the setting of underly-
ing cochlear malformations and might even be considered as a
marker of a more extensive inner ear deformity.39 However, the
degree to which hearing loss is related to the underlying EVA or
the underlying cochlear malformation is challenging to separate.

Antonelli et al*®

demonstrated no significant correlation in the
score or degree of cochlear modiolar deficiency and the severity
of hearing loss in patients with EVA; however, EVA morphology
and opercular size as measured in the axial plane did correlate
with the severity of hearing loss. In an extensive review of human

temporal bone specimens, Makary et al*’

also found patients with
scala communis anomalies of the cochlea with normal hearing,
suggesting the complicated nature of correlating cochlear anoma-
lies with degree of hearing loss. Nevertheless, the role of the
accompanying presence of a cochlear malformation on the over-
all hearing outcome of these patients remains unclear; thus, for
our study and in keeping with the prior study by Ascha et al,'® we
included all patients with EVAs regardless of the presence of an
associated cochlear malformation. Our subgroup analysis of the
50 ears in 34 patients with IP-2 anomalies demonstrated a signifi-
cant difference in the size of the EVA between patients with IP-2
and those without a cochlear malformation. Thus, a conclusion
from our patient population regarding the role of the IP-2 malfor-
mation versus the EVA size in the longitudinal audiometric meas-
ures was not possible. In addition, it is possible that subtle cochlear
malformations may be underappreciated radiographically.

In our study, MR imaging may have been helpful to assess
subtle cochlear malformations; however, only 5 patients included
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in this study had MR imaging studies.**** More research would
be helpful to understand the relationship and degree of hearing
loss when faced with an EVA as the sole underlying radiographic
pathology (as excluded with advances in MR imaging techniques)
and in the setting of known genetic abnormalities. Furthermore,
we recognize that by including only pediatric patients, there is
potential for bias because an EVA can occasionally be below the
clinical discovery threshold or cause symptoms at a later stage of
life. Further study including adult patients may be helpful to
account for these patients who present later in life.

In addition, because few patients in our study had a history of
trauma, the data are limited in their applicability to patients with
known traumatic events and an EVA, though the incidence of
hearing loss in association with traumatic events is widely vari-
able in the literature, ranging from 3% to 80%.>**%?>*>%7 3% The
relatively few patients with a history of trauma may reflect the
counseling practices by our pediatric otolaryngologists. Similarly,
because we had only 3 patients with a genetic diagnosis of
Pendred syndrome, the data are also limited in their applicability
to patients with genetic syndromes. Although it is interesting that
all 3 patients (5 included ears) with Pendred syndrome demon-
strated progressive hearing loss, further study or meta-analysis of
the data with larger patient populations with genetic diagnoses
would be helpful to assess a correlation among longitudinal
audiologic outcomes in these patients.

CONCLUSIONS

Our longitudinal, repeated-measures study in patients with an
EVA shows that midpoint VA measurements obtained in the
Poschl plane are highly reproducible and have a significant corre-
lation with audiologic findings. For each millimeter increase in
midpoint VA size in the Poschl plane, there was an associated
increase of 10.5dB in PTA, an increase of 14.0dB in SRT, and a
decrease of 10.5% in WRS. These data may be helpful for clini-
cians who are counseling patients with EVAs regarding their
hearing outcomes using measurements obtained in the highly re-
producible Poschl plane.
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Prenatal Evaluation of Intracranial Hemorrhage on Fetal MRI:
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ABSTRACT

B. Zhang,

A Retrospective Review

C. Venkatesan, ““’'M. Habli, ““D. Dowd, and “*'U.D. Nagaraj

Y=

BACKGROUND AND PURPOSE: The evaluation and characterization of germinal matrix hemorrhages have been predominantly
described on postnatal head sonography in premature neonates. However, germinal matrix hemorrhages that are seen in premature
neonates can be also seen in fetuses of the same postconceptual age and are now more frequently encountered in the era of fetal
MR imaging. Our aim was to examine and describe the MR imaging findings of fetuses with intracranial hemorrhage.

MATERIALS AND METHODS: A retrospective review of diagnostic-quality fetal MRIs showing intracranial hemorrhage from January
2004 to May 2020 was performed. Images were reviewed by 2 radiologists, and imaging characteristics of fetal intracranial hemor-
rhages were documented. Corresponding postnatal imaging and clinical parameters were reviewed.

RESULTS: One hundred seventy-seven fetuses with a mean gestational age of 25.73 (SD, 5.01) weeks were included. Germinal matrix hem-
orrhage was identified in 60.5% (107/177) and nongerminal matrix hemorrhage in 39.5% (70/177) of patients. Significantly increased ventricu-
lar size correlated with higher germinal matrix hemorrhage grade (P <<.001). Fetal growth restriction was present in 21.3% (20/94) of our
population, and there was no significant correlation with germinal matrix grade or type of intracranial hemorrhage. An increased incidence
of neonatal death with grade Ill germinal matrix hemorrhages (P=.069) compared with other grades was identified; 232% (16/69) of the
neonates required ventriculoperitoneal shunts, with an increased incidence in the nongerminal matrix hemorrhage group (P=.026).

CONCLUSIONS: MR imaging has become a key tool in the diagnosis and characterization of intracranial hemorrhage in the fetus.

Appropriate characterization is important for optimizing work-up, therapeutic approach, and prenatal counseling.

ABBREVIATIONS: GA = gestational age; GMH = germinal matrix hemorrhage; ICH = intracranial hemorrhage; SSFSE = single-shot fast spin-echo; US =

sonography

Fetal MR imaging has become a valuable tool in the prenatal
evaluation of the brain and has an important role in prenatal
diagnosis and guiding prenatal/perinatal management and coun-
seling,'> MR imaging of the fetus has enabled the evaluation of
parenchymal abnormalities that are not identified on sonography
(US) and also confirms and elucidates the presence of intracranial
hemorrhage (ICH).

Received June 14, 2021; accepted after revision August 9.

From the Departments of Radiology and Medical Imaging (K.N.E., BM.K.-F, U.D.N.),
Neurology (C.V., D.D.), Maternal Fetal Medicine (M.H.), and Biostatistics (B.Z.), Cincinnati
Children’s Hospital Medical Center, Cincinnati, Ohio; University of Cincinnati College
of Medicine (KN.E, BM.K-F, B.Z, CV, MH., D.D., UD.N.), Cincinnati, Ohio; and
Department of Obstetrics and Gynecology (M.H.), Good Samaritan Hospital,
Cincinnati, Ohio.

Please address correspondence to Katherine N. Epstein, MD, Department of

Radiology and Medical Imaging, Cincinnati Children’s Hospital Medical Center, 3333
Burnet Ave, Cincinnati, OH; e-mail: kepstein@salud.unm.edu; @KatieEpsteinMD

E Indicates article with online supplemental data.
http://dx.doi.org/10.3174/ajnr.A7320

2222 Epstein  Dec 2021 www.ajnr.org

Fetal ICH is rare, with an estimated incidence of 0.6-1/1000
cases.*® The most common type of ICH in the fetus involves the
germinal matrix, accounting for approximately two-thirds of cases,
with the remainder involving non-germinal matrix hemorrhage
locations.” Although the commonly used Burstein and Papile grad-
ing system was initially described on CT, the evaluation and char-
acterization of germinal matrix hemorrhages (GMHs) have been
predominantly described and classified on postnatal head US in
premature neonates.®® There is a 25%-40% reported incidence of
GMH in premature neonates younger than 32 weeks’ gestational
age (GA) and those with a birth weight of <1500 grams.'
However, GMHs that are seen in premature neonates can be also
seen in fetuses of the same postconceptual age and are now more
frequently encountered in the era of fetal MR imaging. GMH may
result in considerable fetal and neonatal mortality and long-term
neurologic morbidity in those neonates that survive, especially in
the setting of grade IIT and IV GMHs."!

Our aim was to examine the MR imaging findings of fetuses
with intracranial hemorrhage.
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FIG1. A, Grade | GMH in a 24 -weeks’ GA fetus. Coronal T2 SSFSE of the brain demonstrates T2 hypointensity at the right caudothalamic groove
(white arrow). B, Grade Il GMH in a 24 weeks’ GA fetus. Axial T2 SSFSE of the brain shows T2 hypointensity at the left caudothalamic groove
(white arrow) extending posteriorly along the margin of the lateral ventricle (black arrow). C, Grade Ill GMH in a 20 weeks’ GA fetus. Axial T2
SSFSE of the brain demonstrates globular T2 hypointensity near the right caudothalamic groove (white arrow) with layering T2 hypointensity/
hemorrhage in the right greater than left posterior horns of the ventricles (black arrows). There is dilation of the bilateral ventricles, right greater
than left, measuring up to 16 mm on the right. D, Grade IV GMH in a 26 weeks’ GA fetus. Coronal T2 SSFSE of the brain shows T2 hypointensity
at the right caudothalamic groove (white arrow), with T2 signal/hemorrhage extending into the periventricular white matter (black arrow).

Grade Il GMH is partially visualized on the left.

MATERIALS AND METHODS

Study Design

This study is a single-center retrospective chart review. The case
list was compiled using Illuminate InSight software (Softek
Nluminate) from January 2004 through May 2020 (n=219/6179).
Inclusion criteria were fetuses with diagnostic-quality fetal MR
images demonstrating intracranial hemorrhage (n = 177), with 42
fetuses excluded. All studies were reviewed by a pediatric radiology
fellow and pediatric neuroradiologist to confirm the imaging find-
ings in the radiology report. Determination of diagnostic-quality
imaging was made at the discretion of the neuroradiologist and fel-
low radiologist. All images were viewed in the PACS workstation.
A chart review was performed to obtain relevant clinical data. This
study was compliant with the Health Insurance Portability and
Accountability Act and was approved by the institutional review
board. The requirement for informed consent was waived.

Scanning Parameters

All fetuses included in our study were scanned prenatally on a 1.5T
magnet at Cincinnati Children’s Hospital Medical Center using an
Ingenia 1.5T scanner (Philips Healthcare) or a 1.5T Signa HDxt
(GE Healthcare) system. The routinely implemented fetal brain
protocol included axial, sagittal, and coronal T2-single-shot fast
spin-echo (SSFSE) and balanced fast-field echo/FIESTA images. A
section thickness of 3-mm, no-gap, interleaved images at =24
weeks” GA, and 4-mm, no-gap, interleaved images at >24 weeks’
GA were used. Axial T1, DWI, and EPI blood sequences of the fe-
tal brain were also variably obtained, routinely implemented in
July 2016. The TR and TE varied on each scanner and were
changed at times of scanner upgrades to optimize image quality.
At least 2 stacks of images in each plane were obtained to the radi-
ologists’ satisfaction. The smallest FOV possible was used.

Image Interpretation

Fetal brain MR images and postnatal neuroimaging were reviewed
by a board-eligible pediatric radiology fellow (K.N.E.) and a board-
certified radiologist (U.D.N.) with added qualifications in pediatric

radiology and neuroradiology and >5years of postfellowship
attending experience in a large academic center.

Fetuses that were determined to have ICH on diagnostic-qual-
ity fetal MR imaging were recorded. Fetal ICH imaging character-
istics that were documented included presence vs absence of
associated T2-SSFSE, T1, DWI, and EPI signal. Hemorrhages
were classified as GMH versus non-GMH, depending on loca-
tion. The non-GMH group included fetuses with a layering intra-
ventricular blood product with a normal appearance of the fetal
germinal matrix (ie, in setting of Chiari II malformation), paren-
chymal hemorrhages in the cerebellum or cerebrum without clear
intraventricular extension, and extra-axial hemorrhages. GMHs
were subsequently graded by the Burstein and Papile Modified
Grading System as follows: grade I, subependymal hemorrhage;
grade 1II, intraventricular hemorrhage filling <<50% of the ventri-
cle a with ventricular size of =15mm; grade III, intraventricular
hemorrhage filling >50% of the ventricle with a ventricular
size of =15 mm; and grade IV, intraparenchymal periventricular
hemorrhage in the setting of grades I-IIl GMH (Fig 1).* The
location of the hemorrhage was documented. Fetuses with sub-
ependymal cysts, believed to be the result of prior GMH, were
also documented as grade zero (Fig 2). Cerebellar hemorrhages
were reported separate from the GMH classification if there was
not additional hemorrhage localized to the caudothalamic groove
(Fig 3). Additional imaging parameter that was recorded included
lateral ventricular size, by measuring the transverse atrial diame-
ter on an axial or coronal image.'? The presence or absence of a
2-versus-3 vessel umbilical cord, placental abnormality, and other
fetal structural abnormalities was recorded.

The reports of fetal sonographic studies performed at Cincinnati
Children’s Hospital Medical Center or outside institutions were
reviewed when available. The presence or absence of fetal growth
restriction (estimated fetal weight less than the 10th percentile), large
for gestational age (estimated fetal weight greater than the 90th per-
centile for GA), abnormal findings on fetal Doppler, and twin-twin
transfusion syndrome was recorded.'>'* For the purposes of this
study, abnormal findings on fetal Doppler included the following:
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FIG 2. Grade 0 GMH in a 29 weeks’ GA fetus. Coronal T2 SSFSE of
the brain shows T2-hyperintense cystic lesions at the bilateral caudo-
thalamic grooves (white arrows) and abnormal T2 hyperintense signal
in the bilateral basal ganglia.

FIG 3. Coronal T2 SSFSE (A) and axial EPI (B) of the brain in a 31 weeks’
GA fetus. Note T2 hypointensity at the margin of the inferior aspect
of the deficient right cerebellar hemisphere (arrow, A) and an associ-
ated magnetic susceptibility signal at the right cerebellar hemisphere
(dashed arrow, B) and vermis.

absent or reversal of diastolic flow in the umbilical artery; pulsatile
umbilical vein; decreased, absent, or reversal of the a-wave in the
ductus venosus; and/or elevated peak systolic velocity in the middle
cerebral artery of >1.5 multiple of the mean.'*' Available postnatal
neuroimaging was reviewed, including neonatal head US, brain MR
imaging, and head CT. Imaging findings of ICH, neonatal brain pa-
renchyma, and ventricular size were compared with the fetal MR
imaging to assess whether there was interval worsening, stability, or
improvement. Clinical parameters included the following: age of the
mother, GA of the fetus at fetal MR imaging, sex of the fetus, single-
ton-versus-twin pregnancy, delivery outcome (death versus live
birth), neonatal outcome (died versus alive after a live birth in the
neonatal period), age at postnatal imaging, and the need for CSF
diversion (shunting).

Statistical Analysis
Descriptive analyses were performed to demonstrate the distribu-
tion of the imaging findings. Continuous variables were presented
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Table 1: Summary of cohort

Characteristics Data (n =177)
Sex
Male 48.0% (85/177)
Female 401% (71/177)
Unknown 1.9% (21/177)
Singleton 70.1% (124/177)

Multiple gestation
Average GA at fetal MR imaging (wk)

29.9% (53/177)
25.73 (SD, 5.01)

GMH 60.5% (107/177)
Grade 0 121% (13/107)
Grade | 28.9% (31/107)
Grade Il 28.0% (30/107)
Grade Il 6.5% (7/107)
Grade IV 24.3% (26/107)

Non-GMH 39.5% (70/177)

Cerebellar hemorrhages
Fetal growth restriction
Other imaging abnormalities
Postnatal imaging
Head US (No.)
MR imaging (No.)
CT (No)
Average maternal age at fetal MR imaging (yr)

9% (16/177)
213% (20/94)
79.1% (140/177)
22.6% (40/177)
72.5% (29/40)
87.% (35/40)
52.5% (21/40)
28.02 (SD, 6.02)

as means (SDs), and categoric variables were presented as number
(percentage). A 2-sample ¢t test or 1-way ANOVA was used to
detect the differences in continuous variables among different
groups. The correlation among categoric variables was assessed by
the y? or Fisher exact test when appropriate. All analyses were per-
formed using SAS, Version 9.4 (SAS Institute). A P value < .05
was considered statistically significant.

RESULTS

Description of Cohort

A total of 177 fetuses (85 males, 71 females, 21 unknown) met the
criteria and were included in the analysis, with an incidence of
2.9% (177/6179) in our patient population. The average gesta-
tional age of 25.73 weeks (range, 16.57-37 weeks) at fetal MR
imaging was characteristic of the cohort as a whole. Seventy-one
percent (124/177) were singleton pregnancies, and 29.9% (53/
177) were multiple gestation (50 twins and 3 triplets). The aver-
age maternal age at the time of fetal MR imaging was 28.02 (SD,
6.02) years. The most common clinical indications for fetal MR
imaging included suspected brain anomaly (23.7%, 42/177),
twin-twin transfusion syndrome (22.6%, 40/177), and ventriculo-
megaly (15.3%, 27/177). These and other descriptors of the
cohort are summarized in Table 1.

Fetal MR Imaging Findings

The fetuses with ICH were broadly categorized into 2 groups:
associated with the GMH and unassociated with the GMH (non-
GMH). GMH was identified in 60.5% (107/177) of patients. The
107 GMHs were graded into 5 categories: grade 0= 13, grade
I=31, grade I = 30, grade IIl = 7, grade IV = 26. Sixty-four per-
cent (69/107) of GMHs were unilateral (35 right and 34 left), and
35.5% (38/107) were bilateral. However, 39.5% (70/177) of
patients had non-GMH, and of those, 15.7% (11/70) had cerebel-
lar hemorrhages. Isolated cerebellar hemorrhages were seen in



54.5% (6/11) of fetuses; the other 5 patients had additional hem-
orrhagic insults in the supratentorial brain. Other imaging abnor-
malities were seen in 79.1% (140/177) of fetuses: aqueductal
stenosis (n=7), Chiari II malformation (n=14), twin-twin
transfusion (n =34), and extracranial congenital anomalies. T2
and EPI were positive for hemorrhage in 84.7% and 96.3% of all
cases with positive findings, respectively (Table 2). However, T1
and DWI demonstrated 46% and 57.8% positivity, respectively.
The mean ventricular size was 12.76 (SD, 7.54) mm, with 59.3%
(105/177) of fetuses with ventriculomegaly (>10 mm). The mean
ventricular size significantly correlated with GMH grade (P =
.001) (Fig 4). There was no significant difference in mean ventri-
cle size between GMH-versus-non-GMH groups (11.9 [SD, 6.4]
mm versus 14.1 [SD, 8.8] mm, P=.085).

Prenatal Clinical Findings

There was no significant difference in fetal sex or maternal age
between the GMH-versus-non-GMH groups (P=.116 and
P=.068, respectively). The presence of fetal growth restriction
and fetal Doppler abnormalities was reviewed for those fetuses
that had undergone sonography at our institution or had avail-
able outside examinations for review. Fetal growth restriction was
identified in 21.3% (20/94) of cases. There was no significant

Table 2: Fetal MR imaging findings

ICH Imaging Characteristics Data (n = 177)

T2 (+), n=177 84.7% (150/177)
TI(+), n=150 46% (69/150)
DWI (+), n =135 57.8% (78/135)
EPI (+), n =81 96.3% (78/81)

Ventriculomegaly (>10 mm)
Ventricular size (mm)

59.3% (105/177)
1276 (SD, 7.54)

Note:— + indicates positive imaging finding on fetal MR in those fetuses with ICH.

FIG 4. Linear regression model shows the ventricle size increased by 2.4 mm when the GMH

grade increased by 1(P <.001).

difference in the rate of fetal growth restriction between the
GMH-versus-non-GMH groups or among the GMH grades.
Fetal Doppler abnormalities were present in 43% (40/93) of
fetuses with ICH, and 35% (14/40) of those were seen in the set-
ting of twin-twin transfusion.

Postnatal Imaging Findings

A total of 40 neonates, 65% with GMH (26/40) and 35% with
non-GMH (14/40), had postnatal imaging, including neonatal
head US, brain MR imaging, and/or head CT examinations. Most
neonates underwent >1 different imaging modality in the post-
natal period. The postnatal imaging examinations overall demon-
strated improvement of the prenatal ICH in most neonates, with
overall decreased volume of hemorrhage (Fig 5 and Table 3).
However, 3.4% (1/29) of head US, 11.4% (4/35) of brain MR
imaging, and 4.8% (1/21) of head CT of neonates showed wors-
ened findings of ICH. Postnatal head US and MR imaging
showed a significant difference in brain parenchyma as correlated
with GMH grade. Brain parenchymal findings were stable on
head US and MR imaging, with a less severe GMH (grades 0-II)
versus more severe GMH (grade III-IV); the latter demonstrated
significant worsening of brain parenchymal findings, including
cerebral or cerebellar white matter volume loss and/or injury
(Online
However, the GMH grade did not significantly correlate with

and/or porencephalic cysts Supplemental Data).
postnatal brain parenchymal findings on head CT. Evaluation of
the brain parenchyma postnatally also showed no significant cor-
relation between GMH-versus-non-GMH groups.

Postnatal Clinical Findings

There was a significant difference in neonatal outcome between

GMH versus non-GMH (P =.022) when comparing those neo-

nates who died within the first year of life with those who survived
beyond the neonatal period after a live
birth in the 48 fetuses who had avail-
able postnatal clinical data. Neonatal
death occurred in 23% (9/40) of
patients with GMH versus 50% (14/28)
of those with non-GMH. However,
there was not a significant difference in
the delivery outcome (P =.947). There
was also not a significant difference in
the delivery or neonatal outcome

(P=.069,

P=.253). However, there was a higher

among GMH  grades

incidence of death at delivery in those
fetuses with grade III GMH at 57% (4/
7) (grade 0= 8%, grade I = 13%, grade
I1=17%, and grade IV =15%); 23.2%
(16/69) of the neonates with available
clinical data required a ventriculoperi-
toneal shunt. The y* test revealed a
statistically significant increased risk of
shunt requirement in the non-GMH
group compared with the GMH group
(P=.026). Chiari II malformation was
present in 40% (4/10) of the neonates
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FIG 5. Left, grade IV GMH in a 35 weeks’ GA fetus. Axial TI(A), DWI (B), and T2 SSFSE (C) images of the brain demonstrate blood products cen-
tered in the left caudothalamic groove, extending posteriorly along the left lateral ventricle with associated T1 hyperintensity, restricted diffu-
sion, and T2 hypointensity (arrows). D, Postnatal axial T2 of the brain at day 6 of life shows decreased T2 hypointensity centered at the left
caudothalamic groove (dashed arrow, D) compared with prenatal image (C), consistent with decreased volume of hemorrhage.

Table 3: Postnatal intracranial hemorrhage findings

Imaging Modality Findings Data

us Same 27.6% (8/29)
Better 69.0% (20/29)
Worse 3.4% (1/29)

MR Same 14.3% (5/35)
Better 74.3% (26/35)
Worse 11.4% (4/35)

cT Same 0% (0/21)
Better 95.2% (20/2))
Worse 4.8% (1/21)

in the non-GMH group that required a ventriculoperitoneal shunt.
In the GMH group, there was a significant correlation between the
GMH grades and the need for shunt placement (P=.029). Of
those neonates that required a shunt, the mean ventricle size was
significantly larger than in those who did not need shunt place-
ment (35.5 [SD, 17.2] mm versus 17.8 [SD, 15.8] mm, P=.013).

DISCUSSION

We examined and described imaging findings of ICH on fetal
MR imaging and studied the pre- and postnatal clinical data
and postnatal imaging findings in relation to the prenatal MR
imaging. We made several observations: 60.5% (107/177) of fe-
tal ICHs involved the germinal matrix and were presumed to be
germinal matrix in origin. MRI sequences that were important
in the identification of hemorrhage on prenatal imaging
included T2 and EPI blood sequences because they were posi-
tive for hemorrhage in 84.7% (150/177) and 96.3% (78/81) of
cases, respectively. There was a significant increase in the mean
ventricular size as the GMH grade increased (P = .001). The
neonates that had postnatal MR imaging demonstrated
improved findings of ICH (74.3%, 26/35), though 51.4% (18/35)
showed worsened brain parenchymal changes. Neonatal death
was significantly increased in fetuses in the non-GMH com-
pared with the GMH group (P=.022). However, within the
GMH group, an increased incidence of neonatal death was seen
in the grade III GMHs compared with the others (P =.069),
though there was not a significant difference among the remain-
ing grades.
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Fetal ICH has been predominantly described and classified on
US in the literature, with intraventricular hemorrhage the most
common subtype of fetal ICH.>>'®'” There are limited data of
non-GMH forms of fetal ICH, including intraparenchymal hem-
orrhages in the cerebrum or cerebellum and subdural and subar-
achnoid hemorrhages. These data are further complicated by
inconsistent descriptions in the literature because the true nature
of parenchymal hemorrhages in the fetus and neonate is not
always clear. Some report that the terms “periventricular hemor-
rhagic infarction” or “venous infarction” are preferred over grade
IV intraventricular hemorrhage.'® Previous studies of fetal ICH
detected on US report an incidence of 0.5-0.9 of 1000 cases.*” In
a more recent study of fetal ICH detected on MR imaging, the
incidence was higher and occurred in 1% of cases, a finding more
comparable with those in our study in which fetal ICH occurred
in 2.9% of our referral population.'” The increased incidence may
be the result of the increased sensitivity of MR imaging in the
evaluation of ICH and/or the population of patients referred to
our center.

Our results are similar to those in the study performed by
Sanapo et al," in which they discovered that ICH was confined to
the GMH in 67% of fetuses versus a non-GMH location in the re-
mainder (33%). Those hemorrhages that occurred in the cerebel-
lum were classified in the non-GMH group in both studies. It is
believed by some authors that cerebellar hemorrhages occur within
the germinal matrix located in the subependymal layer of the roof
of the fourth ventricle and in the subpial external granule cell
layer.>*!' Previously, most cerebellar hemorrhages were thought to
be the result of significant birth-related trauma or associated with
extensive supratentorial hemorrhage.>** Given the uncertain clas-
sification of prenatal/neonatal cerebellar hemorrhages, we decided
to classify those hemorrhages as non-GMH for this study.

The study of Sanapo et al'® described ventriculomegaly in
most of their cases (80%), compared with 59.3% in our study.
The frequency of intrauterine fetal death was higher in the non-
GMH-versus-GMH groups (58% versus 4%) in their study, and
we, too, found a significant increase in neonatal death in the non-
GMH group (50% versus 23%). The incidence of death in the
GMH group was higher in our study, which is more comparable
with the results of another study by Ghi et al,'” in which the



authors observed a 16% incidence in death in fetuses with in-
traventricular hemorrhage. The etiology of the higher inci-
dence of intrauterine fetal and neonatal death in the GMH
group is unclear. However, the incidence in our study may be
overestimated because a relatively large proportion of fetuses
with less severe GMH (grades 0, I, and II) were lost to follow-
up; therefore, the true incidence is likely much lower. Prior
studies have demonstrated worse neurologic outcomes in the
setting of grade III and IV GMHs.>'”'® Although we did not
assess the long-term neurodevelopmental status of our
patients, we found that more severe GMHs (grade III-IV)
demonstrated worsened parenchymal findings in the postnatal
setting, including cerebral or cerebellar white matter volume
loss or porencephalic cysts, likely contributing to poorer neu-
rologic outcomes.

Our study has several limitations, including the retrospec-
tive design of the study limiting its internal validity. Even
though our fetal study population was relatively large, the
postnatal follow-up imaging and clinical data were a much
smaller sample size. Another limitation of our study was that
the neurosonographic findings were not evaluated in detail.
The study was also subject to some degree of selection bias
because the imaging data were collected from a large tertiary
care pediatric hospital, limiting the external validity of our
findings. Also, the EPI blood sequence was not performed in
all fetal MR imaging examinations in our study because it only
became part of our routine protocol in 2016; therefore, some
grade I GMHs and subtle non-GMHs could have been missed.
The authors also acknowledge that the modified Burstein and
Papile grading system used to classify GMHs in the fetus has
its limitations because parenchymal hemorrhages and cerebel-
lar hemorrhages may be of germinal matrix origin. However,
in the absence of another widely published grading system in
the fetus, we chose to use this classification system for this
study. Finally, all of our examinations were performed on a
1.5T magnet, and it is plausible that use of a 3T magnet would
have increased the sensitivity of the detection of ICH from
increased signal-to-noise.**

CONCLUSIONS

Given that this is the largest single-center cohort of fetal ICH
examined on MR imaging, we add several important findings to
the existing literature. First, the EPI blood sequence is the most
sensitive in the identification of fetal ICH, which, in conjunction
with T2-SSFSE images, can allow optimizing classification and
subsequent grading of GMHs in the fetus. Second, we reported a
significant increase in neonatal death in the non-GMH-versus-
GMH group and worsened brain parenchymal findings in more
severe GMH grades (III-IV) on postnatal MR imaging. Last, we
discovered a significant increased risk of shunt requirement in
the non-GMH-versus-GMH group; and in those neonates that
required a shunt, the mean ventricle size was significantly larger.
All our findings demonstrate the importance of accurate classifi-
cation of fetal ICH because it may have an impact on the thera-
peutic approach, prenatal/perinatal counseling, and neurologic
outcomes.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.

REFERENCES
1. Griffiths PD, Bradburn M, Campbell M], et al; MERIDIAN collabora-
tive group. Use of MRI in the diagnosis of fetal brain abnormalities
in utero (MERIDIAN): a multicentre, prospective cohort study.
Lancet 2017;389:538-46 CrossRef Medline
2. Glenn OA, Barkovich AJ. Magnetic resonance imaging of the fetal
brain and spine: an increasingly important tool in prenatal diagno-
sis, Part 1. AJNR Am ] Neuroradiol 2006;27:1604-11 Medline
3. Glenn OA, Barkovich J. Magnetic resonance imaging of the fetal
brain and spine: an increasingly important tool in prenatal diagno-
sis, part 2. AJNR Am ] Neuroradiol 2006;27:1807-14 Medline
4. Vergani P, Strobelt N, Locatelli A, et al. Clinical significance of fetal
intracranial hemorrhage. Am ] Obstet Gynecol 1996;175:536-43
CrossRef Medline
5. Elchalal U, Yagel S, Gomori JM, et al. Fetal intracranial hemorrhage
(fetal stroke): does grade matter? Ultrasound Obstet Gynecol
2005;26:233-43 CrossRef Medline
6. Cheung KW, Tan LN, Seto MT, et al. Prenatal diagnosis, manage-
ment, and outcome of fetal subdural haematoma: a case report
and systematic review. Fetal Diagn Ther 2019;46:285-95 CrossRef
Medline
7. Kline-Fath BM. Supratentorial anomalies. In: Kline-Fath BM, Bulas
DI, Lee W, eds. Fundamental and Advanced Fetal Imaging
Ultrasound and MRI. 2nd ed. Wolters Kluwer; 2021:489-95
8. Burstein ], Papile La, Burstein R. Hemorrhage and hydrocephalus
in premature newborns: study with CT. AJR Am ] Roentgenol
1979;132:631-35 CrossRef Medline
9. Hintz SR, Slovis T, Bulas D, et all; NICHD Neonatal Research
Network. Interobserver reliability and accuracy of cranial ultra-
sound scanning interpretation in premature infants. | Pediatr
2007;150:592-96 CrossRef Medline
10. Huang YF, Chen WC, Tseng J], et al. Fetal intracranial hemorrhage
(fetal stroke): report of four antenatally diagnosed cases and review
of the literature. Taiwan ] Obstet Gynecol 2006;45:135-41 CrossRef
Medline
11. Adiego B, Martinez-Ten P, Bermejo C, et al. Fetal intracranial hem-
orrhage: prenatal diagnosis and postnatal outcomes. | Matern
Neonatal Med 2019;32:21-30 CrossRef Medline
12. Nagaraj UD, Kline-Fath BM. Imaging diagnosis of ventriculome-
galy: fetal, neonatal, and pediatric. Childs Nerv Syst 2020;36:1669-
79 CrossRef Medline
13. Gordijn SJ, Beune IM, Thilaganathan B, et al. Consensus definition
of fetal growth restriction: a Delphi procedure. Ultrasound Obstet
Gynecol 2016;48:333-39 CrossRef Medline
14. Quintero R, Morales W, Allen M, et al. Staging of twin-twin transfu-
sion syndrome. ] Perinatol 1999;19:550-55 CrossRef Medline
15. Mari G, Deter RL, Carpenter RL, et al. Noninvasive diagnosis by
Doppler ultrasonography of fetal anemia due to maternal red-cell
alloimmunization: Collaborative Group for Doppler Assessment
of the Blood Velocity in Anemic Fetuses. Obstet Gynecol Surv
2000;55:341-42 CrossRef Medline
16. Abdelkader MA, Ramadan W, Gabr AA, et al. Fetal intracranial
hemorrhage: sonographic criteria and merits of prenatal di-
agnosis. | Matern Neonatal Med 2017;30:2250-56 CrossRef
Medline
17. Ghi T, Simonazzi G, Perolo A, et al. Outcome of antenatally diag-
nosed intracranial hemorrhage: case series and review of the litera-
ture. Ultrasound Obstet Gynecol 2003;22:121-30 CrossRef Medline
18. Brouwer AJ, Groenendaal F, Benders MJNL, et al. Early and late
complications of germinal matrix-intraventricular haemorrhage
in the preterm infant: what is new? Neonatology 2014;106:296-303
CrossRef Medline
19. Sanapo L, Whitehead MT, Bulas DI, et al. Fetal intracranial hemor-
rhage: role of fetal MRI. Prenat Diagn 2017;37:827-36 CrossRef
Medline

AINR Am J Neuroradiol 42:2222-28 Dec 2021 www.ajnr.org 2227


http://www.ajnr.org/sites/default/files/additional-assets/Disclosures/December%202021/0643.pdf
www.ajnr.org
http://dx.doi.org/10.1016/S0140-6736(16)31723-8
https://www.ncbi.nlm.nih.gov/pubmed/27988140
https://www.ncbi.nlm.nih.gov/pubmed/16971596
https://www.ncbi.nlm.nih.gov/pubmed/17032846
http://dx.doi.org/10.1053/ob.1996.v175.a73598
https://www.ncbi.nlm.nih.gov/pubmed/8928712
http://dx.doi.org/10.1002/uog.1969
https://www.ncbi.nlm.nih.gov/pubmed/16082722
http://dx.doi.org/10.1159/000496202
https://www.ncbi.nlm.nih.gov/pubmed/30861511
http://dx.doi.org/10.2214/ajr.132.4.631
https://www.ncbi.nlm.nih.gov/pubmed/106697
http://dx.doi.org/10.1016/j.jpeds.2007.02.012
https://www.ncbi.nlm.nih.gov/pubmed/17517240
http://dx.doi.org/10.1016/S1028-4559(09)60211-4
https://www.ncbi.nlm.nih.gov/pubmed/17197354
http://dx.doi.org/10.1080/14767058.2017.1369521
https://www.ncbi.nlm.nih.gov/pubmed/28826258
http://dx.doi.org/10.1007/s00381-019-04365-z
https://www.ncbi.nlm.nih.gov/pubmed/31624860
http://dx.doi.org/10.1002/uog.15884
https://www.ncbi.nlm.nih.gov/pubmed/26909664
http://dx.doi.org/10.1038/sj.jp.7200292
https://www.ncbi.nlm.nih.gov/pubmed/10645517
http://dx.doi.org/10.1056/NEJM200001063420102
https://www.ncbi.nlm.nih.gov/pubmed/10620643
http://dx.doi.org/10.1080/14767058.2016.1245283
https://www.ncbi.nlm.nih.gov/pubmed/27718776
http://dx.doi.org/10.1002/uog.191
https://www.ncbi.nlm.nih.gov/pubmed/12905503
http://dx.doi.org/10.1159/000365127
https://www.ncbi.nlm.nih.gov/pubmed/25171657
http://dx.doi.org/10.1002/pd.5096
https://www.ncbi.nlm.nih.gov/pubmed/28626857

20. Haines KM, Wang W, Pierson CR. Cerebellar hemorrhagic injury in 22. Martin R, Roessmann U, Fanaroff A. Massive intracerebellar hemor-

premature infants occurs during a vulnerable developmental period rhage in low-birth-weight infants. ] Pediatr 1976;89:290-93 CrossRef

and is associated with wider neuropathology. Acta Neuropathol Medline

Commun 2013;1:69 CrossRef Medline 23. Grunnet ML, Shields DW. Cerebellar hemorrhage in the premature
21. Merrill JD, Piecuch RE, Fell SC, et al. A new pattern of cerebellar infant. J Pediatr 1976;88:605-08 CrossRef

hemorrhages in preterm infants. Pediatrics 1998;102:e62 CrossRef =~ 24. Weisstanner C, Gruber GM, Brugger PC, et al. Fetal MRI at 3T-ready

Medline for routine use? Br ] Radiol 2017;90:20160362 CrossRef Medline

2228 Epstein  Dec 2021 www.ajnr.org


http://dx.doi.org/10.1186/2051-5960-1-69
https://www.ncbi.nlm.nih.gov/pubmed/24252570
http://dx.doi.org/10.1542/peds.102.6.e62
https://www.ncbi.nlm.nih.gov/pubmed/9832590
http://dx.doi.org/10.1016/S0022-3476(76)80470-2
https://www.ncbi.nlm.nih.gov/pubmed/940025
http://dx.doi.org/10.1016/S0022-3476(76)80019-4
http://dx.doi.org/10.1259/bjr.20160362
https://www.ncbi.nlm.nih.gov/pubmed/27768394

COMMENTARY

Intracranial Hemorrhage on Prenatal MR Imaging

hile intracranial hemorrhage (ICH) is a relatively com-
mon finding in preterm neonates, found in 40%-60% of
those born before the gestational age of 32 weeks, it is considered
rare in the prenatal period, with a reported incidence of no more
than 0.1%," particularly when estimated mostly on sonography
(US) and in relatively small groups of patients. However, when
MR imaging is used for prenatal diagnosis and larger cohorts of
patients are reviewed, ICH (meant as all forms of bleeding, ie, ger-
minal matrix hemorrhage [GMH] and all non-GMHs: intraven-
tricular, intraparenchymal cerebral and cerebellar, subarachnoid,
and subdural) occurs in 1% of pregnancies® or even in approxi-
mately 3% as shown in the article in this issue of the American
Journal of Neuroradiology by Epstein et al,> who reviewed 6179
MR imaging scans and found 177 diagnostic-quality fetal MR
images demonstrating intracranial hemorrhage. Taking into
account one of the limitations of this study listed by the authors
that T1, DWI, and EPI blood sequences were performed only in
some of the MR imaging examinations since 2016 (the report
includes MR imaging scans performed during 2004-2020) and
that some subtle ICHs could have been missed, it becomes clear
that, in fact, an even higher incidence of ICH in the prenatal period
can be expected. This is in accordance with the results of 433 con-
secutive stillbirth postmortem examinations, in which there was
intrauterine hemorrhagic brain injury in 4.6%.*
This is an important observation for the following reasons: 1)
It confirms the importance of performing fetal MR imaging as an
adjunct to prenatal US, enabling detection of the abnormalities
that are not picked up on US, ICH being one of these; 2) in some
cases, ICH might be the cause and not the result of preterm birth,
or at least it precedes it; 3) it has severe medicolegal implications
if the family sues the obstetricians and/or neonatologists for inad-
equate perinatal care; 4) in view of the expected posthemorrhagic
hydrocephalus that carries an additional risk of adverse out-
comes, follow-up imaging should be undertaken and ventriculo-
amniotic shunting is an option for the management in severe
cases; and 5) the correct diagnosis should imply cesarean delivery
to avoid additional hemorrhage or injury during vaginal delivery.
Although most fetuses from the above-mentioned study
(60.5%) showed GMHs, there was also a significant group with
non-GMH in the report of Epstein et al,® including cerebellar
bleeding, which constituted 6.2% of the cohort (11/177) and is

usually more difficult to visualize on US both in fetuses and in
neonates. Cerebellar hemorrhages have been attributed in the lit-
erature to birth-related trauma so far, and this study shows that
the insult may be prenatal. This finding, though not entirely new
as the authors themselves state, may be significant in the attempt
to explain the causes of autism spectrum disorder (ASD) and var-
ious additional behavioral disorders that have been found in
extremely premature infants, >10 times more often than in term
neonates (8% versus 0.6%); an increased risk of ASD has been
found using the Screening Tool for Autism in Toddlers and
Young Children (https://www.ocali.org/project/stat) in most
cases of prematurity associated with cerebellar hemorrhage.”

Epstein et al’ confirmed the results of a previous large study,”
which showed statistically significantly poorer neurologic out-
come of non-GMH than of GMH, including neonatal death and
an increased necessity for ventricular shunting,

In utero shunting remains controversial. It was attempted in the
1980s and was abandoned due to lack of encouraging results.
Currently, some active fetal therapy research groups are working on
new devices, materials, and strategies to improve outcomes of these
fetuses, and they encourage fetal MR imaging as providing more
accurate information, allowing a more reliable diagnosis and exclu-
sion of other anomalies.” Obviously, the procedure of shunting, cu-
rative by assumption, can cause complications, including
secondary hemorrhages. In the records of my center, we have exam-
ples of ICH after shunting that was performed due to nonhemor-
rhagic hydrocephalus, eg, in congenital aqueductal stenosis.

Most interesting, there was a large representation of multiple
pregnancies in the cohort examined by Epstein et al® (29.9%, 53/
177), and in 34/53 cases, twin-twin transfusion syndrome (TTTS)
was confirmed. It is not surprising because monochorionic twins
are at high risk for adverse outcome due to complications related
to placental vascular anastomoses, and these include both hemor-
rhagic and ischemic brain injury. Moreover, both kinds of brain
damage are also observed in these patients with TTTS who are
treated with fetoscopic laser surgery.”

Not surprising, it is crucial not only to diagnose ICH but also
to rule it out because ICH belongs in the exclusion criteria for fe-
tal surgery, open neural tube defect, and laser therapy for TTTS.?
Consequently, a complete and reliable evaluation is necessary to
qualify the fetus for various types of prenatal interventions. Fetal

AINR Am J Neuroradiol 42:2229-30 Dec 2021 www.ajnr.org 2229


https://www.ocali.org/project/stat

MR imaging is usually one of the required procedures before

deciding on the intrauterine treatment.

The already wide and still-growing spectrum of the capabilities of

fetal MR imaging, including the use of 3T scanners, as well as the

ever-expanding range of questions that have to be answered, includ-
ing in cases of intracranial hemorrhage, means that we will certainly

be dealing with more and more fetal observations using MR imaging.
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Can MRI Differentiate between Infectious and Immune-
Related Acute Cerebellitis? A Retrospective Imaging Study

G. Orman, ““'SF. Kralik, ““/N.K. Desai, ““’A. Meoded, G. Jallo, ““E. Boltshauser, and

T.A.G.M. Huisman

|
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ABSTRACT

BACKGROUND AND PURPOSE: Acute cerebellitis is an acute neurologic condition attributable to a recent or concurrent infection
or a recent vaccination or ingestion of medication, with MR imaging evidence of cerebellar edema. MR imaging can confirm an ana-
tomic abnormality and may allow the radiologist to establish a differential diagnosis. The purpose of this research was to evaluate
the MR imaging findings in children with acute cerebellitis due to infectious versus immune-related conditions, in particular
whether MR imaging findings allow differentiation.

MATERIALS AND METHODS: Electronic medical records were reviewed between 2003 and 2020 in our quaternary children’s hospi-
tal. Data included demographics and clinical records: presentation/symptoms, final diagnosis including acute cerebellitis and
immune-related acute cerebellitis, length of stay, treatment, condition at discharge, and laboratory findings. Retrospective inde-
pendent review of all brain MR imaging studies was performed.

RESULTS: Forty-three patients (male/female ratio, 28:15) were included in this study. Average age at presentation was 7.08 years
(range, 0.05-17.52 years). Thirty-five children had infectious and 8 children had immune-related acute cerebellitis. Significant differ-
ences in neuroimaging were the following: 1) T2-FLAIR hyperintense signal in the brainstem (37.50% versus 2.85%, P =.016); 2) T2-
FLAIR hyperintense signal in the supratentorial brain higher in the immune-related group (37.50% versus 0.00%, P =.004); and 3)
downward herniation, higher in the infectious acute cerebellitis group (42.85% versus 0.00%, P =.03).

CONCLUSIONS: Acute cerebellitis is a rare condition, and MR imaging is helpful in the differential diagnosis. T2-FLAIR hyperintense
signal in the brainstem and supratentorial brain may be indicative of immune-related acute cerebellitis, and downward herniation
may be indicative of infectious acute cerebellitis.

ABBREVIATIONS: AC = acute cerebellitis; ACA = acute cerebellar ataxia; ADEM = acute disseminated encephalomyelitis; CE = contrast enhancement;
IQR = interquartile range; WBC = white blood cells

exact percentage of AC in children with ACA is unknown.* The

Acute cerebellar ataxia (ACA) and acute cerebellitis (AC) are
often used incorrectly and interchangeably in the litera-
ture.' Ataxia refers to an impaired ability to coordinate volun-
tary movements, impairing a person’s ability to walk, talk, eat,
and use fine motor skills in varying degrees.> ACA is a term used
for a clinical constellation with a heterogeneous etiology. Not all
children with ACA undergo imaging routinely; therefore, the
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largest published series reported that AC occurred in 10% of chil-
dren with ACA.>

Per definition, AC is an acute neurologic condition attributable
to a recent or concurrent infective illness due to a virus or bacteria,
a recent vaccination, or ingestion of medication, with MR imaging
evidence of predominantly cerebellar edema.' The incidence of AC
is uncertain because most of the existing literature is limited to sin-
gle case reports or smaller case series." Symptoms of AC are vari-
able from classic symptoms of ACA to simple irritability,
headache, photophobia, nuchal rigidity, or vomiting.®” In addition,
seizures, focal neurologic deficits, fever, and altered mental status
are reported.” The most severe cases of AC may present with
increased intracranial pressure due to severe cerebellar edema and
resultant obstructive supratentorial hydrocephalus with serious
morbidity and mortality. Diagnosis can be challenging in these
cases. CSF examination is not always available in AC due to the
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marked swelling and impending herniation, though pronounced
pleocytosis and elevation of proteins may be present when testing
is available.”

Neuroimaging plays an important role in the diagnostic
work-up of children with AC. MR imaging can confirm anatomic
abnormalities involving the cerebellum and allow the radiologist
to establish a differential diagnosis.” Previous MR imaging studies
in single patients showed varying imaging features in children
with AC.! However, no definitive imaging feature was described,
depending on the exact etiology. Differentiation is essential for
selecting the correct treatment and predicting outcome. The pur-
pose of this research was to evaluate the MR imaging findings in
children with AC due to infectious (parainfectious, postinfec-
tious) versus immune-related conditions, in particular whether
the imaging findings allow differentiation between etiologies.

MATERIALS AND METHODS

Following institutional review board approval, a retrospective
review of the MR imaging studies was performed among chil-
dren (younger than 18 years of age) diagnosed with AC between
2003 and 2020 in our quaternary Texas Children’s Hospital. A
query search for MR imaging studies using the keywords “cere-
bellitis” and “ataxia” was performed in the PACS. Electronic
medical records were reviewed for demographics (age, sex),
clinical records (presentation/symptoms, final diagnosis includ-
ing infectious AC and immune-related AC [acute disseminated
encephalomyelitis, ADEM], hemolytic uremic syndrome, anti-
N-methyl D-aspartate receptor encephalitis), length of stay,
treatment, condition at discharge, and laboratory findings
including white blood cells (WBC) in the complete blood count
and CSF and glucose and protein levels in the CSF. Only the
MRIs with a confirmed infectious AC or immune-related AC
diagnosis were included in the study.

MR imaging studies of the brain were performed using stand-
ard departmental protocols on a 1.5T or 3T MR imaging scanner
that included precontrast axial and sagittal T1-weighted turbo
spin-echo, axial and/or coronal FLAIR, axial and coronal T2-
weighted, axial gradient echo, axial DWI, and postcontrast axial
and coronal T1-weighted turbo spin-echo imaging. Section thick-
ness varied between 3 and 4 mm depending on the sequence.

A retrospective independent review of all brain MR imaging
studies was performed by a board-certified pediatric neuroradiologist
(SFXK, with 9years of experience) and a radiologist with pediatric
neuroradiology research experience (G.O., with 8years of experi-
ence). For all patients in whom there was a discordant MR imaging
finding, the reviewers completed a secondary review to reach con-
sensus. The consensus reading was used for final diagnosis.

MR imaging at initial presentation/diagnosis and follow-up
MR imaging studies were evaluated for the following: 1) distribu-
tion of involvement of the cerebellum (unilateral, bilateral), brain-
stem, and/or supratentorial brain regions; 2) involvement of gray
and/or white matter; 3) signs of compression and edema, efface-
ment of fourth ventricle, effacement of the posterior fossa cisterns/
subarachnoid spaces, downward or upward herniation, and supra-
tentorial hydrocephalus; 4) contrast enhancement (CE); and 5)
DWI characteristics, including vasogenic-versus-cytotoxic edema.
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All statistical analysis was calculated using SAS/STAT software
(https://www.sas.com/en_us/software/stathtml). All variables were
assessed for normality. Comparisons between infectious versus
immune-related AC groups for age at presentation were evaluated
by unpaired ¢ tests; complete blood count and CSF findings and
length of stay were evaluated by the Wilcoxon signed rank test.
Comparisons between infectious versus immune-related AC
groups for MR imaging findings at presentation were evaluated by
a 2-tailed Fisher exact test. Comparisons of MR imaging findings
between presentation and follow-up studies for infectious versus
immune-related AC groups were evaluated by the McNemar test.
A Pvalue < .05 was considered statistically significant.

RESULTS
A total of 2211 MR imaging and electronic medical records ful-
filled the initial electronic search criteria for the study. Forty-
three patients (male/female radio, 28:15) could be included in
this study. There were 35 children with infectious (para-
infectious and post-infectious) AC. The verified infectious agents
were 2 HSV, 2 mycoplasma, 1 West Nile virus, 1 varicella virus, 1
enterovirus, 1 adenovirus, 1 influenza A virus. In 15 children no
infectious agents were verified by testing, but they were diagnosed
clinically during the acute infection and 11 children were post-in-
fectious cases. Eight patients had immune-related AC (6 cases of
ADEM, 1 hemolytic uremic syndrome, and 1 anti-N-methyl D-
aspartate receptor encephalitis). A final diagnosis of an infectious
AC agent was made by viral culture from the skin lesions in 2
patients with herpes simplex virus who had negative blood and
CSF serology findings; by positive immunoglobulin M for 2 cases
of mycoplasma; by polymerase chain reaction of the CSF and
positive immunoglobulin M for 1 case of West Nile virus; by pos-
itive immunoglobulin M for 1 case of varicella virus; by polymer-
ase chain reaction of blood in 1 case of enterovirus; by
polymerase chain reaction of blood in 1 case of adenovirus; and
by nasal swab in 1 case of influenza A virus. In addition, CSF cul-
ture and blood culture all had negative findings for these cases.
The average age at presentation was 7.08 years (range, 0.05-
17.52 years); no statistically significant difference was found
between infectious (mean, 7.19 [SD, 4.64] years) and immune-
related AC (mean, 6.63 [SD, 5.60] years) groups (P=.77).
Presenting symptoms in the infectious AC group were the follow-
ing: 1) ataxia (n =17), 2) altered mental status (n=7), 3) head-
ache (n=9), and 4) seizure (n=2). In the immune-related AC
group, symptoms were the following: 1) ataxia (n =4), 2) altered
mental status (n=3), and 3) seizure (n=1). The median/inter-
quartile range (IQR) for length of stay at our hospital was 8.0
days (5-13 days) days. No statistically significant difference was
found between the infectious AC, 8 days (5-13 days), and
immune-related AC, 7.5 days (5.5-19.5 days), groups (P=.49).
Treatment with steroids was significantly higher in the immune-
related AC, 100% (n = 8), than in the infectious AC group, 51.5%
(n=17) (P=.01). Twenty-one children were discharged after
complete recovery; 20 patients were discharged after partial re-
covery, 12 of whom required occupational and/or physical ther-
apy after their discharge. No significant difference was found
between the infectious 27.3% (n=19) and immune-related AC


https://www.sas.com/en_us/software/stat.html

Brain MR imaging findings at presentation between infectious (n=35) and immune-

related (n = 8) acute cerebellitis subgroups

AC group (37.50% [n=23] versus
2.85% [n=1], P=.016); 2) the hyper-

) ) Infectious Immune-Related P R intense signal percentage in the supra-
. T2/FLAIR Hyperintense Signal (No.) (%) (No.) (%) Value tentorial brain (1 patient had subtle
Unilateral cerebellar 4 (.42) 2 (25.00) 31 ill-defined T2 and FLAIR hyperinten-
Bilateral cerebellar 27 (77.14) 4 (50.00) 19 L. . .
Brainstem 1(285) 3(37.50) 016 sity in the white matter adjacent to the
Supratentorial brain 0 (0.00) 3(37.50) .004 trigone of the left lateral ventricle in
Cerebellar white matter 10 (28.57) 1(12.50) .65 the left parietal region; another patient
Cerebellar gray matter 25 (71.42) 5 (62.50) 68 had ill-defined T2 and FLAIR hyper-
fussioilil e bl intensity seen in the white matter of
Involvement of vermis 8 (22.85) 1(12.50) 1.00 he right f 1 1ob iorlv. th
Effacement of fourth ventricle 12 (34.28) 1(12.50) 39 the right trontal lobe posteriorly, the
Effacement of posterior fossa 1 (31.42) 0 (0.00) .09 left parietal region superiorly, and the
subarachnoid spaces left frontal lobe; and finally the last
Downv:jar:d herniation 15 542.85; 0 E0.00% .03 patient had extensive multifocal and
Upward herniation 10 (28.57 0 (0.00 16 1 1 lioch ~
Supratentorial hydrocephalus 8 (22.85) 0 (0.00) 31 confluent bilateral, slightly asymmet
Contrast enhancement ric, T2 and FLAIR hyperintensities
Leptomeningeal 12 (34.28) 2 (28.57) 1.00 involving the cerebral white matter of
Cortical 7 (20.00) 1(14.28) 1.00 both cerebral hemispheres including
Diffusion-weighted imaging subcortical white matter, deep white
Vasogenic edema 20 (58.82) 4 (50.00) 7 d veri cul hi
Cytotoxic edema 6 (17.64) 1(12.50) 1.00 matter and periventricular white mat-

?Pis based on the Fisher exact test.

37.5% (n=23) groups (P=.67). Two patients did not have any
treatment or follow-up records available for review.

The median/IQR for CSF WBC (0-5/cu mm) was 22.5 (2-62)/
cu mm; no statistically significant difference was found between the
infectious (27 [2-62]/cu mm) and immune-related AC (8 [9-135]/
cu m) groups (P=.55), despite both groups having elevated CSF
WBC values. The median/IQR CSF glucose level (40-70 mg/dL)
was 56.0 mg/dL (50.0-64.0 mg/dL). No statistically significant dif-
ference was found between the infectious (57 [50-64] mg/dL) and
immune-related AC (52 [49-66] mg/dL) groups (P =.99). The me-
dian/IQR for CSF protein (15-45 mg/dL) was 29.5 mg/dL (18-59
mg/dL). No statistically significant difference was found between
the infectious (27 [18-64] mg/dL]) and immune-related AC (35
[24-52] mg/dL) groups (P=77). The median/IQR for blood WBC
(5.0-14.5 10°/UL) count was 10.72 10*/UL (7.55-14.8310°/UL). No
statistically significant difference was found between the infectious
(10.7 [7.8-14.2] 10*/UL) and immune-related AC (122 [7.1-21.5]
10*/UL) groups (P=.55). Urine tests for toxicology analysis were
available for 15/43 (11/35 in infectious AC and 4/8 in immune-
related AC) patients, which all had negative findings, 100% (15/15)
in both groups.

All patients had brain MRIs (mean, 1.79; range, 0-8 days) fol-
lowing their initial presentation. The average age at first MR
imaging was 7.09 years (range, 0.05-17.53 years). Only 19 (infec-
tious AC= 15, immune-related AC = 4) patients had follow-up
brain MRIs with a mean interval of 234.8 days (range, 3-1193
days) between the first and last MR imaging studies.

MR imaging findings at presentation for both the infectious
and immune-related AC groups are summarized in the Table.
Significant differences in imaging findings comparing both
groups were the following: 1) The hyperintense signal percentage
in the brainstem on T2-weighted and FLAIR sequences was
higher in the immune-related AC group than in the infectious

ter and the gray matter, including the
bilateral basal ganglia and bilateral
thalami, slightly greater on the right
side than left) in T2-weighted and
FLAIR sequences was higher in the immune-related AC group
than in the infectious AC group 37.50% (n=3) versus 0.00%
(n=0) (P=.004); and finally 3) the downward cerebellar hernia-
tion percentage was higher in the infectious AC group than in the
immune-related AC group (42.85%, n= 15, versus 0.00% n =0,
P=.03) (Table). No statistically significant difference was found
for CE or DWI characteristics when comparing the infectious
and immune-related AC groups (Table).

Comparisons of MR imaging findings between presentation
and follow-up were calculated. Only downward herniation was sig-
nificantly decreased between presentation (47.37%, n=9) and
follow-up (10.53%, n=2, P = .016), though a clear trend for a
decrease in cerebellar white matter involvement (36.84%, n =7,
versus 10.53%, n=2), supratentorial hydrocephalus (31.58%,
n=6, versus 5.26%, n = 1), and leptomeningeal CE (43.75%, n="7
versus 12.50%, n = 2) was also observed (P = .063). Cerebellar at-
rophy on follow-up MRIs was found in 15.79% (n = 3) of patients.

Representative cases are demonstrated in Figs 1-6.

DISCUSSION
AC is one of the main causes of ACA in childhood. The etiologies
of AC can be subclassified as primary infectious (para-/postinfec-

)48 Certain

tious) versus immune-related (reactive/autoimmune
MR imaging findings may be helpful to differentiate between in-
fectious and immune-related AC. Our results show that
T2-FLAIR hyperintense signal in the brainstem and/or supraten-
torial brain may be indicative of immune-related AC, and down-
ward herniation may be indicative of infectious AC (Table).
Downward herniation was seen in almost half, and hydro-
cephalus, in almost one-quarter of our children with infectious
AC. Yildirim et al® reported a higher incidence of cerebellar her-
niation; however, with a similar incidence of hydrocephalus in
their AC cohorts, De Bruecker et al'® reported hydrocephalus,

AJNR Am J Neuroradiol 42:2231-37 Dec 2021 www.ajnr.org 2233



FIG 1. Unilateral cerebellitis in a 6-year-old boy who presented with ataxia with increased WBC on blood tests (infectious acute cere-
bellitis). Lumbar puncture was not performed. MR imaging acquired at presentation (upper row, A—F) shows unilateral left cerebellar
gray matter and diffuse T2- and FLAIR hyperintensity (A and B, thick arrow), causing a shift of midline structures and displacement of
the vermis (A, thin arrows). DWI (C) and an ADC map (D) show vasogenic (C and D, thick arrows) and cytotoxic edema (C and D, thin
arrows). Leptomeningeal contrast enhancement is appreciated on postcontrast Tl-weighted imaging (E, thick arrows). Sagittal T2-weighted
imaging (F) shows the swollen cerebellum with upward (F, thick arrow) and downward (F, dashed arrow) herniation, supratentorial hydrocephalus,
and effacement of the fourth ventricle (F, asterisk) and posterior subarachnoid spaces (F, thin arrow). Last follow-up MR imaging, which was acquired
after 68 days, shows near-complete resolution of brain MR imaging findings (lower row, G-L) and atrophy. Note that sagittal Tl-weighted imaging (L)
shows the complete resolution of swollen cerebellum without any upward (L, thick arrow) and downward herniation (L, dashed arrow), no supraten-
torial hydrocephalus, and no effacement of the fourth ventricle (L, asterisks) and posterior subarachnoid spaces (L, thin arrow).

FIG 2. Bilateral cerebellitis in a 7-year-old boy who presented with ataxia and headache. He had a history of appendectomy 2 weeks
before presentation (infectious acute cerebellitis). Blood tests at the time of imaging revealed WBC within normal limits. There were
low total protein levels in the CSF, which was tapped 1 day before. The CSF culture had negative findings. A head CT (not shown)
demonstrated diffuse swelling of the bilateral cerebellar hemispheres with crowding at the level of the foramen magnum with supra-
tentorial hydrocephalus. Brain MR imaging acquired a day later (upper row, A—E) shows diffuse bilateral hyperintense signal on T2 (A,
thick arrows) and FLAIR (B, thick arrows) sequences with corresponding leptomeningeal enhancement (thin arrows) on postcontrast
axial (C) and coronal (D) T1-weighted imaging. Sagittal T2-weighted imaging (E) shows the swollen cerebellum with upward (E, thick
arrow) and downward (E, dashed arrow) herniation, supratentorial hydrocephalus, and effacement of the fourth ventricle (E, aster-
isk) and posterior subarachnoid spaces (E, thin arrow). Follow-up MR imaging (lower row, F-J) acquired after 8 days shows improve-
ment of hyperintense signal on axial T2 (F, thick arrows) and FLAIR (G, thick arrows) sequences. No contrast enhancement is seen on
postcontrast axial (H) and coronal (/) TI-weighted imaging. Sagittal T1-weighted imaging (/) shows complete resolution of cerebellar
edema, no upward (J, thick arrow) and downward (J, dashed arrow) herniation, no supratentorial hydrocephalus, and no effacement
of the fourth ventricle (J, asterisk) and posterior subarachnoid spaces (J, thin arrow).
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FIG 3. Acute disseminated encephalomyelitis in a 5-year-old girl who presented with ataxia and absent lower extremity reflexes (immune-
mediated acute cerebellitis). Blood tests and CSF revealed an increased white blood cell count. CSF culture had negative findings. Brain
MR imaging at presentation shows bilateral, diffuse, patchy hyperintense signal on axial T2 (A, arrows) and FLAIR (B, arrows) sequences.
Corresponding vasogenic edema is seen on axial DWI (C, arrows) and ADC (D, arrows). Axial postcontrast Tl-weighted imaging demon-
strates bilateral, subtle leptomeningeal contrast enhancement (E, arrows). Consecutive supratentorial slices reveal subtle T2-hyperintense
signal in the white matter of the adjacent trigone of the left lateral ventricle (F and G, arrow) without contrast enhancement or diffusion
alteration (not shown). Sagittal Tl-weighted imaging (H) shows no upward or downward herniation. Follow-up MR imaging was not

available.

FIG 4. Bilateral cerebellitis in a 6.5-year-old boy (infectious acute cerebellitis) who had a history
of gastroenteritis for 2-3 days. He developed marked and prolonged headache after a few days.
Neurologic examination showed no cerebellar dysfunction. CSF examination was not performed.
MR imaging shows bilateral, diffuse, T2 hyperintense signal and mild edema (A-C, arrows) in the
cerebellar white and gray matter. Postcontrast imaging shows mild leptomeningeal contrast
enhancement (D—f, arrows).

and Kornreich et al'' reported tonsil-
lar herniation and hydrocephalus.
Bilateral cerebellar T2-FLAIR hyperin-
tense signal was the most common
finding in our infectious AC cases
(Table). Yildirim et al, De Bruecker et al,
and Kornreich et al reported similar MR
imaging findings in their cases of AC.
Unilateral involvement was less com-
monly observed in our patients. In-
volvement of 1 cerebellar hemisphere,
also known as hemicerebellitis, is a rare
variant of AC, and the mechanism for
this preferential inflammation of 1 cere-
bellar hemisphere is unknown, though
several hypotheses have been proposed,
including impaired circulation or “sub-
radiologic” involvement of the contralat-
eral hemisphere."'*> On MR imaging,
the differential diagnosis of hemicerebel-
litis should include a posterior fossa tu-
mor and acute ischemia.
Leptomeningeal and cortical CE
was seen in our infectious AC cohort.
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FIG 5. Bilateral cerebellitis in a 12.5-year-old girl (infectious acute cerebellitis). Initial presentation was nonspecific. The patient was tired with head-
ache for a few days and spontaneously recovered. MR imaging at presentation (upper row) shows bilateral, diffuse, T2-hyperintense signal predom-
inantly on the right side (A-D, arrows) and downward herniation (D, dashed line). A follow-up examination after 3 months shows no abnormal
neurologic findings. Follow-up MR imaging after 3 months (lower row) shows complete resolution of previous MR imaging findings (E-H).

Yildirim et al® reported cortical and leptomeningeal CE, De
Bruecker et al'® reported pial CE, and Kornreich et al'' reported
CE in their patient groups. We did not find any statistically sig-
nificant difference in CE patterns (leptomeningeal or cortical)
between the infectious and immune-related AC groups (Table).
However, leptomeningeal CE was a more frequent finding than
cortical enhancement for both infectious and immune-related
AC groups (Table). Pial enhancement has been reported previ-
ously.”® The authors concluded that if a lumbar puncture was
performed before the contrast-enhanced MR imaging, definite
differentiation from leptomeningeal enhancement due to the
lumbar puncture or to the AC itself was not possible. MR imag-
ing was performed after lumbar puncture in 15 patients with in-
fectious AC and in 4 patients with immune-related AC in our
study. This finding will likely explain the higher percentage of
leptomeningeal CE in both AC groups.

We did not find any statistically significant difference for
DWI characteristics (vasogenic or cytotoxic edema) between in-
fectious and immune-related AC groups (Table). Vasogenic
edema was common in both infectious and immune-related AC
groups. Schneider et al'? found punctate areas of restricted diffu-
sion in the cerebellum or cerebellar peduncles in patients present-
ing with acute and subacute onset of ataxia. We did not find any
similar study to compare our DWI characteristics.

The differential diagnosis of infectious AC includes ADEM,
Lhermitte-Duclos disease, diffusely infiltrating glioma or lym-
phoma, vasculitis, and drug-related causes.'® We compared MRIs
of our infectious AC group with MRIs of children diagnosed with
immune-related conditions and found the following: 1) signifi-
cantly higher T2-FLAIR hyperintense signal in the brainstem in
the immune-related AC group; 2) significantly higher T2-FLAIR
hyperintense signal in the supratentorial brain in the immune-
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related AC group; and 3) significantly higher degrees of down-
ward cerebellar herniation in the infectious AC group. Takanashi

etal'

reported reversible splenial lesions (supratentorial hyperin-
tense signal) in children with AC due to rotavirus infection. We
did not find any other studies comparing infectious AC and
immune-related AC groups. We suggest that our results may be
helpful in the differential diagnosis of AC and may guide future
studies.

Only 19 patients had follow-up brain MRIs, and cerebellar at-
rophy on follow-up brain MRIs was found in 15.79% of patients

in our study. Hennes et al'

reported cerebellar atrophy on
follow-up MR imaging in 36.36% of their patient group. This dif-
ference could be explained by a limited number of available
follow-up MR imaging studies in our patient cohort.

Strengths of this study include the large number of patients
and relatively homogeneous ages of patients (children).
Limitations of this study are the following: 1) Due to the retro-
spective nature of the study, infectious agents could not be
verified in all patients; 2) a discrepancy in size between the 2
patient groups might have affected statistical analysis and
results; 3) a limited number of follow-up MR imaging studies
might have affected statistical analysis and results; 4) this was a
single-center evaluation of patients; 5) being a quaternary cen-
ter may cause referral/selection bias of patients; and 6) study
cases for inclusion were initially identified on the basis of a
search of radiology reports.

CONCLUSIONS

AC is a rare condition, and MR imaging is helpful in the differen-
tial diagnosis. T2-FLAIR hyperintense signal in the brainstem
and supratentorial brain may be indicative of immune-related
AC, and downward herniation may be indicative of infectious



FIG 6. Upper row A-C, Acute disseminated encephalomyelitis in a 1-year 10-month-old boy (with
immune-mediated acute cerebellitis) who presented with acute ataxia and fever with vomiting. A
blood test revealed increased white blood cell count, and CSF revealed elevated WBC and normal
protein and glucose levels. Blood culture and CSF culture had negative findings. Lower row D-F,
Bilateral cerebellitis in a 5-year-old boy (with infectious acute cerebellitis) with a history dominated
by intense headache, predominantly at night with some fluctuation. The patient had treatment of
symptoms, but there was no clear improvement in headaches. MR imaging was performed about
2 weeks later. He had no cerebellar signs on examination. This figure aims to show the most pre-
dominant MR imaging findings for immune-mediated versus infectious acute cerebellitis. Note that
there is no downward herniation in immune-mediated acute cerebellitis (A) versus cerebellar tonsil
downward herniation in infectious acute cerebellitis (D, arrow). Axial T2 shows subtle hyperintense
signal in right middle cerebellar peduncle in immune-mediated acute cerebellitis (B, arrow) versus
bilateral diffuse T2-hyperintense signal with diffuse edema in infectious acute cerebellitis (E,
arrows). Note that axial FLAIR shows extensive, multifocal, and confluent bilateral hyperintensity
involving the cerebral white matter and the gray matter, including the bilateral basal ganglia exten-
sively and bilateral thalami (C, arrows) in immune-mediated acute cerebellitis versus normal supra-
tentorial brain axial T2 signal intensities in infectious acute cerebellitis (F).

AC. A decreased degree of downward herniation is the most sig-
nificant MR imaging finding when comparing imaging at initial
presentation and follow-up studies.
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ORIGINAL RESEARCH
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Maternal Obesity during Pregnancy is Associated with Lower
Cortical Thickness in the Neonate Brain

X. Na, ““N.E. Phelan, “/M.R. Tadros, ““'Z. Wu, ““A. Andres, ““T.M. Badger, ““’C.M. Glasier, “’'RR. Ramakrishnaiah,
A.C. Rowell, ““L. Wang, G. Lij, D.K. Williams, and “*X. Ou
o.ia
ABSTRACT

BACKGROUND AND PURPOSE: Recent studies have suggested that maternal obesity during pregnancy is associated with differen-
ces in neurodevelopmental outcomes in children. In this study, we aimed to investigate the relationships between maternal obesity
during pregnancy and neonatal brain cortical development.

MATERIALS AND METHODS: Forty-four healthy women (28 normal-weight, 16 obese) were prospectively recruited at <10 weeks’
gestation, and their healthy full-term neonates (23 boys, 21 girls) underwent brain MR imaging. All pregnant women had their body
composition (fat mass percentage) measured at ~12 weeks of pregnancy. All neonates were scanned at ~2 weeks of age during
natural sleep without sedation, and their 3D TI-weighted images were postprocessed by the new iBEAT2.0 software. Brain MR imag-
ing segmentation and cortical surface reconstruction and parcellation were completed using age-appropriate templates. Mean cort-
ical thickness for 34 regions in each brain hemisphere defined by the UNC Neonatal Cortical Surface Atlas was measured,
compared between groups, and correlated with maternal body fat mass percentage, controlled for neonate sex and race, post-
menstrual age at MR imaging, maternal age at pregnancy, and the maternal intelligence quotient and education.

RESULTS: Neonates born to obese mothers showed significantly lower (P =.05, false discovery rate—corrected) cortical thickness in
the left pars opercularis gyrus, left pars triangularis gyrus, and left rostral middle frontal gyrus. Mean cortical thickness in these
frontal lobe regions negatively correlated (R = —0.34, P=.04; R = —0.50, P=.001; and R = —0.42, P=.0l; respectively) with the
maternal body fat mass percentage measured at early pregnancy.

CONCLUSIONS: Maternal obesity during pregnancy is associated with lower neonate brain cortical thickness in several frontal lobe
regions important for language and executive functions.

ABBREVIATIONS: BMI = body mass index; FDR = false discovery rate; IQ = intelligence quotient

he most recent National Health and Nutrition Examination
Survey reported that 39.7% of women in the United States 20—
39 years of age are obese (body mass index [BMI], =>30),! and the
most recent national birth data showed that 54.7% of neonates in
2018 in the United States were born to overweight (BMI =25) or
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obese women.> Maternal obesity during pregnancy has become a
prevalent health concern, not only for the pregnant women but
also for their offspring,’ including their neurodevelopment.*
Recent studies have shown negative associations between maternal
obesity and neurodevelopmental outcomes of children, including
reduced infant cognitive development scores, increased risk of
delayed mental development, lower cognitive performance,
impaired executive function, lower full-scale intelligence quotient
(IQ) and verbal IQ, higher attention-deficit/hyperactivity disorder
symptom scores, increased risk for inattention and negative emo-
tionality, and higher prevalence of autism.*®™'® These findings
strongly suggest that maternal obesity during pregnancy can nega-
tively influence an offspring’s cognitive and neurodevelopmental
outcomes. Nevertheless, little is known regarding the underlying
mechanism of these associations.

Recent advances in early neuroimaging, particularly advanced
and quantitative MR imaging, which can detect subtle changes in
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Demographic information of the study participants

Brain cortical development starts in

Normal Weight Obese P the first trimester of gestation and con-
(n=128) (n =16) Value tinues in the fetal and postnatal stages,
Maternal BMI (kg/m?) 22.2(SD, 1.9) 332(SD,15) <.001 with dynamic synapse formation in
Maternal fat mass (%) 28.8 (SD, 4.2) 44,0 (SD, 3.9) <.001 early life followed by gradual pruning
Maternal age at pregnancy (yr) 287 (SD, 2.9) 30.7 (SD, 5.0) 19 . .
Maternal IQ 107(SD,9.2) 1066 (SD,83) 50 throughout - childhood. This process
Gestational age (day) 275.1(SD, 6.7) 2747 (SD, 6.4) 96 can be reflected by measurements of
Neonate sex (boy/girl) 15/13 8/8 .83 cortical thickness, which reaches a peak
E?rt: I/veigf;]t (kg) SSZ (zg (2)2) 532 (:B (2)553) ;g between 1 and 2years of age’” and
irth length (cm K , 2. . , 2. K .
Head cirfum(fere)nce (cm) 36.2 ESD, 1.1)) 36.0 gSD, 0‘8)) 25 starts t(? dec.rease thereafter.” .Desp 1t.e
Neonate age at MR imaging (day) 143 (SD, 1.6) M3(sD,17) 1 the obvious importance of brain corti-
(

Postmenstrual age at MR imaging (day)
Neonate race

289.4 (SD, 6.4)

White/African American/American Indian/ 22/2/1/3
other)
Mother’s education
No college/some college/graduate degree 3/17/8
Father’s education
NA/no college/some college/graduate 1/24/3/0
degree)
Mother's income (US dollar)
NA/ = 20k/20-50k/>50k) 6/6/12/4
Father’s income (US dollar)
NA/= 20k/20-50k/>50k) 1/0/14/13

289 (SD, 6.3) 93 cal development in a child’s brain func-

tion and cognitive outcomes, so far no

10/5/1/0 18 published studies have evaluated
whether maternal obesity during preg-
0/9/7 30 nancy would alter cortical development

in the developing brain at early ages. In
2/10/4/0 20 this study, we aimed to investigate rela-
tionships between maternal obesity
1/3/9/3 57 and neonate bram.cortlcal develop-
ment. Our hypothesis was that mater-

3/0/6/7 23 nal obesity during pregnancy would

Note:—NA indicates not applicable.

the brain, provide a sensitive tool to detect the potential in utero
effects of maternal obesity on the developing brain. These direct
effects on early brain development, if observed, may link mater-
nal obesity during pregnancy with adverse long-term neurodeve-
lopmental outcomes in children and may shed light on the
underlying mechanism. In fact, a few recent studies have reported
significant changes in neonatal brain structural and functional
development associated with maternal obesity. For example, neo-
nates of obese, otherwise healthy, women showed lower brain
white matter development measured by diffusion tensor imaging
in widespread regions in the frontal and parietal lobes compared
with neonates of healthy normal-weight women.'® Weaker func-
tional connectivity of the dorsal anterior cingulate cortex to the
prefrontal networks in neonates born to obese-versus-normal-
weight women was also observed in a study using independent
component analysis of resting-state fMRI data,”® and a further
seed-based and graph theory of functional connectivity study
indicated possible neonatal functional connectivity alterations in
4 functional domains implicated in adult obesity: sensory proc-
essing, reward processing, cognitive control, and motor control.*'
In addition, another study also observed that a higher maternal
prepregnancy BMI was associated with greater local thalamic and
lower frontothalamic functional connectivity in the neonatal
brain.** Furthermore, studies have also shown that brain imaging
features measured by early MR imaging are associated with long-
term neurodevelopmental outcomes not only in neonates with
medical conditions such as prematurity, congenital heart diseases,
or hypoxic-ischemic encephalopathy>2* but also in neonates
who are born full-term, healthy, and typically developing>®
These findings suggest the importance of early neuroimaging in
understanding the potential effects of maternal obesity during
pregnancy on children’s neurodevelopmental outcomes.

slow fetal cortical development and

result in lower neonate cortical thick-

ness in different brain regions. To test
our hypothesis, we enrolled healthy normal-weight and obese
pregnant women at first trimester, measured their BMI and body
composition, performed brain MR imaging examination on their
neonates, compared cortical thickness between the 2 groups of
neonates, and evaluated its relationship with maternal body fat
mass percentage measured at early pregnancy.

MATERIALS AND METHODS

Subjects

Healthy pregnant women of <10 weeks’ gestation and their full-
term healthy neonates were included in this study. All study proce-
dures were approved by the University of Arkansas for Medical
Sciences institutional review board, and all participants provided
written informed consents. Inclusion criteria for the pregnant
women were the following: prepregnancy BMI of 18.5-24.9 kg/m*
[normal-weight group] or 30-35kg/m’ [obese group]), second
parity, singleton pregnancy, 21 years of age or older, and conceived
without assisted fertility treatments. Exclusion criteria for the preg-
nant women were the following: pre-existing medical conditions
such as diabetes mellitus, seizure disorder, and serious psychiatric
disorders; drug or alcohol abuse; sexually transmitted diseases; and
medical complications during pregnancy such as gestational diabe-
tes and pre-eclampsia. In addition, neonates born preterm (<37
weeks of gestation) or with medical conditions or medications
known to influence growth and development or those unable to
complete a brain MR imaging examination during natural sleep
were also excluded.

All pregnant women had their body composition assessed
using air displacement plethysmography (BOD POD; Cosmed)
and BMI measured at ~12weeks of pregnancy at Arkansas
Children’s Nutrition Center. Maternal IQ was also assessed using
the Wechsler Abbreviated Scale of Intelligence (Pearson). After
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delivery, birth weight and the length of the neonates were retrieved
from the medical records, while head circumference was measured
at ~2 weeks of age during the infant’s study visit. Family socioeco-
nomic status of the neonates including parental education and
income was also obtained during the mother’s pregnancy visits.

In total, 44 pregnant women (28 normal-weight, 16 obese)
and their neonates completed the experimental procedures and
were included in this study. Table summarizes the demographic
information of the study participants.

MR Imaging Data Acquisition

At ~2weeks of age, all neonates underwent an MR imaging ex-
amination of the brain during natural sleep without sedation at
the Arkansas Children’s Hospital, Department of Radiology.
They were fed 15-30 minutes before the scan, swaddled in warm
sheets, and bundled using a MedVac Infant Immobilizer (CFI
Medical Solutions). No sedation was used. A pulse oximeter
probe (InVivo) was placed on a foot to monitor oxygen satura-
tion and heart rate, and Mini Muffs (Natus Medical) and a head-
set were placed over the ears to protect the neonates from the
noise generated during the scan. The MR imaging examinations
were performed on a 1.5T Achieva MR imaging scanner (Philips
Healthcare) with a 60-cm bore size, 33-mT/m gradient ampli-
tude, and 100-mT/m/ms maximum slew rate. We used a pediat-
ric 8-channel sensitivity encoding head coil and a neonatal brain
MR imaging protocol, which included sagittal 3D turbo field
echo T1-weighted imaging reconstructed to 3 planes, axial T2-
weighted, axial diffusion-weighted, and axial susceptibility-
weighted imaging sequences. This conventional neonatal MR
imaging protocol was used for the neuroradiologists to screen
subjects for incidental findings, while the 3D T1-weighted images
with TR =7.1 ms, TE = 3.2 ms, flip angle = 8°, and resolution =
1 x 1 x 1mm were used for subsequent cortical brain mor-
phometry analysis, particularly measurements of cortical thick-
ness. Imaging quality control was performed on the scanner by
experienced MR imaging technicians. Scans were repeated if con-
siderable motion artifacts were present, and those neonates who
woke up during the scan without a valid 3D T1 dataset were
excluded from this study.

MR Imaging Data Analysis

All MR images were exported to the local PACS system from the
scanner and were reviewed by one of our neuroradiologists. No
incidental findings needing medical attention were noted. All of
the 3D T1-weighted images were also exported to local worksta-
tions for further cortical analysis. Specifically, DICOM images
were converted to NIfTT format and were postprocessed by the
new iBEAT V2.0 software (Developing Brain Computing Lab
and Baby Brain Mapping Lab). iBEAT V2.0 is a toolbox using
advanced approaches including deep learning for processing pe-
diatric brain T1- and T2-weighted MR images. It is an upgrade
from the previous iBEAT software and has demonstrated supe-
rior capability and accuracy in infant structural MR imaging data
postprocessing. For neonatal MR imaging, 3D TI-weighted
images are adequate for the automated postprocessing because of
the considerable contrast between different tissues. For this study,
3D T1-weighted MR images were corrected for inhomogeneity
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before skull stripping,” followed by tissue segmentation to gray
matter, white matter, and CSF. Left/right hemisphere separation
and topology correction were then performed.>>*' Cortical
surfaces including inner cortical and outer cortical surfaces
were reconstructed. Cortical parcellation was performed on the
basis of the infant developmental parcellation maps.?”*> The
UNC Neonatal Cortical Surface Atlas,>*> which parcellates the
brain cortex in each hemisphere into 34 different regions, was
used to calculate the mean cortical thickness for each cortical
region for each neonate. Cortical thickness was defined as the
closest distance from the white surface to the pial surface at
each vertex of each surface.

Statistics

For the comparison of demographic parameters between the
normal-weight and obese groups, Wilcoxon rank sum tests were
performed to determine whether there were significant group dif-
ferences (P values = .05) for numeric parameters, while y tests
were used for categoric parameters. To compare the cortical
thickness between neonates born to normal-weight or obese
mothers, we performed ANOVA with covariates of neonate sex
and race, postmenstrual age at MR imaging, maternal age at preg-
nancy, as well as IQ and education for each cortical region
defined by the UNC Neonatal Cortical Surface Atlas. Sex and
postmenstrual age were controlled as potential confounders
because infant brain differences associated with sex and gesta-
tional/postmenstrual age have been reported.’*?® Effects of
maternal age and IQ were also controlled because of potential
effects on the offspring’s brain development or neurodevelop-
mental outcomes.’® For family socioeconomic status, due to
missing data in the father’s education and parental income for
several subjects, only maternal education was added as a covariate
in the analysis. The cortical thickness was not normalized to total
brain volume because the literature suggested that normalizing
did not improve the discriminant and predictive performance of
cortical thickness measures.” False discovery rate (FDR) correc-
tion was used for multiple-comparison correction associated with
the 68 brain cortical regions evaluated in total, and regions with
FDR-corrected P values =.05 were regarded as significant regard-
ing cortical thickness. In addition, to investigate whether there is
a linear relationship between maternal body composition and
neonate brain development, we evaluated correlations between
maternal fat mass percentage measured at ~12 weeks of gestation
and neonate brain cortical thickness at ~2 weeks of postnatal age
for those regions identified by ANOVA using the Spearman rank
partial-correlation test. Partial correlation coefficients (R values)
and significance levels (P values) were calculated, and those cor-
relations with P values = .05 after controlling of neonate sex and
race, postmenstrual age at MR imaging, maternal age at preg-
nancy, and IQ and education were regarded as significant. All sta-
tistics analyses were done in Matlab software, Version R2018b
(MathWorks).

RESULTS

The normal-weight and obese pregnant women differed signifi-
cantly in mean BMI measured at ~12 weeks of pregnancy (22.2
[SD, 1.9] versus 33.2 [SD, 1.5], P<<.001), as well as in body fat



FIG 1. The anatomic locations for the 3 brain cortical regions that showed significant differences
(FDR-corrected P =.05) in mean cortical thickness between neonates born to normal-weight-

composition (particularly body fat mass
percentage) and the neonatal brain de-
velopment (particularly cortical thick-
ness). Similarly, neonate sex and race
and postmenstrual age at MR imaging,
as well as maternal age at pregnancy
and IQ and education were controlled
in the partial correlation analysis. There
were significant negative correlations
(P<.05) between maternal fat mass
percentage and neonate brain cortical
thickness in all of these 3 regions (Fig
2). Specifically, neonate brain regional
mean cortical thickness measured at ~2
weeks” postnatal age negatively corre-
lated with maternal body fat mass per-
centage measured at ~12 weeks of
pregnancy in the left pars opercularis
gyrus (R = —0.34, P=.04), the left pars
triangularis gyrus (R = —0.50,
P=.001), and the left rostral middle
frontal gyrus (R = —0.42, P=.01).

versus-obese women: the left pars opercularis (LPO) gyrus (A), the left pars triangularis (LPT) gyrus

(B), and the left rostral middle frontal (LFMF) gyrus (C). The comparison of mean cortical thickness

for these 3 regions in these groups of neonates is illustrated in D.

percentage (28.8% [SD, 4.2%] versus 44.0% [SD, 3.9%], P <.001).
Other maternal/family measures such as maternal age at preg-
nancy and IQ as well as family socioeconomic status were not dif-
ferent (Table). For the neonates, there were no group differences
in sex, race, birth weight/height, head circumference, gestational
age at birth, or postmenstrual age at MR imaging (Table).

For comparison of cortical thickness at ~2 weeks’ postnatal age
for the neonates, the ANOVA analysis (with effects of neonate sex
and race, postmenstrual age at MR imaging, maternal age at preg-
nancy, and IQ- and education-controlled) showed that there were
3 regions with significant differences (FDR-corrected, P=.05)
between neonates born to normal-weight versus obese women in
the 68 cortical regions defined by the UNC Neonatal Cortical
Surface Atlas. Specifically, the mean cortical thickness in the left
pars opercularis gyrus was higher in neonates born to normal-
weight-versus-obese women (1.99 [SD, 0.07] mm versus 1.90 [SD,
0.07] mm; FDR-corrected, P=.01); the mean cortical thickness in
the left pars triangularis gyrus was also higher in neonates born to
normal-weight-versus-obese women (1.92 [SD, 0.07] mm versus
1.84 [SD, 0.06] mm; FDR-corrected, P=.04); and the mean corti-
cal thickness in the left rostral middle frontal gyrus was also higher
in neonates born to normal-weight-versus-obese women (1.78
[SD, 0.03]mm versus 1.74 [SD, 0.04] mm; FDR-corrected,
P=.04). The anatomic location of these 3 cortical regions as well
as the comparison of mean cortical thickness in these 3 regions are
illustrated in Fig 1. No other regions showed differences in cortical
thickness between the 2 neonate groups.

For the 3 cortical regions identified using the ANOVA analysis,
the Spearman rank partial correlation test was used to evaluate
whether there is a linear relationship the between mother’s body

DISCUSSION

Our study indicated significant rela-
tionships between the mother’s BMI
status and body composition at early
pregnancy and the neonate’s brain cortical development at ~2
weeks of age. The more obese the pregnant women were during
early pregnancy, the lower the cortical thickness was in several
brain regions in their neonates. All pregnant women included in
this study were healthy, without medical conditions or medica-
tion use during pregnancy that may affect fetal brain develop-
ment, and all neonates were also healthy, born full-term, without
any birth defects or medical conditions that may impact their
brain development. Our results suggest that there may be a nega-
tive impact of maternal obesity during pregnancy on the off-
spring’s brain development because cortical thickness increases
during infancy in normal development and it appears that mater-
nal obesity may have slowed or impaired cortical development at
2 weeks’ postnatal age.

The brain regions showing the potential impact of maternal
obesity on cortical development are all in the frontal lobe, indicat-
ing that frontal lobe brain regions may be most vulnerable to
potential disturbances in fetal programming due to maternal obe-
sity. This finding is consistent with previous findings that micro-
structure integrity evaluated by DTI was lower in widespread
frontal white matter regions in neonates born to obese-versus-
normal-weight mothers'® and that functional connectivity from
the dorsal anterior cingulate cortex to the prefrontal network
measured by resting-state fMRI was lower in neonates born to
obese-versus-normal-weight mothers.®® This is also consistent
with another functional connectivity study of infants born to ado-
lescents or young adult women that demonstrated that higher
maternal BMI was associated with lower frontothalamic connec-
tivity in the infant brain.**> While the underlying and potential
neurobiologic processes for the vulnerability of frontal lobe
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FIG 2. Partial correlation analysis showed significant negative correla-
tions (P < .05) between maternal body fat mass percentage measured
at ~12 weeks of pregnancy and neonate brain mean cortical thickness
measured at ~2 weeks’ postnatal age in the left pars opercularis
(LPO) gyrus, left pars triangularis (LPT) gyrus, and left rostral middle
frontal (LRMF) gyrus.

development to maternal obesity are unclear, numerous studies
have indicated that the rapid infant frontal brain development is
sensitive to early environmental experiences,”® including expo-
sures to different adverse prenatal environmental factors.**°

For the 3 specific frontal lobe regions that showed decreased
cortical thickness associated with maternal obesity, the left pars
opercularis gyrus and the left pars triangularis gyrus form the
middle and posterior parts of the left inferior frontal gyrus and
are commonly regarded as the Broca area, which is important for
expressive language function such as speech production. The left
rostral middle frontal gyrus largely overlaps with the dorsolateral
prefrontal cortex and is critical for executive function such as
emotion regulation and working memory. Thinner cortices in
these language- and executive function-related brain regions in
early life may have important functional implications because
recent studies have shown that maternal obesity is associated
with lower composite language scores'* or a different language
developmental trajectory,*' as well as lower cognitive flexibility*
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or poorer executive functioning in areas of attention, inhibition
control, and working memory™ in children.

Most interesting, frontal brain structural and functional
changes have also been observed in children, associated with child-
hood obesity. For example, in recent analyses of National Institutes
of Health Adolescent Brain and Cognitive Development Study
data, increased BMI in 9- to 11-year-old children significantly cor-
related with reduced cortical thickness in the frontal lobe and lower
performance in several tasks involving executive functions,** and
reduced thickness in a number of frontal cortical regions partially
accounted for reductions in executive function.*> Many fMRI stud-
ies have also demonstrated differences in brain activation involving
the frontal lobe during task performance between normal-weight
and overweight/obese children/adolescents.**** Given that mater-
nal obesity may predispose offspring to a higher risk of childhood
obesity, the similarities of changes in the developing brain associ-
ated with maternal obesity and childhood obesity may suggest
potential consequential effects, eg, maternal obesity may possi-
bly program persistent changes in certain regions of the devel-
oping brain, which, in turn, may cause behavior issues in
childhood (such as deficiency in inhibitory control toward
food) and further increase the risk of developing childhood obe-
sity. While this is a speculation that cannot be validated by the
data in our current study alone (eg, whether there are persistent
changes in the brain associated with maternal obesity that will
require follow-up imaging studies), our results certainly can
contribute to the growing field striving to understand more
about obesity-brain relationships.

Our study design was prospective and longitudinal, and we
recruited pregnant women in early pregnancy, measured their body
composition, followed up their pregnancy, and evaluated their
infants’ brain development using MR imaging. Nevertheless, 1 limi-
tation of our findings is that we only have complete MR imaging
data for the cohort at neonatal age. Follow-up MR imaging and
neurodevelopmental assessments at later ages will be necessary to
determine whether brain changes associated with maternal obesity
in neonates persist into later childhood and impact long-term neu-
rodevelopmental outcomes. Another limitation is the relatively
small sample size of this study. A larger-scale study may allow us to
control for more potential confounders and may identify more
brain regions and imaging features in the developing brain associ-
ated with maternal obesity. Last, family socioeconomic status may
also be a confounding factor for infant brain development.

In our statistical analysis, we controlled for the mother’s edu-
cation, for which we have data for all subjects (1 = 44). For other
socioeconomic parameters for which we have missing data
including the mother’s income (1 =37) and the father’s educa-
tion (n=41) and income (n=40), we compared the available
data, and there were no group differences (Table). In addition,
the significant group differences as well as significant correlations
between maternal body fat mass percentage and neonate cortical
thickness in the 3 regions we report still hold (all P values in Figs
1D and 2 are still < .05 except for one) if we add parental
incomes and the father’s education as additional covariates in the
data analysis (despite the missing data and the relatively large
number of covariates compared with the sample size in the statis-
tical model).



CONCLUSIONS
Neonates born to obese women showed lower cortical thickness

measured by MR imaging at ~2 weeks of age in several frontal

brain regions important for language and executive function. The

mother’s body fat mass percentage measured in early pregnancy

negatively correlated with the neonate’s brain cortical thickness

in these regions. Our results indicate that there may be a negative

impact of maternal obesity during pregnancy on the offspring’s

cortical brain development.

Disclosure forms provided by the authors are available with the full text and PDF
of this article at www.ajnr.org.

REFERENCES

1

10.

11.

12.

13.

14.

15.

16.

. Hales CM, Carroll MD, Fryar CD, et al. Prevalence of obesity and

severe obesity among adults: United States, 2017-2018. NCHS Data
Brief 2020:1-8 Medline

. Martin JA, Hamilton BE, Osterman M], et al. Births: final data for

2018. Natl Vital Stat Rep 2019;68:1-47 Medline

. Santangeli L, Sattar N, Huda SS. Impact of maternal obesity on peri-

natal and childhood outcomes. Best Pract Res Clin Obstet Gynaecol
2015;29:438-48 CrossRef Medline

. Edlow AG. Maternal obesity and neurodevelopmental and psychi-

atric disorders in offspring. Prenat Diagn 2017;37:95-110 CrossRef
Medline

. Kong L, Chen X, Gissler M, et al. Relationship of prenatal maternal

obesity and diabetes to offspring neurodevelopmental and psychi-
atric disorders: a narrative review. Int ] Obes (Lond) 2020;44:1981-
2000 CrossRef Medline

. Casas M, Chatzi L, Carsin AE, et al. Maternal pre-pregnancy over-

weight and obesity, and child neuropsychological development:
two Southern European birth cohort studies. Int ] Epidemiol
2013;42:506-17 CrossRef Medline

. Hinkle SN, Schieve LA, Stein AD, et al. Associations between mater-

nal prepregnancy body mass index and child neurodevelopment at
2 years of age. Int ] Obes (Lond) 2012;36:1312-19 CrossRef Medline

. Basatemur E, Gardiner J, Williams C, et al. Maternal prepregnancy

BMI and child cognition: a longitudinal cohort study. Pediatrics
2013;131:56-63 CrossRef Medline

. Buss C, Entringer S, Davis EP, et al. Impaired executive function

mediates the association between maternal pre-pregnancy body
mass index and child ADHD symptoms. PLoS One 2012;7:e37758
CrossRef Medline

Huang LS, Yu XD, Keim S, et al. Maternal prepregnancy obesity
and child neurodevelopment in the Collaborative Perinatal
Project. Int ] Epidemiol 2014;43:783-92 CrossRef Medline

Rodriguez A, Miettunen J, Henriksen TB, et al. Maternal adiposity
prior to pregnancy is associated with ADHD symptoms in off-
spring: evidence from three prospective pregnancy cohorts. Int |
Obes (Lond) 2008;32:550-57 CrossRef Medline

Rodriguez A. Maternal pre-pregnancy obesity and risk for inatten-
tion and negative emotionality in children. J Child Psychol Psychiatry
2010;51:134-43 CrossRef Medline

Krakowiak P, Walker CK, Bremer AA, et al. Maternal metabolic
conditions and risk for autism and other neurodevelopmental dis-
orders. Pediatrics 2012;129:E1121-28 CrossRef

Reynolds LC, Inder TE, Neil JJ, et al. Maternal obesity and increased
risk for autism and developmental delay among very preterm
infants. J Perinatol 2014;34:688-92 CrossRef Medline

Jo H, Schieve LA, Sharma AJ, et al. Maternal prepregnancy body
mass index and child psychosocial development at 6 years of age.
Pediatrics 2015;135:1198-209 CrossRef Medline

Girchenko P, Tuovinen S, Lahti-Pulkkinen M, et al. Maternal early
pregnancy obesity and related pregnancy and pre-pregnancy disor-
ders: associations with child developmental milestones in the

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

AJNR Am J Neuroradiol 42:2238—44 Dec 2021

prospective. PREDO Study. Int ] Obes (Lond) 2018;42:995-1007
CrossRef Medline

Casas M, Forns ], Martinez D, et al. Maternal pre-pregnancy obesity
and neuropsychological development in pre-school children: a
prospective cohort study. Pediatr Res 2017;82:596-606 CrossRef
Medline

Contu L, Hawkes CA. A review of the impact of maternal obesity
on the cognitive function and mental health of the offspring. Int |
Mol Sci 2017;18:1093 CrossRef Medline

Ou X, Thakali KM, Shankar K, et al. Maternal adiposity negatively
influences infant brain white matter development. Obesity
2015;23:1047-54 CrossRef Medline

Li X, Andres A, Shankar K, et al. Differences in brain functional
connectivity at resting state in neonates born to healthy obese or
normal-weight mothers. Int ] Obes (Lond) 2016;40:1931-34
CrossRef Medline

Salzwedel AP, Gao W, Andres A, et al. Maternal adiposity influences
neonatal brain functional connectivity. Front Hum Neurosci
2018;12:514 CrossRef Medline

Spann MN, Scheinost D, Feng T, et al. Association of maternal pre-
pregnancy body mass index with fetal growth and neonatal tha-
lamic brain connectivity among adolescent and young women.
JAMA Netw Open 2020;3:¢2024661 CrossRef Medline

Perlman JM. White matter injury in the preterm infant: an impor-
tant determination of abnormal neurodevelopment outcome.
Early Hum Dev 1998;53:99-120 CrossRef Medline

Peyvandi S, Chau V, Guo T, et al. Neonatal brain injury and timing
of neurodevelopmental assessment in patients with congenital
heart disease. ] Am Coll Cardiol 2018;71:1986-96 CrossRef Medline
Weeke LC, Groenendaal F, Mudigonda K, et al. A novel magnetic
resonance imaging score predicts neurodevelopmental outcome af-
ter perinatal asphyxia and therapeutic hypothermia. ] Pediatr
2018;192:33-40.e2 CrossRef

Feng K, Rowell AC, Andres A, et al. Diffusion tensor MRI of white
matter of healthy full-term newborns: relationship to neurodeve-
lopmental outcomes. Radiology 2019;292:179-87 CrossRef Medline
Wang F, Lian C, Wu Z, et al. Developmental topography of cortical
thickness during infancy. Proc Natl Acad Sci U S A 2019;116:15855-
60 CrossRef Medline

Fjell AM, Grydeland H, Krogsrud SK, et al. Development and aging
of cortical thickness correspond to genetic organization patterns.
Proc Natl Acad Sci U S A 2015;112:15462-67 CrossRef Medline

Wang L, Li G, Shi F, et al. Volume-based analysis of 6-month-old
infant brain MRI for autism biomarker identification and early di-
agnosis. Med Image Comput Comput Assist Interv 2018;11072:411-19
CrossRef Medline

Li G, Nie ], Wang L, et al. Measuring the dynamic longitudinal cor-
tex development in infants by reconstruction of temporally con-
sistent cortical surfaces. Neuroimage 2014;90:266-79 CrossRef
Medline

Li G, Wang L, Yap PT, et al. Computational neuroanatomy of baby
brains: a review. Neuroimage 2019;185:906-25 CrossRef Medline

Li G, Wang L, Shi F, et al. Construction of 4D high-definition corti-
cal surface atlases of infants: methods and applications. Med Image
Anal 2015;25:22-36 CrossRef Medline

Wu Z, Li G, Meng Y, et al. 4D infant cortical surface atlas construc-
tion using spherical patch-based sparse representation. Med Image
Comput Comput Assist Interv 2017;10433:57-65 CrossRef Medline
Ou X, Glasier CM, Ramakrishnaiah RH, et al. Gestational age at
birth and brain white matter development in term-born infants
and children. AJNR Am ] Neuroradiol 2017;38:2373-79 CrossRef
Medline

Lehtola SJ, Tuulari JJ, Karlsson L, et al. Associations of age and sex
with brain volumes and asymmetry in 2-5-week-old infants. Brain
Struct Funct 2019;224:501-13 CrossRef Medline

Veldkamp SA, Zondervan-Zwijnenburg MA, van Bergen E, et al.
Parental age in relation to offspring's neurodevelopment. | Clin
Child Adolesc Psychol 20201-13 CrossRef Medline

www.ajnr.org 2243


http://www.ajnr.org/sites/default/files/additional-assets/Disclosures/December%202021/0546.pdf
www.ajnr.org
https://www.ncbi.nlm.nih.gov/pubmed/32487284
https://www.ncbi.nlm.nih.gov/pubmed/32501202
http://dx.doi.org/10.1016/j.bpobgyn.2014.10.009
https://www.ncbi.nlm.nih.gov/pubmed/25497183
http://dx.doi.org/10.1002/pd.4932
https://www.ncbi.nlm.nih.gov/pubmed/27684946
http://dx.doi.org/10.1038/s41366-020-0609-4
https://www.ncbi.nlm.nih.gov/pubmed/32494038
http://dx.doi.org/10.1093/ije/dyt002
https://www.ncbi.nlm.nih.gov/pubmed/23569191
http://dx.doi.org/10.1038/ijo.2012.143
https://www.ncbi.nlm.nih.gov/pubmed/22964791
http://dx.doi.org/10.1542/peds.2012-0788
https://www.ncbi.nlm.nih.gov/pubmed/23230067
http://dx.doi.org/10.1371/journal.pone.0037758
https://www.ncbi.nlm.nih.gov/pubmed/22719848
http://dx.doi.org/10.1093/ije/dyu030
https://www.ncbi.nlm.nih.gov/pubmed/24569381
http://dx.doi.org/10.1038/sj.ijo.0803741
https://www.ncbi.nlm.nih.gov/pubmed/17938639
http://dx.doi.org/10.1111/j.1469-7610.2009.02133.x
https://www.ncbi.nlm.nih.gov/pubmed/19674195
http://dx.doi.org/10.1542/peds.2011-2583
http://dx.doi.org/10.1038/jp.2014.80
https://www.ncbi.nlm.nih.gov/pubmed/24811227
http://dx.doi.org/10.1542/peds.2014-3058
https://www.ncbi.nlm.nih.gov/pubmed/25917989
http://dx.doi.org/10.1038/s41366-018-0061-x
https://www.ncbi.nlm.nih.gov/pubmed/29686379
http://dx.doi.org/10.1038/pr.2017.118
https://www.ncbi.nlm.nih.gov/pubmed/28493861
http://dx.doi.org/10.3390/ijms18051093
https://www.ncbi.nlm.nih.gov/pubmed/28534818
http://dx.doi.org/10.1002/oby.21055
https://www.ncbi.nlm.nih.gov/pubmed/25919924
http://dx.doi.org/10.1038/ijo.2016.166
https://www.ncbi.nlm.nih.gov/pubmed/27677619
http://dx.doi.org/10.3389/fnins.2018.00514
https://www.ncbi.nlm.nih.gov/pubmed/30662399
http://dx.doi.org/10.1001/jamanetworkopen.2020.24661
https://www.ncbi.nlm.nih.gov/pubmed/33141162
http://dx.doi.org/10.1016/S0378-3782(98)00037-1
https://www.ncbi.nlm.nih.gov/pubmed/10195704
http://dx.doi.org/10.1016/j.jacc.2018.02.068
https://www.ncbi.nlm.nih.gov/pubmed/29724352
http://dx.doi.org/10.1016/j.jpeds.2017.09.043
http://dx.doi.org/10.1148/radiol.2019182564
https://www.ncbi.nlm.nih.gov/pubmed/31161971
http://dx.doi.org/10.1073/pnas.1821523116
https://www.ncbi.nlm.nih.gov/pubmed/31332010
http://dx.doi.org/10.1073/pnas.1508831112
https://www.ncbi.nlm.nih.gov/pubmed/26575625
http://dx.doi.org/10.1007/978-3-030-00931-1_47
https://www.ncbi.nlm.nih.gov/pubmed/30430147
http://dx.doi.org/10.1016/j.neuroimage.2013.12.038
https://www.ncbi.nlm.nih.gov/pubmed/24374075
http://dx.doi.org/10.1016/j.neuroimage.2018.03.042
https://www.ncbi.nlm.nih.gov/pubmed/29574033
http://dx.doi.org/10.1016/j.media.2015.04.005
https://www.ncbi.nlm.nih.gov/pubmed/25980388
http://dx.doi.org/10.1007/978-3-319-66182-7_7
https://www.ncbi.nlm.nih.gov/pubmed/29119146
http://dx.doi.org/10.3174/ajnr.A5408
https://www.ncbi.nlm.nih.gov/pubmed/29025726
http://dx.doi.org/10.1007/s00429-018-1787-x
https://www.ncbi.nlm.nih.gov/pubmed/30390153
http://dx.doi.org/10.1080/15374416.2020.1756298
https://www.ncbi.nlm.nih.gov/pubmed/32420762

37.

38.

39.

40.

41.

42.

43.

2244 Na

Westman E, Aguilar C, Muehlboeck JS, et al. Regional magnetic res-
onance imaging measures for multivariate analysis in Alzheimer’s
disease and mild cognitive impairment. Brain Topogr 2013;26:9-23
CrossRef Medline

Hodel AS. Rapid infant prefrontal cortex development and sensi-
tivity to early environmental experience. Dev Rev 2018;48:113-44
CrossRef Medline

Posner ], Cha J, Roy AK, et al. Alterations in amygdala-prefrontal
circuits in infants exposed to prenatal maternal depression. Transl
Psychiatry 2016;6:¢935 CrossRef Medline

Humphreys KL, Camacho MC, Roth MC, et al. Prenatal stress expo-
sure and multimodal assessment of amygdala-medial prefrontal
cortex connectivity in infants. Dev Cogn Neurosci 2020;46:100877
CrossRef Medline

Torres-Espinola FJ, Berglund SK, Garcia-Valdés LM, et al; PREOBE
team. Maternal obesity, overweight and gestational diabetes affect
the offspring neurodevelopment at 6 and 18 months of age: a fol-
low up from the PREOBE cohort. PLoS One 2015;10:e0133010
CrossRef Medline

Menting MD, van de Beek C, de Rooij SR, et al. The association
between pre-pregnancy overweight/obesity and offspring's behav-
ioral problems and executive functioning. Early Hum Dev
2018;122:32-41 CrossRef Medline

Mina TH, Lahti M, Drake AJ, et al. Prenatal exposure to maternal
very severe obesity is associated with impaired neurodevelopment

Dec 2021 www.ajnr.org

44,

45.

46.

47.

48.

49.

50.

and executive functioning in children. Pediatr Res 2017;82:47-54
CrossRef Medline

Laurent JS, Watts R, Adise S, et al. Associations among body mass
index, cortical thickness, and executive function in children. JAMA
Pediatr 2020;174:170-77 CrossRef Medline

Ronan L, Alexander-Bloch A, Fletcher PC. Childhood obesity, corti-
cal structure, and executive function in healthy children. Cereb
Cortex 2020;30:2519-28 CrossRef Medline

Batterink L, Yokum S, Stice E. Body mass correlates inversely with
inhibitory control in response to food among adolescent girls: An
fMRI study. Neuroimage 2010;52:1696-703 CrossRef Medline

Bruce AS, Holsen LM, Chambers R], et al. Obese children show
hyperactivation to food pictures in brain networks linked to motiva-
tion, reward and cognitive control. Int ] Obes (Lond) 2010;34:1494-
500 CrossRef Medline

Bruce AS, Lepping RJ, Bruce JM, et al. Brain responses to food logos
in obese and healthy weight children. ] Pediatr 2013;162:759-764.¢2
CrossRef Medline

Davids S, Lauffer H, Thoms K, et al. Increased dorsolateral prefron-
tal cortex activation in obese children during observation of food
stimuli. Int ] Obes (Lond) 2010;34:94-104 CrossRef Medline

van Meer F, van der Laan LN, Eiben G, et al; I.Family Consortium.
Development and body mass inversely affect children’s brain acti-
vation in dorsolateral prefrontal cortex during food choice.
Neuroimage 2019;201:116016 CrossRef Medline


http://dx.doi.org/10.1007/s10548-012-0246-x
https://www.ncbi.nlm.nih.gov/pubmed/22890700
http://dx.doi.org/10.1016/j.dr.2018.02.003
https://www.ncbi.nlm.nih.gov/pubmed/30270962
http://dx.doi.org/10.1038/tp.2016.146
https://www.ncbi.nlm.nih.gov/pubmed/27801896
http://dx.doi.org/10.1016/j.dcn.2020.100877
https://www.ncbi.nlm.nih.gov/pubmed/33220629
http://dx.doi.org/10.1371/journal.pone.0133010
https://www.ncbi.nlm.nih.gov/pubmed/26208217
http://dx.doi.org/10.1016/j.earlhumdev.2018.05.009
https://www.ncbi.nlm.nih.gov/pubmed/29864728
http://dx.doi.org/10.1038/pr.2017.43
https://www.ncbi.nlm.nih.gov/pubmed/28288149
http://dx.doi.org/10.1001/jamapediatrics.2019.4708
https://www.ncbi.nlm.nih.gov/pubmed/31816020
http://dx.doi.org/10.1093/cercor/bhz257
https://www.ncbi.nlm.nih.gov/pubmed/31646343
http://dx.doi.org/10.1016/j.neuroimage.2010.05.059
https://www.ncbi.nlm.nih.gov/pubmed/20510377
http://dx.doi.org/10.1038/ijo.2010.84
https://www.ncbi.nlm.nih.gov/pubmed/20440296
http://dx.doi.org/10.1016/j.jpeds.2012.10.003
https://www.ncbi.nlm.nih.gov/pubmed/23211928
http://dx.doi.org/10.1038/ijo.2009.193
https://www.ncbi.nlm.nih.gov/pubmed/19806158
http://dx.doi.org/10.1016/j.neuroimage.2019.116016
https://www.ncbi.nlm.nih.gov/pubmed/31310861

ORIGINAL RESEARCH
PEDIATRICS

Anatomic Neuroimaging Characteristics of Posterior Fossa
Type A Ependymoma Subgroups

N.D. Sabin, ““’S.N. Hwang, ““'P. Klimo Jr, ““’ N. Chambwe, “’R.G. Tatevossian, ““'T. Patni, “*'Y. Li, “’F.A. Boop, ““E. Anderson,
A. Gajjar, ““T.E. Merchant, and ““D.W. Ellison
o.ia

ABSTRACT

BACKGROUND AND PURPOSE: Posterior fossa type A (PFA) ependymomas have 2 molecular subgroups (PFA-1 and PFA-2) and 9
subtypes. Gene expression profiling suggests that PFA-1 and PFA-2 tumors have distinct developmental origins at different rostro-
caudal levels of the brainstem. We, therefore, tested the hypothesis that PFA-1 and PFA-2 ependymomas have different anatomic
MR imaging characteristics at presentation.

MATERIALS AND METHODS: Two neuroradiologists reviewed the preoperative MR imaging examinations of 122 patients with PFA
ependymomas and identified several anatomic characteristics, including extension through the fourth ventricular foramina and
encasement of major arteries and tumor type (midfloor, roof, or lateral). Deoxyribonucleic acid methylation profiling assigned epen-
dymomas to PFA-1 or PFA-2. Information on PFA subtype from an earlier study was also available for a subset of tumors.
Associations between imaging variables and subgroup or subtype were evaluated.

RESULTS: No anatomic imaging variable was significantly associated with the PFA subgroup, but 5 PFA-2c subtype ependymomas in
the cohort had a more circumscribed appearance and showed less tendency to extend through the fourth ventricular foramina or
encase blood vessels, compared with other PFA subtypes.

CONCLUSIONS: PFA-1 and PFA-2 ependymomas did not have different anatomic MR imaging characteristics, and these results do
not support the hypothesis that they have distinct anatomic origins. PFA-2c ependymomas appear to have a more anatomically cir-

cumscribed MR imaging appearance than the other PFA subtypes; however, this needs to be confirmed in a larger study.

ABBREVIATIONS: PF = posterior fossa; PFA = posterior fossa type A, PF-EPN-A; PFB = posterior fossa type B, PF-EPN-B

Ependymomas account for >5% of pediatric CNS tumors and
approximately 50% of brain tumors in children younger than
5years of age."”> Approximately 90% of pediatric ependymomas
are intracranial, and about 70% occur in the posterior fossa.
Posterior fossa (PF) ependymomas are usually centered in the
fourth ventricle or cerebellopontine angle cistern, often extend
through the foramina of Luschka and/or the foramen of
Magendie, and tend to encase cranial nerves and vascular
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structures, making it difficult to achieve a gross total surgical
resection, the most important prognostic factor for prolonged
survival.?

Developments in molecular characterization and genetic profil-
ing of pediatric brain tumors have led to improvements in risk
stratification and associated treatment modification for these neo-
plasms.®® For example, these methods now divide medulloblas-
toma into 4 molecular groups and 12 subgroups, which may be
used for prediction of outcomes and stratification of treatment.®®
Deoxyribonucleic acid methylation profiling has been used to
divide PF ependymomas into 3 molecular groups, posterior fossa
type A/PF-ependymoma (EPN)-A (PFA), posterior fossa type B/
PF-EPN-B (PFB), and posterior fossa subependymoma/PF-subep-
endymoma.”"! PF-subependymoma tumors are rare adult subep-
endymomas, and approximately 90% of PF ependymomas are
from the PFA group.'” PFA ependymomas primarily occur in
infants and young children (median age at presentation, 3 years),
and PFB ependymomas are mostly seen in adolescents and young
adults, with a median age at presentation of 30 years. The PFA
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group is divided into 2 subgroups, PFA-1 and PFA-2.° PFA-1
tumors express specific Homeobox family genes, which are upregu-
lated in the caudal brainstem and upper spinal cord during CNS
development, while genes located more rostrally in the developing
brainstem at the midbrain-hindbrain junction (eg, EN2, CNPY1)
are expressed in PFA-2 ependymomas.’ These distinct gene
expression profiles suggest that PFA-1 and PFA-2 tumors originate
from different brainstem locations. DNA methylation profiling has
also revealed 9 subtypes of PFA ependymomas, 6 in the PFA-1
subgroup (la through 1f) and 3 in the PFA-2 subgroup (2a
through 2c).” The PFA subgroups and subtypes are associated with
different genetic and clinical variables, including different progno-
ses and patterns of relapse.”

The concept that imaging findings may be associated with
molecularly distinct pediatric CNS tumors is supported by evi-
dence that different molecular groups of medulloblastoma arise
from different anatomic locations and that these differences are
visible on MR imaging.'*"'® In a recent study that extended this
idea to the posterior fossa ependymoma groups, Yonezawa et al'®
found that in 16 patients with posterior fossa ependymomas (9
PFAs and 7 PFBs), PFB tumors enhanced to a greater extent than
PFA lesions. In that investigation, however, no significant differ-
ence was detected between PFA and PFB tumors in their tend-
ency to extend beyond the fourth ventricle. Imaging analyses of
posterior fossa ependymomas and evaluations of operative find-
ings and techniques related to their resection have identified ana-
tomic characteristics of the tumor that impact resectability and
survival. These include location, relationship to blood vessels and
cranial nerves, and extension of the tumor into adjacent anatomic
regions. "7’

An evaluation of a small group of PFA ependymomas per-
formed as part of a larger study of the molecular characteristics of
those tumors found some differences in the anatomic locations of
the PFA subgroups.” We wanted to expand on that small com-
bined imaging and surgical analysis by examining the differences
in the anatomic characteristics seen solely on imaging between
the 2 subgroups of PFA ependymomas in a larger group of
patients. Our primary aim in this study was to evaluate potential
differences in the anatomic characteristics of PFA-1 and PFA-2
ependymomas seen on MR imaging and determine whether
those differences support different anatomic origins of the tumor
subgroups. As an exploratory objective, we investigated potential
different anatomic characteristics of the PFA subtypes as seen on
MR imaging, with particular attention paid to the PFA-2¢ sub-
type, which is the subtype with the best prognosis.”

MATERIALS AND METHODS

The study was approved by our institutional review board. One
hundred twenty-two patients with PF ependymoma treated at
or who presented for consultation to the St. Jude Children’s
Research Hospital between 1996 and 2017 with evaluable preop-
erative MR imaging examinations and tumor specimens available
for DNA methylation profiling were identified. The preoperative
examinations were performed at outside institutions and varied
with respect to pulse sequences obtained and imaging technique.
Suitable studies were those that provided anatomic definition
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that allowed distinction of tumor from adjacent anatomic struc-
tures, including fourth ventricle foramina and major arteries.
T1WI was available for all subjects; T2WI, for 120 subjects, and
FLAIR images, for 106 subjects. One hundred nineteen subjects
had postcontrast T1-weighted images. Two radiologists, each
with Certificates of Added Qualification in neuroradiology and
>10years’ practice experience and who were blinded to each
other’s evaluations, reviewed the preoperative MRIs and deter-
mined for each case whether the tumor extended below the fora-
men magnum, involved the foramina of Luschka, or encased the
basilar artery and/or vertebral arteries. Tumors that extended
below a line drawn from the tip of the clivus to the opisthion
were considered to extend below the foramen magnum. Any tu-
mor that extended beyond the margin of the fourth ventricle into
one or both foramina of Luschka was characterized as involving
those structures, and a tumor that appeared to extend around at
least 50% of the circumference of the basilar and/or vertebral ar-
tery was classified as encasing those vessels.

The radiologists categorized the ependymomas as midfloor
type, lateral type, or roof type using criteria described by U-King-
Im et al.'® According to these criteria, midfloor tumors are those
that generally displace the brainstem anteriorly, the entire brain-
stem is seen in its entirety in 1 sagittal image, and the obex is
filled with tumor (Fig 14, -B). Lateral tumors are centered in the
lateral recess of the fourth ventricle or cerebellopontine angle cis-
tern, usually do not involve the obex, and generally displace the
brainstem laterally (Fig 1C, -D). For our evaluation, lesions that
appeared inseparable from the roof of the fourth ventricle with a
complete or partial gap between the tumor and floor were classi-
fied as roof-type tumors, though no criteria for this type of poste-
rior fossa ependymoma were provided by U-King-Im et al (Fig
1E, -F). The radiologists also evaluated the tumors for imaging
evidence of necrosis, defined by the presence of centrally located
nonenhancing areas within the lesions and ring enhancement.
Finally, the radiologists determined whether hydrocephalus was
present on the preoperative examination. Discrepancies between
the radiologists’ conclusions were resolved by consensus between
the 2 reviewers.

Genomic DNA was extracted from 23 frozen tumor
specimens following standard procedures for proteinase K
(ThermoFisher Scientific) digestion, phenol:chloroform:isoamyl
alcohol extraction and ethanol precipitation,”® and from 99 for-
malin-fixed and paraffin-embedded tissue specimens using the
Maxwell RSC DNA formalin-fixed and paraffin-embedded kit
(AS1450; Promega). DNA samples were quantified using
Picogreen (Invitrogen). Genome-wide DNA methylation pro-
files were generated from Infinium HumanMethylation450
(450K) or MethylationEPIC BeadChip arrays (Illumina), follow-
ing the manufacturer’s instructions.

Ninety-nine of 122 tumors were included in our prior study
and assigned to the PFA-1 or PFA-2 subgroup.” In the present
study, we first confirmed that all 122 tumors were assigned to the
PFA subgroup using the Molecular Neuropathology brain tumor
classifier (v11b4) (www.molecularneulropathology.org).21 Next,
we classified 23 new samples as PFA-1 or PFA-2 by consensus
clustering of the study cohort using the exact same parameteriza-
tion as in our prior study.” Prior subgroup designation was


http://www.molecularneuropathology.org

FIG 1. PFA ependymoma types based on location. Sagittal TI- (A) and axial T2-weighted images (B):
Midfloor-type posterior fossa ependymomas fill the obex (arrowhead), and a gap may be seen
between the roof of the fourth ventricle and the tumor (arrows, A). The brainstem is displaced anteri-
orly (arrow, B), and in the sagittal plane, it is seen in its entirety in a single sagittal image. Sagittal TI- (C)
and axial T2-weighted images (D): Lateral-type posterior fossa ependymomas are centered in the lateral
recess of the fourth ventricle or cerebellopontine angle (arrows, C) and displace the brainstem laterally
(arrow, D). The brainstem usually cannot be seen in a single sagittal image. Postgadolinium sagittal TI-

consistent with the k=2 clustering so-
lution. New samples were labeled
according to the subgroup label of
their assigned consensus cluster in this
joint analysis. All computational anal-
yses were performed in R statistical
and computing software (Version 3.6;
Methyl-
ation array processing was performed

http://www.r-project.org).

for 122 samples as described previ-
ously,” with the additional step of
using the combineArrays function to
obtain a virtual array of the subset of
probes common across the 450K and
EPIC array platforms. Normalization
and filtering steps were unchanged.
Data on PFA subtypes from our prior
study were available for 98 of 122 PFA
ependymomas in the present study.’
Associations between imaging var-
iables and PFA subgroup variables
were investigated using the x* test
because the expected cell counts were
>5 in all contingency tables. Given
the small number of tumors in some

(E) and axial T2-weighted images (F): Roof-type posterior fossa ependymomas appear closely associated

with the roof of the fourth ventricle (arrows, E and F) and do not fill the obex (arrowhead, E). A gap is
usually seen between the tumor and the floor of the fourth ventricle (arrowhead, F).

Table 1: Association of imaging variables with PFA ependymoma
subgroups

Yes (%) No (%)

Extends below foramen magnum, P =18

PFA-1 67(893)  8(10.7)

PFA-2 37(787)  10(213)

Total 104 (852) 18 (14.8)
Involves foramina of Luschka, P = .55

PFA-1 61(813) 14 (187)

PFA-2 41(872)  6(12.8)

Total 102(83.6) 20 (16.4)
Encases blood vessels, P = .73

PFA-] 33(44.0)  42(56.0)

PFA-2 23(489) 24 (51)

Total 56 (45.9) 66 (54.)
Necrosis (P = .03)?

PFA-1 59 (80.8) 14 (19.2)

PFA-2 28(609) 18 (39.)

Total 87 (731)  32(269)
Hydrocephalus, P =36

PFA-1 65(867) 10 (13.3)

PFA-2 44(936)  3(64)

Total 109 (89.3)  13(107)

?Data for this variable were available for 119 subjects because 3 patients did not
have preoperative postcontrast images available.

Table 2: Anatomic type on imaging (P = .24)

Lateral (%) Midfloor (%) Roof (%)
PFA-] 33 (44.0) 32 (427) 10 (13.3)
PFA-2 14 (29.8) 23 (48.9) 10 (213)
Total 47 (38.5) 55 (45.]) 20 (16.4)

of the PFA subtypes, descriptive statis-
tics such as frequency tables were pro-
vided to explore the relationships of
the imaging characteristics of the
tumors with the subtypes. All the analyses were performed in R
software (Version 3.6.2).

RESULTS

The 122 subjects ranged in age from 5.3 months to 13.5years
(mean, 2.76 [SD, 2.26] years; median, 2.15 years), and most were
male (71 [58.2%]). Of 122 PFA ependymomas, 75 (61%) were
classified as PFA-1, and 47 (39%), as PFA-2. There was no signifi-
cant difference in the mean age (PFA-1, 2.9years; PFA-2,
2.6 years; P=.50, 2-sample ¢ test) or sex distribution (PFA-1, 31
female, 44 male; PFA-2, 20 female, 27 male; P=1.00; x* test)
between the PFA subgroups. PFA subtypes were distributed
among 98 tumors for which data were available as follows: PFA-
la, 13; PFA-1b, 16; PFA-1c, 4; PFA-1d, 9; PFA-1le, 14; PFA-1f, 4;
PFA-2a, 24; PFA-2b, 9; PFA-2c, 5.

None of the imaging variables were associated with the 2 PFA
subgroups except for necrosis (Tables 1 and 2). Review of contin-
gency tables showed a larger proportion of tumors of the PFA-2¢
subtype not extending below the foramen magnum, not involving
the foramina of Luschka, and not encasing vessels compared with
the other PFA-2 subtypes or all other subtypes taken together
(Tables 3 and 4). A greater proportion of PFA-2¢ ependymomas
were of the midfloor type than the other PFA-2 subtypes or all
other subtypes taken together. On the basis of these findings, a
flag variable that incorporated the variables of “no” for extension
below the foramen magnum and “no” for encasement of vessels
and midfloor-type was used, and a frequency table showed that a
much greater proportion of the PFA-2c ependymomas had the
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Table 3: Imaging characteristics of PFA-2c ependymomas com-
pared with other PFA-2 subtypes and all other PFA subtypes®

Yes No

Extends below foramen magnum

PFA-2c 0 (0%) 5 (100%)

PFA-2a and PFA-2b 29 (87.9%) 4 (12.1%)

All other PFA tumors 96 (88.9%) 12 (111%)
Encases blood vessels

PFA-2c 0 (0%) 5 (100%)

PFA-2a and PFA-2b 17 (51.5%) 16 (48.5%)

All other PFA tumors
Involves foramina of Luschka
PFA-2c

50 (46.3%) 58 (53.7%)
2 (40%)
PFA-2a and PFA-2b 31(93.9%) 2 (61%)

All other PFA tumors 92 (85.2%) 16 (14.8%)

3 (60%)

?Ninety-eight subjects had subtype data available. “All other PFA tumors”
includes the PFA-T subgroup and the PFA-2a and 2b subtypes. The 15 subjects with
PFA-1 subgroup ependymomas that could not be subtyped were included in the
category of All other PFA tumors. The 8 patients with PFA-2 tumors that could
not be subtyped were not included in this analysis.

Table 4: Imaging type of PFA-2c ependymomas compared with
other PFA-2 subtypes and all other PFA subtypes®

Lateral Midfloor Roof
PFA-2c 0(0%) 5 (100%) 0 (0%)
PFA-2a and PFA-2b 10 (30.3%) 14 (42.4%) 9 (27.3%)

All other PFA tumors 43 (39.8%) 46 (42.6%) 19 (17.6%)

?Ninety-eight subjects had subtype data available. “All other PFA tumors”
includes the PFA-1 subgroup and the PFA-2a and 2b subtypes. The 15 subjects with
PFA-1 subgroup ependymomas that could not be subtyped were included in the
category of All other PFA tumors. The 8 patients with PFA-2 tumors that could
not be subtyped were not included in this analysis.

Table 5: PFA-2c ependymomas compared with other PFA-2 ep-
endymoma subtypes and all other PFA subtypes with respect
to flag variable 1

Flag Variable 1° Yes No
PFA-2c 5 (100%) 0 (0%)
PFA-2a and PFA-2b 3(9%) 30 (91%)
All other PFA tumors 6 (5.6%) 102 (94.4%)

?Ninety-eight subjects had subtype data available. “All other PFA tumors”
includes the PFA-1 subgroup and the PFA-2a and 2b subtypes. The 15 subjects with
PFA-1 subgroup ependymomas that could not be subtyped were included in the
category of All other PFA tumors. The 9 patients with PFA-2 tumors that could
not be subtyped were not included in this analysis.

®The flag variable incorporates the following 3 variables: “no” for extension below
the foramen magnum, “no” for encases blood vessels, and “midfloor-type” tumor.

features of the flag variable than other PFA-2 subtypes or all the
other subtypes as a whole (Table 5).

DISCUSSION

Previous investigations of PF ependymomas have revealed associa-
tions between tumor location and operative or disease out-
comes b>171822:23 Ry example, Tkezaki et al,’” U-King-Im et al,'®
and Nagib and O’Fallon®* noted lower survival rates and greater
difficulty in obtaining a gross total resection for laterally located
tumors (those involving the lateral recess of the fourth ventricle and
cerebellopontine angle). Sanford et al® pointed out that cerebello-
pontine angle ependymomas in children arising from the foramen
of Luschka and the lateral aspect of the medulla tend to encase cra-
nial nerves and blood vessels and are difficult to resect completely,
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leading to lower survival rates. Sabin et al* determined that pediatric
PF ependymomas could be divided into 2 distinct anatomic groups
based on the location of their centroids and that the groups were
associated with differences in progression-free survival and central-
versus-lateral tumor location. The results of these studies with
respect to clinical outcomes of posterior fossa ependymomas con-
tributed to our hypothesis that the anatomic characteristics of a pe-
diatric PFA ependymoma might also help predict its subgroup. In
fact, though no survival difference was shown among the sub-
groups, an imaging and operative analysis of 40 tumors described
in the article by Pajtler et al’ outlining the PFA ependymoma sub-
groups and subtypes found that the PFA-1 lesions were more likely
to be located laterally than the PFA-2 subgroup and that the origin
of PFA-2 tumors was more frequently from the roof of the fourth
ventricle than the origin of PFA-1 ependymomas, suggesting that
the subgroups arise from cells at different brainstem levels. These
prior investigations suggested that an imaging evaluation of a larger
group of PFA ependymomas would result in identification of dis-
tinct anatomic markers for the PFA subgroups.

In this investigation, however, traditional anatomic characteris-
tics seen on imaging could not be used to separate PFA tumors into
their subgroups, and the findings do not provide support for the
hypothesis that the PFA-1 and PFA-2 subgroups arise in different
locations. The association of necrosis with subgroups is of uncertain
significance. If different sites of origin for the PFA subgroups lead
to different vascular supplies for the PFA-1 and PFA-2 tumors, this
difference could, theoretically, cause the PFA-1 subgroup to have
more tenuous neovascularization with a greater tendency to throm-
bosis and necrosis. Our results, however, suggest that gross ana-
tomic characteristics of PFA ependymomas visible on MR imaging
at presentation are not indicative of where PFA-1 and PFA-2
tumors arise. This outcome may reflect loss of visibility on MR
imaging of key anatomic distinctions related to the PFA subgroups
by the time a tumor has grown large enough to cause symptoms.
Given their ability to capture more subtle differences between imag-
ing characteristics of tumors, machine learning techniques and
radiomics may be beneficial in future efforts to use imaging to clas-
sify PFA ependymomas by subgroup and determine their anatomic
origins. These imaging approaches have recently been used with
MR imaging to predict the subgroups of medulloblastomas.****

Examination of the imaging characteristics of tumors among
the PFA subtypes, while limited by the small number of subjects
in some of the subtypes, revealed that a larger proportion of PFA-
2c ependymomas did not involve fourth ventricle foramina and/
or did not demonstrate vascular encasement compared with
other subtypes. A greater proportion of PFA-2¢ tumors also
showed a group of imaging characteristics contained in a flag
variable than the other PFA subtypes. These variables (no exten-
sion below the foramen magnum, no encasement of vessels, and
midfloor-type) suggest that the PFA-2c lesions tend to be more
anatomically circumscribed than PFA ependymomas of other
subtypes. PFA-2¢ tumors had the best survival profile of all the
PFA subtypes in our earlier study,” and this could be related to a
greater proportion of that subtype having imaging characteristics,
contained in the flag variable, associated with greater resectability
and better outcomes.*>'®!%?>?*> Although additional study of
larger numbers of PFA-2c¢ subtype ependymomas is needed



FIG 2. PFA-2c ependymoma versus another subtype. Postgadolinium sagittal TI- (A) and axial T2-weighted (C) MR images of a PFA-2c subtype
ependymoma and sagittal T1- (B) and axial T2-weighted (D) MR images of another PFA ependymoma subtype (Ib) show that the PFA-2c ependy-
moma has a more circumscribed appearance in that it does not wrap around the brainstem or extend below the foramen magnum in distinction
from the PFA-1b subtype (arrow, B). The PFA-2c ependymoma in this case did not extend through the foramina of Luschka, unlike the PFA-1b tu-
mor (arrows, D), or encase the basilar or vertebral arteries. This more circumscribed appearance was seen in the 5 PFA-2c tumors in our study,
though evaluation of a larger number of this subtype is needed to confirm this appearance as a characteristic of PFA-2c ependymomas.

before any firm conclusions can be made, the subtype appears to
have a distinct appearance that may be associated with its better
outcome compared with the other PFA subtypes (Fig 2). If accu-
rate imaging prediction of the PFA-2c subtype can be achieved, it
would provide a noninvasive method to aid in clinical decision-
making and determining prognosis.

Limitations of this investigation include the heterogeneity of the
preoperative MR imaging examinations, which were performed at
different institutions and with inconsistent imaging techniques.
This might have limited consistent evaluation of the tumors, includ-
ing determination of anatomic areas of involvement. The studies
were only included, however, if they provided adequate visualiza-
tion of the posterior fossa structures of interest, and all determina-
tions of tumor characteristics were made by 2 neuroradiologists,
with any differences resolved by consensus. Another limitation was
the difficulty in distinguishing midfloor-type tumors from roof-
type tumors because both types are centered in the fourth ventricle
and it was sometimes difficult to determine whether a gap between
the tumor and roof or floor of the fourth ventricle was present.
Thus, some tumors may have been misclassified as midfloor or roof
type. This limitation may have been lessened by the use of consen-
sus between the neuroradiologists for difficult cases.

CONCLUSIONS

Pediatric PFA ependymomas cannot be separated into their sub-
groups on the basis of traditional MR imaging characteristics,
and these imaging characteristics, by themselves, do not provide
support for different sites of origin. Evaluation of limited num-
bers of PFA ependymoma subtypes suggests that the PFA-2c sub-
type may have distinctive imaging characteristics; however, this
possibility needs to be confirmed using a suitable statistical
method with a larger number of PFA subtypes.
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A Closer Investigation of the Synchronous Bilateral Pattern
of MRI Lesions in Acute Necrotizing Encephalopathy Type 1

A. Horvathy-Sz8cs,

ABSTRACT

Z. Liptai, ““’S. Dobner, ““'G. Rudas, and ““'P. Barsi

SUMMARY: We observed a lesion pattern in a series of 4 cases of RANBP2-mutation-linked acute necrotizing encephalopathy,

which appears to be specific for this condition. The setting of synchronous bilateral mammillary, amygdaloid, and lateral geniculate

lesions, along with claustro-parahippocampal lesions, can serve as a diagnostic tool in this condition. We add several further details

to the MR imaging features of the typical brain lesions encountered in this disease.

ABBREVIATIONS: ANE! = acute necrotizing encephalopathy type 1, RANBP2 = RAN binding protein 2

As a subgroup of the more heterogeneous entity named acute
necrotizing encephalopathy of childhood," acute necrotizing
encephalopathy type 1 (ANE1) is an underrecognized, infection-
induced condition with autosomal dominant inheritance of sev-
eral pathogenic mutations of the gene RANBP2, showing incom-
plete penetrance.** This condition is also named autosomal
dominant acute necrotizing encephalopathy or, less commonly,
infection-induced/triggered acute encephalopathy type 3. The
gene encodes RAN binding protein 2 (RANBP2), a nuclear pore
protein with many intracellular functions.” Its dysfunction causes
alterations in intracellular metabolism, mitochondrial distribu-
tion, nucleocytoplasmatic trafficking,” and cytokine overproduc-
tion.’ On the basis of current scientific data, it is not clear how
the pathophysiologic alterations predispose to attacks® or why
certain brain areas are specifically targeted.

MR imaging manifestations of encephalopathy and myelopa-

thy are described in the literature.>>”"

MATERIALS AND METHODS

We registered 4 pediatric cases of RANBP2-mutation-linked acute
necrotizing encephalopathy. Patient 1 is male and was 4 months
old at the time of the first of his 2 attacks. Patient 2 is male and was
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6 years old at his first and single attack. Patient 3 is female and was
10 months old at the first of 3 attacks. Patient 4 is female, and was
4 years old at the first attack, and had 2 attacks. Patients 1 and 2 are
related (half-siblings). All our patients were treated in the intensive
care unit during all their attacks. Clinical follow-up was 6-18 years:
Patient 1 has mild cerebral palsy, well-controlled epilepsy, and only
minor school problems. Patient 2 has no neurocognitive sequelae
and maintains excellent grades at school. Patients 3 and 4 have
minor motor coordination issues and moderate mental retardation
based on neurocognitive testing.

We used 3T Achieva and 3T Ingenia (Philips Healthcare)
scanners for our work. We performed our standard head imag-
ing protocol during the attacks (axial DWI/ADC, T2, FLAIR,
SWI, 3D TOF-MRA, non-enhanced, and contrast-enhanced 3D
T1 sequences), and an additional 3D FLAIR sequence for assess-
ing small necrotic lesions in the chronic phase.

RESULTS

In the acute phase, restricted diffusion according to DWI and
ADC map images, increased signal intensity on T2, FLAIR, and
moderately decreased signal intensity on T1 were, in each case,
seen in the bilateral mammillary, amygdaloid, and lateral genicu-
late bodies (patients 1, 2 and 4; Fig 1). Swelling of the mammillary
bodies was also visible.

In the chronic phase, necrosis isointense with CSF was
evident in each case in the amygdalae, lateral geniculate
bodies, and bilateral claustro-parahippocampal regions (Fig
1). Additionally, atrophy of the mammillary bodies was also
detected (3D FLAIR, Fig 1).

Moreover, typical thalamic and/or brainstem (pontine, bul-
bar) lesions were observed.

AINR Am J Neuroradiol 42:2251-53  Dec 2021 www.ajnr.org 2251


https://orcid.org/0000-0001-7944-3303
https://orcid.org/0000-0002-1309-3248
https://orcid.org/0000-0002-7768-7803
https://orcid.org/0000-0002-3415-4214
https://orcid.org/0000-0002-3574-9973
mailto:annaszocs@gmail.com

FIG 1. Axial DWI shows symmetric diffusion restriction in the amygdalae (A), at the anterior as-
pect of parahippocampal gyri, in the mammillary bodies (B), in the lateral geniculate bodies (B and
C) and claustra (C). The 3D FLAIR images show the necrotic, lacunar lesions of specifically tar-
geted, tiny structures, the lateral geniculate bodies (D), amygdala (E), and the necrotic atrophy of

mammillary bodies (F).

FIG 2. Axial T2WI shows chronic thalamic lesions, identified by necrosis in the ventromedial
(short arrow), dorsolateral (long arrow), and dorsomedial (double arrow) nuclei (A). The axial
T2WI (B) and DWI (C) show typical lateral pontine manifestations with diffusion restriction
and T2-hyperintensity during the acute phase. The axial DWI (D) and SWI (E) show medial
pontine manifestations with diffusion restriction and petechial hemorrhage (heart-shaped

lesion).

Many authors refer to bilateral temporomedial involvement, but
our current investigation shows that it is more precisely located at
the most anterior, subcortical aspect of the parahippocampal gyri
(Fig 1). These lesions were confluent with those in the claustrum
(hence the above term “claustro-parahippocampal”) during the
acute phase but became isolated lacunar necrotic lesions in the
chronic stage.

The lesions were exceptional in targeting a specific area of
white matter, while being similar in appearance to the other bilat-
eral lesions targeting gray matter.

2252  Horvathy-Sz8cs  Dec 2021  www.ajnr.org

We found that the thalamic lesions
were localized in the ventromedial
and/or dorsomedial and/or dorsolateral
(also named ventral posterior) nuclei.
This was clearly demonstrated in the
chronic, postnecrotic stage (Fig 2). In
the acute phase, the perifocal edema
may be more widespread (involving
the whole thalamus or even the sur-
rounding regions like the internal
capsule).

We found that the core of the
pontine lesions in 3 of our patients
arose at the lateral and, in 1 patient
(during a different attack), at the cen-
tral parts of the pontine base (Fig 2).
One patient did not present pontine
lesions. When the bilateral central
parts were involved, they had a heart-
shaped appearance on transverse sec-
tions (Fig 2).

Finally, we observed that typical
bulbar lesions were located symmetri-
cally in the regions of the vestibular
nuclei.

DISCUSSION

To our best knowledge, we are the first
to describe bilateral symmetric lesions
of the lateral geniculate bodies in acute
necrotizing encephalopathy type 1.

Bilateral lesions of these structures
are demonstrated by MR imaging
exclusively in the setting of another
condition in literature.'® In this case
of pancreatitis and microangiopathy,
the rest of the associated lesions typi-
cally found in ANE1 were absent.

The lateral geniculate body is an
anatomic part of the thalamus (located
inferolateral to the thalamic pulvinar).
Therefore, we emphasize that the typi-
cal thalamic lesions considered to be
most common in the radiologic setting
of this disease'' are located in other
parts of the thalami, as described in
the Results section.

We clarified that the symmetric lesions previously described
in the temporal medial regions are actually situated at the most
anterior subcortical aspect of the parahippocampal gyri and are
unique in involving the white matter. Attention must be paid to
differentiate them from the amygdaloid lesions because the
proximity of the 2 small structures can lead to misinterpreta-
tion, appearing confusingly in figure captions of otherwise
excellent articles.”

The “heart appearance” of the pontine lesions on MR imaging
was previously described in a case of bilateral medial pontine



infarction.'> We present ours as a variation of this radiologic sign
in type 1 acute necrotizing encephalopathy.

CONCLUSIONS

On the basis of the analysis of the MR imaging studies of 4
patients, we describe several observations that can improve the
diagnostic accuracy in ANE1 and may help the understanding of
the pathomechanisms of this disease. The pattern of a synchro-
nous appearance of bilateral amygdaloid, mammillary, lateral ge-
niculate, and claustro-parahippocampal lesions appears to be
constant and is potentially highly specific for this disease. This
pattern, in combination with the features of thalamic and brain-
stem lesions described in detail, might play a role in further devel-
opment of the neuroradiologic diagnostics or prognostic scoring.
To estimate the specificity and sensitivity rates, further investiga-
tion on a broader patient group is needed.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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ORIGINAL RESEARCH
SPINE

Accuracy and Clinical Utility of Reports from Outside
Hospitals for CT of the Cervical Spine in Blunt Trauma

K. Rao, ““J.M. Engelbart, ). Yanik, ). Hall, ““’S. Swenson, ““'B. Policeni, ““). Maley, ““'C. Galet, “*T. Granchi, and
D.A. Skeete
=
ABSTRACT

BACKGROUND AND PURPOSE: Multidetector CT is the workhorse for detecting blunt cervical spine injury. There is no standard of
care for re-interpretation of radiology images for patients with blunt trauma transferred to a higher level of care. The clinical
impact of discrepancies of cervical spine CT reads remains unclear. We evaluated the discordance between primary (from referring
hospitals) and secondary radiology interpretations (from a receiving level | tertiary trauma center) of cervical spine CT scans in
patients with blunt trauma and assessed the clinical implications of missed cervical spine fractures.

MATERIALS AND METHODS: Medical records of patients with blunt trauma transferred to our institution between 2008 and 2015
were reviewed. Primary and secondary interpretations were compared and categorized as concordant and discordant. Two senior
neuroradiologists adjudicated discordant reports. The benefit of re-interpretation was determined. For discordant cases, outcomes
at discharge, injury severity pattern, treatment, and arrival in a cervical collar were assessed.

RESULTS: Six hundred fifty patients were included; 608 (94%) presented with concordant reports: 401 (61.7%) with fractures and 207
(31.8%) with no fractures. There were 42 (6.5%) discordant reports; 18 (2.8%) were cervical spine injuries undetected on the primary
interpretation. Following adjudication, the secondary interpretation improved the sensitivity (99.3% versus 95.7%) and specificity
(99.1% versus 91.7%) in detecting cervical spine fractures compared with the primary interpretation alone (P <.001).

CONCLUSIONS: There was an overall 6.5% discordance rate between primary and secondary interpretations of cervical spine CT
scans. The secondary interpretation of the cervical spine CT increased the sensitivity and specificity of detecting cervical spine

fractures in patients with blunt trauma transferred to higher-level care.

ABBREVIATIONS: CSI = cervical spine injury; ICD = International Classification of Diseases

adiology studies are a frequent component of patient transfer

between hospital emergency departments, especially with the
increasing use of CT in the emergency department setting.'”
Patients experiencing trauma are often transferred to higher lev-
els of care on the basis of findings from screening imaging stud-
ies. The consequences of a missed traumatic injury can be
serious, yet the clinical implications are scarcely discussed in
the current blunt cervical spine trauma literature. According to
the American College of Surgeons, level I and II trauma centers
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are required to have systems in place to view radiographic imag-
ing from referring hospitals.”” Unfortunately, the absence of a
standard of care in reviewing referring hospitals’ studies has
led to important interinstitutional variability in handling
these examinations, especially given differences in image-
acquisition techniques, lack of previous comparison exami-
nations, and variability in reimbursement.®!!

A recent survey of radiologists and emergency providers at a
large academic medical center revealed that while sharing images
and reports from referring hospitals is highly valued, concerns
regarding image quality and accurate interpretation remain.'?
Although the lack of confidence may be related to academic bias,
the literature offers support for secondary interpretations. A
meta-analysis of discrepancy rates among primary and secondary
interpretations across trauma and nontrauma imaging data
showed an overall discrepancy rate of 32.2%, including a 20.4%
discrepancy rate for major findings; the overall discrepancy rate
for trauma studies was 19.7%."> One possible reason may be that
community hospitals encounter less frequent major trauma, and
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variation in radiologists rotating through an emergency call pool
may contribute to a higher miss rate than subspecialty-trained
fellowship radiologists at a level T trauma academic center."*"> To
the authors’ knowledge, only 1 study has investigated the clinical
impact of discrepancy in cervical spine CT interpretations.'® In
their study, Khalilzadeh et al'® included only adult patients. In
this population, they concluded that secondary reads improved
diagnosis and benefited patient care.

The primary aim of this study was to evaluate the discordance
between radiology interpretations from referring hospitals and sec-
ondary interpretations of cervical spine CT for patients with con-
cern for cervical spine injury (CSI) transferred to our institution, a
level I tertiary trauma center. A secondary aim was to evaluate the
clinical implications of the discordant reports. We hypothesized
that a secondary interpretation of referring hospitals’ cervical spine
CTs would increase the detection of CSI, potentially impacting
treatment and time to cervical spine clearance for patients experi-
encing trauma transferred to a higher level of care.

MATERIALS AND METHODS
Study Design and Data Collection
This retrospective study was approved by the University of Iowa
institutional review board (IRB No. 201712728). Medical records
of patients transferred to our institution, an academic level I
trauma and tertiary care center, following blunt trauma injury
between July 2008 and September 2015 were reviewed. Per our
institutional protocol, all patients experiencing trauma accepted
for transfer who have accompanying radiology images that are
complete are requested to have a secondary interpretation of
transferred radiology images. Inclusion criteria for data analysis
were the availability of cervical spine CT images from the refer-
ring hospital with an external radiology report (primary interpre-
tation) at the time of transfer and an available internal radiology
interpretation (secondary interpretation) of the external images
performed at admission. Patients were excluded if the referring
hospital’s cervical spine images and reports were not available
for review or if a secondary read was not performed at our insti-
tution. Patients were referred from 25+ surrounding regional/
private nonacademic community hospitals in the United States,
within a 200-mile radius of our institution. This study follows
the Strengthening the Reporting of Observational Studies
in Epidemiology (STROBE) reporting guidelines for cohort
studies.'”'®

A thorough chart review was performed to compare the pri-
mary with the secondary interpretations of the same CT images
of the cervical spine. Images were received as trauma protocol
scans of the cervical spine, with available axial, sagittal, and coro-
nal multiplanar reformations with soft-tissue and bone windows.
These were transferred electronically from the referring hospital
or via a CD and were uploaded to our institution’s PACS and
interpreted by fellowship-trained neuroradiology or musculoskel-
etal radiology faculty. For the patients who met the inclusion cri-
teria, the following variables were collected from electronic
medical records: patients’ demographics (age and sex) and princi-
pal and secondary diagnoses with the respective International
Classification of Diseases-10 (ICD-10) codes.

For all included patients, primary interpretations were com-
pared against the secondary interpretations and categorized into
concordant or discordant groups. Discordant cases were then
adjudicated by 2 senior board-certified neuroradiologists (B.P.
and J.M., both with 15+ years of practice). Both adjudicators
reviewed the external CT images and the primary and secondary
radiology reports to adjudicate the presence of CSI. The adjudica-
tors were blinded to the radiologists who interpreted the primary
and secondary reports and the facility at which the imaging and
interpretation took place. Adjudicators had access to MR imaging
performed at our institution in 17/42 patients to classify discord-
ant reports more accurately. STIR sequences were part of the pro-
tocol for MR imaging performed at our institution.

For patients with discordant reports, we collected the follow-
ing additional clinical information: neurologic symptoms at pre-
sentation, outcome at discharge (alive versus deceased), CSI
stability pattern, operative-versus-nonoperative treatment, treat-
ment with a cervical collar, and patient arriving in a cervical spine
collar at the time of transfer. The authors defined the following
injuries as unstable CSI patterns: atlanto-occipital dislocation, an-
terior atlantoaxial dislocation, Jefferson (C1 burst) fracture, C2
dens fracture, hangman fracture, flexion teardrop fracture, exten-
sion teardrop fracture, bilateral facet dislocation, anterior sublux-
ation, multilevel fracture, and fracture dislocation.'”

Sample Size Calculation

A statistically adequate sample size was estimated using the
Cohen « statistic based on Khalilzadeh et al,'® who showed that
31% of patients presented with cervical spine injury on the initial
interpretation. With an SD of 0.2, a minimum of 633 subjects
would be required to observe a 92% agreement between the pri-
mary radiology interpretation and the secondary interpretation
performed at our center.

Statistical Analysis

Statistical analysis was performed using SPSS 25 (IBM).
Descriptive statistics were obtained from demographic and
outcomes data. Variables were expressed as descriptive statis-
tics including number, percentage, mean, and SD. Interrater
reliability was established with the Cohen « statistic.

RESULTS

Study Population

A sample of 1251 patients who experienced blunt traumatic
injury and were transferred from a referring hospital with a “store
and interpret” order of the cervical spine were identified from
July 1, 2008, to September 31, 2015. Of these patients, 601
patients (48%) did not have external images or a primary inter-
pretation available and/or did not have a secondary interpretation
of the available external images. These patients were excluded
from the study. External images and primary interpretations as
well as secondary interpretations were available for the 650
patients who were included in this study. As we reached the sam-
ple size determination, further data collection was stopped. Of
the 650 patients who met the inclusion criteria, 374 (57%) were
male. Ages ranged from 7 to 90 years (mean, 55 [SD, 23] years).
Twenty of 650 patients were younger than 18 years of age (age
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FIG 1. Report comparison of primary and secondary interpretations.

range, 7-17 years). The most frequent ICD codes for admission
were closed fractures of the second cervical vertebra (11.4%) fol-
lowed by closed fractures of the thoracic vertebrae without men-
tion of spinal cord injury (6.5%) and closed fractures of the
lumbar vertebrae without mention of spinal cord injury (5.6%).

Concordant Interpretations

Of the 650 patients, 608 (94%) had a concordant interpretation
when comparing the primary interpretation with the secondary
interpretation. Four hundred one patients (62%) had CSI identi-
fied on both the primary and secondary interpretations and were
classified as having concordant reports with CSI (Fig 1). The
most common CSIs identified by ICD codes were closed fractures
of the second cervical vertebra (11.4%), seventh cervical vertebra
(5.2%), and first cervical vertebra (4.8%). Two hundred seven
patients (32%) did not have a CSI on both the primary and sec-
ondary interpretations and were classified as having concordant
reports without CSI.

Discordant Interpretations
There was a disagreement between the primary and secondary
interpretations in 42 patients (6.5%), with only 1 discordant case
involving a patient younger than 18 years of age. Adjudication of
the discordant reports by 2 senior neuroradiologists determined
that the primary interpretation correctly identified fractures in 3
of 42 reports (7.1%) and correctly identified no fractures in 2
reports (4.8%), with the secondary interpretation being incorrect.
Adjudication of the discordant reports also determined that the
secondary interpretation identified fractures in 18 of 42 reports
(42.9%) that were missed on the primary interpretation and iden-
tified no fractures in 19 reports (45.2%) that were initially diag-
nosed in the primary interpretation. The results of adjudication
revealed that 88.1% of the discordant reports matched the sec-
ondary interpretation; however, the secondary interpretation did
not match the adjudication for 11.9% of discordant reports.
Compared with the primary interpretation alone, the sec-
ondary interpretation improved the sensitivity from 95.7% to
99.3% and specificity from 91.7% to 99.1% for detecting cervical
spine fractures. Positive predictive values (95.5%-99.5%) and
negative predictive values (92.1%-98.7%) improved with the
addition of a secondary interpretation compared with only a
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Table 1: Adjudication of the discordant results®

Presence of CSI

Primary interpretation identified CSI Yes No
Yes 404 19
No 18 209

Secondary interpretation identified CSI
Yes 419 2
No 3 226

?Sensitivity and specificity of primary (95.7% and 91.7%, respectively) and sec-
ondary interpretations (99.3% and 99.1%, respectively) were compared after
adjudication.

primary interpretation, a statistically significant improvement
(P < .001) (Table 1). Interrater reliability analysis resulted in a
K statistic of 0.8581.

Use of MR Imaging

MR imaging was performed within 24-48 hours of admission as
ordered by the clinical team when indicated to further evaluate
injury. Within the discordant group, a secondary interpretation
was reported in all except 1 case before MR imaging was per-
formed during hospitalization. There were 17 cases in the discord-
ant group in which MR imaging was available to adjudicators to
classify reports more accurately. From those 17 cases, there were 2
instances in which the MR imaging proved the primary interpreta-
tion, positive for CSI, to be correct, which was missed on the sec-
ondary interpretation. There were 6 instances in which the MR
imaging confirmed a positive CSI on the secondary interpretation
that was missed on the primary interpretation. There were 6
instances in which MR imaging excluded injury, confirming the
negative finding on the secondary interpretation when the primary
interpretation reported a CSL There was 1 case in which the MR
imaging excluded injury, confirming the negative findings on the
primary interpretation when the secondary interpretation reported
an injury. Finally, there were 2 cases in which the MR imaging
interpretation did not comment on a fracture when the primary
interpretation reported no injury and a secondary interpretation
reported CSI.

We further evaluated the discordant groups because manage-
ment of these patients was most likely to be impacted. The most
frequent CSIs identified on the primary interpretation with no
consensus on the secondary interpretation were facet fractures
(32%, n=6), vertebral body fractures (26%, n=1>5), and lamina
fractures (21%, n=4) (Table 2). An example of a discordant
falsely identified fracture is shown in Fig 2. The most frequent
injuries undetected in the primary interpretation but detected in
the secondary interpretation were fractures of the seventh cervical
vertebra (transverse process, facet fractures: 50%, n=9) and C2
injuries (lateral mass, dens, odontoid fractures: 28%, n=>5)
(Table 2). In this population, 2 missed cervical spine injuries were
classified as unstable (multilevel fractures at C2 and C5, and a C3
teardrop fracture) (Table 2). An example of a discordant missed
injury on the primary interpretation, an unstable pattern teardrop
fracture, is shown in Fig 3.

Clinical Implications
The subgroup of interest with respect to clinical outcomes was
the discordant group in which secondary interpretation identified



Table 2: Discordant primary interpretations with false-positives and false-negatives by

frequencies of adjudicated injury types®

clinical diagnosis of central cord syn-
drome based on physical examination.

Discordant Reports

Discordant falsely identified fractures
Discordant falsely identified fractures by type
Facet
Vertebral body
Lamina
Transverse process
Spinous process
Subluxation
Clarch
Discordant fractures missed on primary interpretation
Discordant missed fractures by type
C7 (transverse process, facet, or endplate)
C2 (dens, odontoid, pedicle, transverse foramen, lateral mass)
C4 (spinous process, vertebral body, foramina)
Occipital condyle
C5 (transverse process, foramina)
Teardrop
Cl arch

No. % Two patients, both found to have stable
19/650 3 injury patterns on the secondary inter-
pretation and subsequently managed
6/19 32 . Lo e .
5/19 2% with cervical immobilization, arrived
4/19 2] from referring hospitals without a cervi-
2/19 1l cal collar. The remaining 16 of 18
/19 5 patients with missed CSIs on the pri-
}; 13 2 mary interpretation were treated with
18/650 )8 cervical immobilization. There was 1
mortality in this group, but it was unre-
9/18 50 lated to the cervical spine pathology.
5/18 28
4/18 22
218 n DISCUSSION
2/18 il Access to accurate radiographic inter-
/18 55 pretations is paramount for pro-
V18 5.5 viders.'”> In the case of transferred

Data presented in this table are those of patients with discordant results postadjudication. Note that some cases

had multiple cervical spinal fractures.

FIG 2. Example of a falsely diagnosed fracture on primary interpreta-
tion. The referring hospital falsely identified a chip fracture of the
right inferior articular facet of C5 (CT images, A and C). MR imaging
was performed to assess right upper extremity weakness and did not
show any evidence of fracture or ligamentous injury. Axial T1 (B) and
sagittal STIR (D).

an injury not identified in the primary interpretation, 2 of which
were adjudicated as no fracture present and 18 with fracture present
(Online Supplemental Data). Two of the 18 patients had an unsta-
ble CSI pattern at the secondary interpretation; 1 of those 2 patients
required an operation. The unstable patterns not appreciated on the
primary interpretation included multilevel C2 and C5 fractures and
a C3 teardrop fracture (Fig 3). Both patients with the missed unsta-
ble injury pattern (teardrop fracture and C2 and C5 fractures) had a

patients, treating providers may be bi-
ased to radiographic interpretations
from their own facility."* The decision
to obtain secondary interpretations of
imaging performed from referring hospitals should be considered
on the basis of current literature evidence and local assessments
of discordance rates, considering time, resources, and the cost of
overreads or missed injuries. Sung et al*® identified a 12% dis-
cordance rate for outside trauma imaging requested for second-
ary interpretation at higher level of care centers; their scans were
inclusive of abdomen/pelvis, brain, chest, and other body region
I*' showed an 8.5% rate of

discrepancy between referring hospitals’ primary interpretations

studies. More recently, Robinson et a

and internal secondary interpretations in the emergency depart-
ment for imaging of transfer patients with and without trauma.
Because surgical subspecialists, including spine specialists, are not
always available in our catchment area, a large number of patients
are transferred for management of injuries identified on imaging.
Our center performs secondary interpretations as ordered by the
treating providers. The purpose of this study was to examine the
discrepancy rates specifically in cervical spine imaging. Our goals
were the following: 1) add to the relatively sparse body of literature
available for institutions considering secondary interpretation of
trauma imaging, 2) identify patterns in the missed and falsely diag-
nosed cervical spine fractures, 3) evaluate the clinical implications
of a missed CSI, and 4) assess whether the practice of secondary
interpretations of transferred imaging should continue.

We found a 6.5% rate of discordance in cervical spine CT inter-
pretations in our study. This is similar to findings of Khalilzadeh
et al,'® who found an 8% discordance rate between referring hospi-
tal CT cervical spine reports and internal secondary interpretations
in patients experiencing trauma transferred to a higher level of care.
This is the only additional study in the literature to look specifically
at discordance rates in cervical spine imaging in patients experienc-
ing trauma. The sample size of our study is double that of
Khalilzadeh et al. While there are studies that cite average general-
ized diagnostic error rates, this study focused specifically on the sub-
set of cervical spine CT imaging in patients experiencing trauma,
comparing concordance and discordance between radiology
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FIG 3. Example of a missed, unstable pattern fracture on the primary interpretation from the re-
ferring hospital, which was identified as a C3 teardrop fracture seen in both the coronal (left) and
sagittal (right) reformations on the secondary interpretation (arrows). The patient presented with
upper extremity weakness and was treated nonoperatively with a cervical collar.

providers covering rural community hospitals and radiologists at an
academic level I trauma center to determine whether there is utility
in requesting a secondary interpretation on patient transfer. This
study adds to the literature because it presents the largest cohort
studied to date. It is the first to include pediatric patients and to
report the clinical implications of a missed CSI, including manage-
ment of injury, operative repair, complications pertaining to CSI,
and investigation of further advanced imaging. The methodology of
this study including the adjudication process is also a strength com-
pared with current literature.

For all 42 discordant cases, all primary reads were from com-
munity-based radiologists. Although the authors are not privy to
the training background of the primary radiologists, we hypothe-
size that the discordance rate and missed CSI on primary interpre-
tation is explained by the variability of general radiologists rotating
through emergency calls (as opposed to dedicated emergency-
trained radiologists), with comparatively less frequent trauma ex-
posure in smaller community hospitals. The most frequently
missed radiologic findings in this study population were transverse
process fractures and dens fractures, a pattern consistent with the
prior study.'® We observed a relatively higher frequency of missed
C7 fractures in this population, for which there is not a strong ex-
planation. External cervical spine CTs were performed with a
trauma protocol and imaged through T2-T3 vertebral bodies on
the sagittal view, providing for complete examinations. Satisfaction
of search may explain missed C7 injuries because this region of the
cervical spine often falls at the end of the search pattern. The most
frequent overcalled findings were facet fractures and lamina frac-
tures. In addition, the miss rate of CSI can be influenced by image
quality, the presence of multilevel degenerative disease, existing
spine instrumentation/hardware, and normal variants (accessary
ossicles, limbus vertebrae, unfused apophysis), which add to the
challenge of interpreting trauma CT scans of the cervical spine and
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can confound acute findings. Further
studies of the incidence of discordance
and analysis of commonly missed radi-
ographic findings can provide a foun-
dation for education and improvement
for radiologists.

The clinical implications of miss-
ing cervical spine injuries should be an
important factor in the decision to
perform secondary interpretations of
imaging in transferred patients. In this
study population, 2 of 18 patients with
missed fractures on primary interpre-
tations had an unstable fracture pat-
tern. Another 2 of 20 were transferred
to a higher level of care without cervi-
cal immobilization. Two patients of 18
presented with neurologic symptoms.
Although an overall small percentage
of patients fell into this group, the
authors favored the secondary interpre-
tation because of the improved sensi-
tivity and specificity of detecting
cervical spine fractures following sec-
ondary interpretation. The authors recognize that very few discrep-
ancies led to surgical interventions or were unstable fractures
affecting morbidity or mortality. The 6.5% discrepancy rate may,
in part, reflect an underlying 3%-5% diagnostic error rate reported
in the literature.”> However, this percentage is a general estimate
that includes multiple imaging modalities, whereas our study eval-
uates a specific imaging format (cervical spine CT) in a specific
population (patients with blunt trauma) between community hos-
pitals in rural areas that see trauma less frequently and a level I
trauma academic center. The decision to recommend a secondary
interpretation as a standard of practice will depend on locoregional
error rates, imaging technique, and acuity of the injury, among
other factors such as reimbursement. Previous studies supporting
secondary interpretations of imaging performed in transferred
patients have found decreased rates of subsequent imaging use and
improved patient diagnosis and care.'®*> Arguments against sec-
ondary interpretation would be a lack of standardized protocols in
liability and reimbursement for external interpretations, added time
and resource use, and clinical delay of clearing negative findings on
cervical spine examinations for patients experiencing trauma.

This study has some limitations. First, this is a retrospective
study that introduces a risk of selection bias and incomplete data
capture from poor documentation or missing data. From the 1251
patients retrospectively identified, 48% did not have external radiol-
ogy imaging or a primary interpretation on transfer to our institu-
tion. For some transfers, cervical spine imaging was not performed
at the referring hospital, depending on the type of traumatic injury.
Subsequently, transfer patients in whom cervical spine imaging was
performed on the basis of clinical suspicion or mechanism of injury
resulted in a higher rate of CSI detection (61.7%) compared with
the literature. This is likely because this study specifically looked at
patients transferred for concern for spine injury in the setting of
blunt trauma.**>® Although our study included pediatric patients,



only 20 of the 650 included cases were pediatric cases, and only 1
discordant case involved a child, limiting our impact to comment
on discordant rates in pediatric populations.

The study did not address additional fractures that were missed
in the cervical spine, and discordance was based on whether a cer-
vical spine injury was called. The smaller sample size of discordant
reports also limited our ability to perform a more robust statistical
analysis pertaining to clinical outcomes. Future studies comparing
outcomes between the discordant and concordant patient groups
are warranted. The authors also acknowledge that the imaging
quality, windowing, and motion of the external hospital CT scan-
ner were factors beyond the scope and control of this study and
may have impacted image interpretation. Finally, our demographic
analysis did not include identification of the mechanism of injury,
which could affect the odds of having CSI.

CONCLUSIONS

In this review of 650 cervical spine CT studies on patients trans-
ferred from community hospitals to a level I trauma center, there
was a 6.5% discordance rate between the primary and secondary
interpretations of the CT scans of the cervical spine, with 3% of
patients presenting with a CSI not appreciated on the primary inter-
pretation. This discordance impacted both the nonoperative and
surgical management of patients in this study. The secondary inter-
pretation significantly improved the sensitivity and specificity for
the detection of cervical spine fractures in patients transferred to
higher-level care. While re-interpreting external CT scans of patients
with blunt trauma poses challenges with respect to time, resource
allocation, medicolegal liability, and compensation, secondary inter-
pretations of external cervical spine CT's present improved detection
of injuries resulting in a benefit in terms of care and safety for
patients with blunt trauma transferred to a higher level of care. On
the basis of the findings of this study and the existing literature, the
authors suggest that secondary interpretation of CT scans for
patients with blunt trauma transferred to a higher level of care
should become a standard practice nationally, but they recognize
that the decision to do so is additionally influenced by the baseline
locoregional diagnostic error rate and policies in reimbursement.
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LETTERS

Vessel Wall Imaging: A Powerful Diagnostic Tool but Not a

e read with interest the letter from Drs Corréa and Hygino

da Crugz, Jr, describing their patient with Varicella zoster vi-
rus vasculitis.' We agree that a biopsy is not always necessary for
diagnosing vascular inflammation with the use of high-resolution
3D vessel wall MR imaging (VWMRI) in the appropriate clinical
context. However, we caution readers who might then believe that
brain biopsy can be replaced with VWMRI.

Determining the underlying etiology of a patient’s intravascu-
lar inflammation is essential to determining prognostication and
treatment. In the case presented by Drs Corréa and Hygino da
Cruz, Jr, Varicella zoster virus infection was diagnosed by poly-
merase chain reaction performed on CSF, suggesting that
VWMRI was not needed in this case. In the many cases in which
serum, CSF, and other work-ups are nondiagnostic for an under-
lying etiology, we suggest that biopsy remains instrumental in tai-
loring therapy. Notably, our data indicate that VWMRI can be
used to identify inflamed intracranial vessels but is otherwise
unable to distinguish among primary, infectious, and/or any eti-
ology leading to perivascular inflammation.’

Thus, VWMRI should be paired with diagnostic tools that
can confirm an etiology, namely VWMRI-directed intracranial

http://dx.doi.org/10.3174/ajnr.A7277

Substitute for Biopsies

biopsy, after which VWMRI could be useful for tracking treat-
ment response. Thus, we disagree with the assertions of Drs
Corréa and Hygino da Cruz, Jr, that might encourage readers to
turn to current VWMRI to avoid invasive procedures such as
brain biopsy.
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LETTERS

Usefulness of a Radial-Specific Neurointerventional

t is with much consideration that we have read the article “Distal

Transradial Access for Diagnostic Cerebral Angiography and
Neurointervention: Systematic Review and Meta-Analysis,” by
Hoffman et al.' We completely agree with the authors’ conclusion
that early experience with distal transradial access (ATRA) suggests
that it is a safe and effective alternative to proximal transradial
access (pTRA) and femoral access for performing diagnostic cere-
bral angiography and interventions. Meanwhile, the authors
reported, in the “Future Directions” section, that the development
of catheters specifically designed for transradial neurointervention
may improve the efficacy of the approach.! Transradial access,
including pTRA and dTRA, can be technically challenging for a
certain population of patients with an unfavorable acute takeoff of
the target common carotid artery (CCA), such as those with right
CCA lesions with steep angulation to the right subclavian artery,
or left CCA lesions of nonbovine origin. In such cases, a conven-
tional straight-shaped guiding system can prolapse into the aortic
arch or can cause catheter kinking, resulting in device entrapment/
fracture.

We previously reported that first-line transradial access with a
6F preshaped Simmons guiding sheath (0.088-inch inner diameter,
6F Axcelguide STIFF-], 90 cm; Medikit) provides a high procedural
success rate without catheter kinking or system instability for all
aortic arch types and target CCAs.>* The 6F Simmons guiding
sheath is a radial-specific neurointerventional sheathless guiding
catheter whose distal end comprises a kink-resistant Simmons
curve specially designed for CCA cannulation. The 6F Simmons
guiding sheath is introduced into the target CCA by using the
“push-in” or “pull-back” cannulation techniques based on the
access side, aortic arch type, and target CCA. The push-in tech-
nique is a procedure to coaxially advance a 6F Simmons guiding
sheath using a push-in maneuver, while the pull-back technique is
a procedure to coaxially deliver a 6F Simmons guiding sheath
using a pull-back maneuver after the reformation of the natural
reversed curve (Simmons curve) within the ascending aorta.>™
Transradial carotid cannulation with the pull-back technique
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Guiding Sheath

is technically simple and is unique to this radial-specific neuroin-
terventional guiding sheath. We believe that dTRA with the ra-
dial-specific 6F Simmons guiding sheath will be a useful option
in anterior circulation interventions.

Finally, we would like to congratulate the authors for their
interesting review, which improves the transradial neurointerven-
tional approach.
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